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Constitutively activating mutations in the Sonicdgehog pathway are the
drivers of basal cell carcinoma (BCC). However, lelihese mutations may be the initial
driver of tumor formation it has more recently bestablished that without Wt/
catenin signaling the Shh mutations cannot leadrtwr formation. The transcription
factor Sox9 is a target of both Shh and Wnt sigiggdind has been implicated in
progression and aggressiveness in many differgestpf tumors. BCC tumors and hair
follicles express many of the same genes, inclu8ioxP, and are therefore thought to
follow similar developmental pathways. Sox9, intjgatlar, is necessary for the
development of the hair follicle stem cell nichelanaintenance of hair growth, without
it the pool of proliferative cells is exhausted dhe hair follicle can no longer grow.
Though critical for hair follicle stem cells, Sok@s not been studied in BCC. Therefore,
both primary hair follicle outer root sheath (OR®@)atinocytes and BCC cells were used
to study the role and regulation of Sox9 to batteterstand their differences and
potentially find new therapeutic targets. Using RiAockdown techniques, Sox9 was
found to be a key regulator of proliferation antf-senewal in both ORS-derived
keratinocytes and BCC cells. The regulation of Soxp-catenin, however, was reversed
in the two cell types3-catenin positively regulated Sox9 in the BCC cellereas
activation of &beta;-catenin nuclear translocattamnised a loss of Sox9 expression in the
ORS keratinocytes. Fhit, a known &beta;-cateninlearcrepressor, was found to
partially mediate the down-regulation of Sox9 ia BRS cells. Chromatin
immunoprecipitation (ChlP) showed that upon inhdntof GSK-3, Fhit was enriched
at the transcription start site of Sox9 along witheta;-catenin in ORS cells. Similarly,

knockdown of Fhit in BCC cells resulted in increh&ox9 expression indicating that



Fhit acts as a repressorfBtatenin mediated Sox9 expression in BCC cells.
Furthermore, Fhit knockdown increased the invasgsrof BCC cells through a Matrigel

invasion chamber, indicating that a loss of Fhiyrha a biomarker of infiltrative BCC.

Notchl was also found to positively regulate Soxthe ORS but negatively
regulated Sox9 in the BCC cells. In the ORS c@ISK-33 inhibition led to the loss of
Notchl DNA binding upstream of Sox9 and decreased® &xpression. | conclude that
Notchl drives Sox9 expression in ORS keratinocgtebkactivation op-catenin disrupts
Notch and recruits Fhit to repress Sox9 expres#oBCC, activation of-catenin drives

Sox9 though unknown mediators, and through a 16&ib.

In parallel with the hair follicle and BCC workgenerated biomaterials using silk
fibroin to modulate macrophage differentiation bistkitro andin vivo. Macrophages
are involved in many diseases ranging from metalubifiease to atherosclerosis and
cancer. In each disease, and during normal woualihlge macrophages are represented
as either of two general phenotypes: M1, inflammatoacrophages or M2 tissue-
regenerative macrophages. Silk biomaterials weosamto deliver cytokines to
macrophages to force them to polarize into eith&rdviM2 depending on the desired
outcome. To this end, silk films were created wisinying thicknesses and crystallization
times to optimize the release profiles of I IL-4 for M1 or M2 macrophage
polarization, respectively. Low molecular weighkdgilms, with minimal crystallization
showed the best release profile and were ablelaripe the THP-1 derived macrophage.
In vivo, silk films containing IL-4 had the largest efféxitt did not polarize all
macrophage strictly to M2 as there were many Mlroptage as well, indicating that
more work needs to be done to optimize the filnmsriwivo 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 necessaryl&velopment and maintenance
of the hair follicle stem cell niche. Loss of Sar®mbryonic mouse skin results in
normally differentiated hair follicles that do nedtablish a long-term label-retaining stem
cell population and eventually the hair folliclegs growing due to the depletion
proliferative cells without a stem cell source ehewal (Nowak et al., 2008a; Vidal et
al., 2005). If Sox9 is conditionally deleted fromithfollicles after development and full
maturation of the follicle the hair will continutsigrowth for a while but the stem cell
population is lost and the hair is blocked fromeeinty a new cycle of regrowth (Kadaja
et al., 2014). Those studies implicate Sox9 asiei@rfactor for hair follicle stem cell

maintenance and long-term growth.

Basal cell carcinoma (BCC) is a skin tumor thoughte derived from either the
hair follicle (Wang et al., 2011) or basal layettioé interfollicular epidermis (IFE)
(Youssef et al., 2012). Regardless of origin, thadrs expresses many of the same genes
as a developing hair follicle (Colmont et al., 20Markey et al., 1992; Yang et al., 2008;
Youssef et al., 2012), including Sox9 (Krahl andiif&ser, 2010a). The role of Sox9 in
BCC is not known, though it is upregulated in géanumber of other cancers, such as
gliomas (Wang et al., 2012), ovarian (Raspaglial 2014), breast (Riemenschnitter et
al., 2013), esophageal (Song et al., 2013), hephiitar (Guo et al., 2012c), and
pancreatic carcinomas (Camaj et al., 2014) whasdintdicative of poor prognosis. Sox9

is also associated with increased proliferatioprivstate and colorectal cancers (Matheu



et al., 2012; Thomsen et al., 2010). Understantlirgegulation of this important stem
cell transcription factor in normal hair follicled BCC may shed light on possible new

treatments for BCC and other cancers that expres3.S

BCC tumors are driven by mutations in the Sonicgédag (Shh) pathway that
leads to the expression of hair follicle specifengs. Inhibition of Shh signaling with the
FDA approved drug vismotegib has shown good resiitigally, though tumors can
become resistant to vismotegib treatment (Metcatik Sauvage, 2011) therefore finding
downstream mediators of tumor progression is ingmiriioss of-catenin, the mediator
of Wnt signaling, completely prevents BCC tumoriggis even in the presence of
constitutively activating Shh mutations, implicatifrcatenin as a necessary downstream
mediator of BCC pathogenesis (Youssef et al., 2C0A@xhermore, the Wnt signaling
pathway is activated by Shh mutations in mice arfdund to be activated in human
superficial BCC tumors as well (Yang et al., 2008nt/3-catenin has been shown in
various systems to regulate Sox9 expression batitiyey and negatively. Importantly,
Wnt signaling is one of the earliest signals neasskor the development of the hair
follicle and is necessary for early Sox9 expressionin later developmeifitcatenin is
necessary for the differentiation and loss of S@xBetter understanding of how W/
catenin signaling controls Sox9 expression in blo¢hhair follicle and BCC may

therefore be of clinical relevance.

Sem Cellsin Adult Regenerative Tissues and Cancers

Tissue-specific stem cells reside in all continlpusnewing adult tissues

(Joseph and Morrison, 2005; Rando, 2006). These stds are capable of self-renewal,



can give rise to all the lineages of the tissud, @ten proliferate more slowly than their
differentiating progeny. The slow proliferationeaif many stem cells allows them to
retain fluorescently labeled nucleotides, such @iJBfor long periods of time. The more
rapidly dividing cells will dilute out the fluoresat label over time allowing for the
identification and selection of stem cells fromithreche. Many cancers contain a subset
of cells with an expression profile similar to $tem cells found in the tissue of origin
and that are also slower to proliferate than theiotells of the tumor. The slow
proliferating cancer-stem cells are not as easilgdkby radiotherapy or
chemotherapeutics that instead target the rapiglglidg cells, potentially explaining the
high rate of recurrence for many types of canctes eadiotherapy or chemotherapy
(Othman et al., 2014; Packer et al., 2013; Ramagvetral., 2013). Furthermore, cells
isolated from tumors that express the stem celkerarare able to initiate the tumor with
far fewer cells (as little as one cell) and readpie the tumor morphology more

effectively than those tumor cells with a differiated expression profile.

These findings have given rise to the hypothesisitiany cancers are derived
from a stem cell population within a tissue. Foamyple, there is evidence that hairy cell
leukemia originates from hematopoietic stem célliSC) of bone marrow that also
contain the BRAFV600E mutation (Chung et al., 201¥hen HSCs containing the
BRAFV600E mutation are transplanted into irradiat@de that are immune
compromised the HSCs are able to repopulate thee er@rmal immune system, as well

as leading to humanized hairy cell leukemia inrthee.

There is also evidence that carcinogenic mutatiamsiead to the acquisition of a

tumor stem cell phenotype. An example of such @eais pancreatic ductal



adenocarcinomas that express the pancreatic stemar&er Sox9 and are
morphologically similar to the ductal cells whehe thormal pancreatic stem cells reside
(Kopp et al., 2012). However, lineage tracing stgsdn mouse models showed that the
Sox9 positive cancer cells are most often derivenhfthe acinar cells, which are fully
differentiated cells with exocrine function, rathlean from the ductal cells of the
pancreas (Kopp et al., 2012). This demonstratdgdhieacancer-stem cells do not
necessarily originate from the resident stem @l tissue but instead can acquire a

stem cell-like state and expression profile.

Regardless of the origin of a tumor cell, underdiiagy the molecular pathways
that regulate the proliferation and differentiatmirthe cells within a tumor will provide
insights into new ways to treat the cancer. Funtfege, understanding the differences
between normal tissue stem cells and cancer stismcay lead to treatments that will
have a minimal effect on normal tissue while haltine tumor in more effective ways.
BCC is thought to arise from uncontrolled growthstdm cells that originate in either the
hair follicle or the basal layer of the epidermiggng et al., 2011; Youssef et al., 2012).
Regardless of origin, the gene expression profith® hair follicle stem cell niche is
very similar to that of most BCC tumors. Markersrdérfollicular epidermis, such as
keratin 1 or 10 (Hutchin et al., 2005), are notdgfly found in BCC whereas keratin 17
(K17) (Langbein et al., 2010) and K19 (Michel et &B96), which are found in the hair
follicle ORS, are also commonly found in BCC tum(iviarkey et al., 1992; Yoshikawa
et al., 1998). Sox9 is an important transcriptiactér expressed in both the hair follicle
stem cells and all BCC tumors, but not (or at mioeter levels) in the interfollicular

epidermis. Several studies have shown that Som8adsssary for the establishment of the



hair follicle stem cells, but not for the initiaédelopment or differentiation of the hair

follicle (Nowak et al., 2008a; Vidal et al., 2008pr for later stages of follicular growth
(Kadaja et al., 2014). The necessity for Sox9 taldshment and maintenance of hair
follicle stem cells is apparent, but its role in@@as not been defined. These studies
have all concluded that BCC can be derived fronbteal cells of the epidermis or the
hair follicle but their expression profile resengbtaat of the hair follicle more than the
epidermis. Furthermore, Sox9 is an important reagulaf stem cells in the hair follicle

and is broadly expressed in BCC tumors, indicagipgtential therapeutic target.

Development and Anatomy of Skin and Hair Follicle

Skin is a large and continuously self-renewing artieat acts as a barrier from the
outside world, including protection from pathogamsl UV light, as well as prevention
of water loss from the body. The skin is composkithi@e primary layers: the epidermis,
which is the outermost layer, the dermis, and thpase, or subcutaneous fat, layer. The
interfollicular epidermis (IFE), epidermis that sawnds or does not contain hair follicles,
has four basic layers representing four consecilgwes of differentiation and
stratification. Touching the dermis and lining thessement membrane is the basal layer
of cells that are the stem cells of the IFE. Bas#lk are capable of self-renewal and can
develop into the other layers of the epidermis.aBaslls occasionally divide
asymmetrically, one cell becoming an early memlbéne spinous layer just above the
basal layer. Those cells continue to proliferateniag the thickest living portion of the
epidermis. The suprabasal layer is composed ofdwals of differentiation: the spinous

layer and granular layer. The elongated cells efsghinous layer begin to keratinize and



will eventually form the tough outer layer of thars Above the spinous layer is the
granular layer, which is composed of cells with snkaratohyalin granules that aid in

the keratinization of the cells. Finally therehg torneal layer of dead and flattened cells
that are highly keratinized and have a high comeéioh of covalently linked ceramides,
along with cholesterol, providing an impermeableibato water (Fuchs, 1990;

Wikramanayake et al., 2014).

Stratum Corneum

Granular layer

Spinous layer

Basal layer

Basement membrane =

[lustration 1.1. Anatomy of the Interfollicular Epider mis. Basal cells adhere to the
basement membrane that separates the dermis feoepittermis. These cells are the stem
cells of the IFE and undergo differentiation irtte suprabasal cells of the spinous layer. The
suprabasal cells continue differentiation by forgngranules of keratohyalin to aid in
keratinization. Eventually, the nuclei are degraded the Stratum Corneum is formed,

which is highly keratinized and consists of chaestand covalently linked ceramides that
forms a water barrier.

Two important appendages of the skin are the sglaatls and the pilosebaceous
units. Sweat glands are important mainly for terapge regulation of the body and for
preventing the skin from drying out. A pilosebacgomit consists of a hair follicle and a

sebaceous gland, which grows out from the haiicfelduring development and
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produces waxy oils that lubricate the skin, predeitydration, and provide some anti-
bacterial action. A small muscle attaches to thefblicle underneath the sebaceous
gland, called the arrector pili muscle, which lift® hair. Some mammals use this to
make them look larger as a defense mechanismhéuwartector pili muscle has no known
function in humans. The arrector pili muscle ategcto the hair follicle at the bulge,
which is also the stem cell compartment of the faiicle. Nerves that can detect
movement of the hair shaft also surround the lodlicfe and add tactile sensitivity. The
hair follicle of course produces a hair shaft, vahic numbers provides warmth for many
mammals, but is mostly aesthetic in humans. Hlicfes also contain a reserve of stem

cells that are activated during wound healing tp nepopulate the epidermis.

Early development of the human hair follicle stamtsund 9 weeks of gestation
with the formation of an epithelial placode, whisha dense cluster of cells within the
epidermis (Holbrook and Minami, 1991). Concurrenthesenchymal cells near the
placode start to migrate together toward the baieegplacode and contract the
surrounding tissue to form a dermal condensateviliiater become the dermal papilla.
As the placode grows further down into the derrarsiing the hair peg it begins to form
a matrix of tightly compacted cells that conta@ tlermal condensate. Eventually the
tightly compacted cells engulf the dermal condendabm then on called the dermal
papilla (DP), and align perpendicularly to the dfepiDP. These aligned cells that
surround the DP are called the matrix. The maeilsare rapidly dividing cells that
migrate upwards within the follicle and differen@anto the different layers of the hair
follicle and hair shaft. By 20 weeks of gestatiba hair follicle and dermal papilla have

fully formed and a hair is produced. The hair fadéigrows through all three layers of the



skin stopping growth deep within the adipose tis3inrese first embryonic hairs, called
lanugo hairs, are small, without pigment, and tgfhycshed by 35 weeks of gestation in

the womb.

Embryonic

Epithelium Epithelial Placode Hair Follicle

N
5o Xolddlol)
090e®C@OOPDE )

[Hlustration 1.2. Development of the hair follicle. The first morphological evidence of hair
follicle development begins around 9 weeks of gastaand is called the epithelial placode.
The epithelium forms a dense cluster of cells snlthsal layer and the dermis condenses
around the placode as the mesenchymal cells iddimais migrate in and cluster around the
placode. The epithelial cells closest to dermabemsation rapidly divide and eventually
become the small dense cells of the matrix. Aegithelial cells continue to divide and grow
further into the dermis they begin to surrounddbemal condensate, at which point it is
called the hair peg. The sebaceous gland also $&gievelop during the hair peg stage (not
illustrated). Eventually the dermal condensatemmuletely enveloped becoming the dermal
papilla and the hair follicle then starts to proelinair.



The mature, fully developed, hair follicle is conspd of several layers of cells
that form concentric rings around the hair shalfie Towest tear drop shaped portion of
the follicle is the bulb, a cluster of densely paedlkells that encompasses the DP. As in
the developing follicle, the Matrix cells surroutiee DP and are highly proliferative.
Outside the matrix the inner root sheath (IRSprsnied that migrates up along with the
developing hair shaft and contains two morpholdyiadistinct layers: Henle’s and
Huxley’s Layers. Directly above the DP and the ima# the precortex that contains
precursor cells that will develop the three laydrthe hair shaft: the cuticle, cortex, and
medulla, which are all composed of highly keratizand dead cells. Above the bulb the
hair follicle is composed of three layers, the &Smentioned, the companion layer, and
the outer root sheath. The outer root sheath (@B&hains the least differentiated cells
including the stem cell population that is capaifleepopulating the entire hair follicle as
well as the epidermis after wounding. Between tRSQ@nd the IRS is a thin layer of

cells with an unknown function, called the compan®yer (Winter et al., 1998).
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[llustration 1.3. Diagram of the Layersthe Hair Follicle and its Growth Cycle. A

fully developed hair follicle in the anagen pha&g ljas several layers: the ORS (green) that
contains the stem cell niche, the IRS (blue) tledpdthe hair shaft migrate out of the skin, the
matrix (red) that surrounds the mesenchymal DPp{pluand the precortex (yellow) that
differentiates into the different layers of thertghaft. The sebaceous gland (grey) protrudes
from the upper middle portion of the hair follickdair cyclically grows and regresses many
times throughout life. There are three phasesehtir cycle B), Anagen, Catagen, and
Telogen. During the Anagen phase the hair is grgwimd producing a hair shaft. Eventually,
the hair stops growing, the ORS undergoes apoptasisthe lower follicle regresses back up
to the bulge stem cell niche. The DP begins to ategback up to the bulge as well. Once the
DP reaches the secondary hair germ near the thégedlogen phase begins where the follicle
rests in a state of relative quiescence for seveoaiths. After Telogen, the DP signals to start
a new growth cycle and a secondary hair germ gtastgerating and the follicle starts to

grow down into the dermis again, entering anotheagen phase. One of the signals
necessary for progression from telogen to anag@émi#-catenin, represented a red gradient.

Just before the lanugo hairs are shed the haiclEglundergo a transformation in

three phases to regenerate a new follicle: regnegsatagen), resting (telogen), and
regrowth (anagen) (Alonso and Fuchs, 2006). Thaseghree phases of hair growth

will cycle throughout the rest of life. Initiallyhe hair follicle keratinocytes will stop
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proliferating and undergo apoptosis and migratiboetls up towards the dermis,
regressing the follicle out of the adipose laydrisTregression is called the catagen
phase, which will only last a few days. During ttime the dermal papilla also migrates
back up within the dermis until it reaches the lowermanent portion of the hair follicle
where the epithelial regression ended. After thagen phase, the remaining follicle and
DP rest, without significant morphological changBse resting period is called telogen
and can last several weeks. Finally, in the anpi@se a set of signals from the DP
triggers the activation of the secondary hair geyrbegin proliferating and the hair
follicle grows back down into the adipose layer véhie engulfs the DP again forming a
new follicle (Chi et al., 2013; Rompolas et al.12D The anagen phase can be broken
down further into two phases: early anagen wheridliele is growing back down into
the adipose tissue, and late anagen when thelédfias stopped the down-growth and
starts producing a hair shaft. The length of redetermined by the length of time spent
in anagen. In humans, the anagen phase can las#éfdoyears or longer on the scalp
(Saitoh et al., 1970) or for as little as 20 dayglee extremities (Seago and Ebling,

1985).

The sebaceous gland grows from the upper portidheohair follicle and is
connected by a duct at a region called the isth®esum, the primary product of the
sebaceous gland, is a waxy secretion composediafestg, fatty acid esters, free fatty
acids, cholesterol, and triglycerides that helpokiée skin hydrated and have
antibacterial properties as well (Niemann and Hy,sP012). Development occurs at the
same time as the embryonic hair follicle, first egneg from the mid-follicle between the

13" and 18' week of gestation. Sebum is produced by the detitruand secretion of the
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lipid containing cells, called holocrine secreti®@mall cells along the basement
membrane of the sebaceous gland have self-reneywatity and will also differentiate
into the sebocytes that accumulate lipids and wgudkolocrine disintegration. Above the
sebaceous gland, and connected to the interfali@pidermis is the infundibular region
of the hair follicle where the sebaceous duct flowsugh. The infundibulum is the
upper-most segment of the hair follicle and is cardus with the IFE epidermis. The
infundibulum has an ORS that is continuous withlihsal layer of the IFE and an IRS

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

Development and Origin of Basal Cell Carcinoma

Basal cell carcinoma (BCC) is a skin cancer andithet common form of cancer
world-wide, with more than 1,600,000 new cases alyiin the US alone (Rogers et al.,
2010). Though the tumors are not typically metastand therefore there is a low
mortality rate, they can be highly invasive andseasevere damage to surrounding
tissues including muscle and bone. The origin eftthmorigenic cells is thought to
derive from either the basal layer of the epideronithe hair follicle depending on the
type of mutation (Grachtchouk et al., 2011; Hutotiral., 2005; Wang et al., 2011;
Youssef et al., 2012). K14, K15, K17, CD200, LHX®le50x9 are all markers of ORS
that are also expressed in BCC (Colmont et al.32Btahl and Sellheyer, 2010a;
Markey et al., 1992; Youssef et al., 2012). Furthene the IRS marker K28 is not
expressed in BCC indicating that the tumors are dgfferentiated. However, all subtypes
of BCC show stron@-catenin and LEF1 expression, which is indicatifzéhe rapidly

dividing cells in the matrix (Kriegl et al., 2008 pithelial Cell Adhesion Molecule
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(EpCAM) is highly expressed in BCC tumors but odétected in the hair follicle during
embryonic development or in the secondary hair gagnbefore the initiation of a new
hair growth cycle (Sellheyer and Krahl, 2008). Expression of EpCAM is not detected
in the ORS or any of the more differentiated sues of the hair follicle. Furthermore,
BCC derived from the epidermis follows a similavel®pmental progression as the
embryonic hair follicle: epithelial placode formati and down-growth into the dermis in
response to signals such as Wnt and Eda (Yang @088; Zhang et al., 2009). The
expression profile of BCCs indicates that they espnt a basal hair follicle progenitor
cell more than the interfollicular epidermis or thiferentiated compartments of a hair

follicle.

A cell may acquire a mutation that primes it foncar but without further
mutations or activation from the environment thik wél remain dormant or otherwise
benign. Environmental signals, such as growth fagtimulation or direct cell-cell
interactions, can lead to the activation of a theesenant cancer cells. In this case the
tumorigenic cell that harbors a mutation undergumsnal proliferation and
differentiation, or is otherwise quiescent, unlaseparate signal activates the aberrant
growth of the cell into a tumor. BCC is an exampi@ cancer where an initial mutation
in a particular pathway primes a cell for cancet,subsequent extracellular signals or
additional mutations in other genes are requirddrbauncontrolled growth ensues (Yang
et al., 2008). The initial mutation found in neaaly BCC tumors is an activating
mutation within the Sonic Hedgehog (Shh) pathwayt¢Hin et al., 2005; Taipale and
Beachy, 2001). Shh is a secreted growth factorlu@gbin many developmental

processes, including appendage formation. The omwsmon genetic mutations in BCC
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are found in the Shh receptor, Patchedl (Dahmaale, 4997), which leads to activation
of Smoothened (Smo), a seven-pass transmembrateenpitoat is bound to unliganded
Patchedl. Upon Shh ligand binding to Patched, Smeleased and can then activate the
Gli transcription factors, which are the canonaaivnstream mediators of the Shh
pathway. Transgenic mice containing a constitugiagtive form of Smo (SmoM2)
develop BCC (Youssef et al., 2012) or basaloiddolar hamartomas (Grachtchouk et
al., 2003). In the SmoM2 mice, overexpression okDlan extracellular inhibitor of Wnt
signaling, completely prevents tumor formation (¥aat al., 2008). However,
hyperactivation of Shh signaling, as marked bynstgi of K17, a Shh target gene, was
not prevented by Dkk1 expression. Furthermore, auge epidermis with conditionally
knocked-oup3-catenin, BCC does not develop even with constélyiactive Shh
signaling (Youssef et al., 2012). Theseivo mouse experiments demonstrate that the
SmoM2 mutation primes the skin for cancer but @sdactivator, namely Wift/

Catenin, is still required for aberrant growth.

There are three main classifications of BCC tumsugerficial, nodular, and
infiltrative (see review (Crowson, 2006a)). There several subgroups of each of these
classifications as well. Nodular BCC forms a tightster of basaloid cells that develop in
the papillary or reticular dermis and are commalgrounded by dilated capillaries. At
the periphery of the nodules are palisading ckls distinguish the tumor type as non-
invasive. These tumors appear as small, elevasgulil@s that often have a red
coloration. Nodular BCC is the most common fornBGIC, but in more than a third of
cases multiple forms of BCC are present (Sext@h. £1990). Most nodular BCC can be

removed with a simple surgical excision, howevecromodular BCC is more invasive
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and often more widespread throughout the dermiscande more difficult to completely

remove.

Superficial BCC first appears as a pink patch afysskin, often in areas that are
more exposed to sunlight. Basal cells from therfaligcular epidermis or the hair follicle
form irregular growths in the surrounding dermibeTumor cells can colonize the hair
follicle and, less often, eccrine glands. The sfigal BCC growths also have palisading
cells at their periphery, like nodular BCC, thalicate a non-invasive form that can be
easily excised. Superficial BCC can also be effetyitreated with topical drugs such as

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

Nevoid BCC is an inherited disease arising mostrnomy from autosomal
dominant mutations in the Patchedl1 gene (Hahn,et296; Johnson et al., 1996). The
syndrome manifests in early adulthood, though cbridhs young as two years old can
display tumors (Crowson, 2006b). Nevoid BCC tunamestypically pigmented and most
often represent the nodular or superficial form86{C (Crowson, 2006b). Many BCC
tumors and cysts will form across large areas @fskin, and odontogenic cysts also
commonly develop in the jaw as well. Skeletal abmadities are common, including rib
and spinal deformities, as well as ossificatiothef skull. Occasionally,
Medulloblastoma, another cancer associated witbhiedflL and other Shh pathway
mutations (Reifenberger et al., 1998; Taylor et2002), also develops along with

nevoid BCC (Korczak et al., 1997).

Infiltrative BCC, as the name suggests, are morasive and potentially
dangerous than nodular or superficial BCC. Theedf@ur main types of infiltrative
BCC, micronodular, as mentioned, morpheaform,tnafiive, and metatypical (Crowson,
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2006a). Morpheaform tumors form a scar-like lesarthe skin composed of tumor cells
that penetrate deep into the dermis and subcutarfaburhe cells are barely clustered
form groups of one or two cells spreading througlibe dermis. Infiltrative BCC is
similar in that a scar-like lesion forms that ineadleep into the dermis and subcutis, but
these tumors form larger clusters of cells andraegularly shaped. The infiltrative
tumors do not have palisading cells on their penphMetatypical BCC, or
basosquamous cell carcinoma, are tumors with baghland squamous cell carcinoma
characteristics. Metatypical BCC, like other aggres BCC, does not have palisading
cells at the periphery. All of these aggressive B@&@s can invade into muscle, bone,
cartilage, and even the brain where they causeeseaenage to the organ. Very
infrequently (0.0028%-0.55% of all BCC) these tumbave been observed to
metastasize into the lymph nodes, bone, lung er.liMetastasis indicates a very poor
prognosis with life expectancy of a few months eang depending on the route of
metastasis—either through the lymphatic systemr§yea blood (months) (McCusker et

al., 2014).

The Sox9 Transcription Factor

Sox9 (Sry Box 9) is a high mobility group (HMG) tiscription factor that
contains a DNA binding domain similar to Sry (Sesteitmining Region Y) and a C-
terminal transactivation domain. Phosphorylatiois0k9 at several sites including two
prominent sites, S181 (Liu et al., 2013) and SHuafg et al., 2000), has been shown to
induce nuclear localization (Malki et al., 2005a@nhance DNA binding affinity

(Huang et al., 2000). Several mutations in Sox%$edhe disease campomelic dysplasia
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that is characterized skeletal deformations dwketective chondrogenesis as well as

male-to-female autosomal sex-reversal (Wagner.e1294).

Mutations far upstream of Sox9 are also known teseaypertrichosis
(Fantauzzo et al., 2012; Sun et al., 2009), sKedaormalities and impaired
chondrogenesis (Foster et al., 1994; Wirth etl@96), and sex organ diseases such as
male sex reversal (Wagner et al., 1994) and fed®€X disorders of sex development
(46,XX DSD) (Benko et al., 2011). These diseassicgumutations (including
duplications, deletions, inversions, and point rtiates) at various loci up to 3 Mb
upstream of the SOX9 gene indicate that the Sog@laéory region spans a very large
portion of Chromosome from 17q24.2-24.3 (Gordoal £2009). Microdeletions and an
inverted duplication event that cause hypertrichesre found to reside 1-2.5 Mb

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

Further evidence for the role of Sox9 in human geswth disorders can be
gleaned from Trichorhinophalangeal syndrome ty(RPSI), which is caused by
deletion, position effects, (Fantauzzo et al., 20@812; Wheeler, 2010) or loss of
function mutations (Waheed et al., 2012) of the $RBene. TRPSI is a disease
characterized by sparse hair growth, skeletal abalities, and short stature. Hair
follicles in TRPSI patients have aberrant and héglels of Sox9 expression indicating
that a lack of differentiation within the folliclmay be the cause of reduced hair growth
(Fantauzzo et al., 2012). Overexpression of TRIASAice, or duplication of the TRPS1
locus in humans, leads to a decrease of Sox9 estpneis the hair follicle and
hypertrichosis (Fantauzzo et al., 2012). This dadacates that differentiation and stem

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

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

Sox9 is also considered a master regulator of alwayte differentiation. Wnt
signaling prevents the differentiation of chonditesyand instead directs precursor cells
towards the osteoblast fate (Hill et al., 2005i&irly, increased levels @catenin due
Wnt signaling leads to inhibition of Sox9 expressamd leads to hypertrophic
chondrocytes (Dong et al., 2006). However, a meishafor howp-catenin represses

Sox9 expression in chondrocytes has not been digiedm

Sox9 expression marks several ectoderm-derived adimiches. Intestinal
crypts, bile ducts of the liver, and exocrine dudtghe pancreas are all interconnected
stem cell niches that express Sox9. Lineage trastogys that the Sox9 positive cells
contribute to all differentiation fates of the liy@ancreas, and intestine and are able to
self-renew indefinitely (Furuyama et al., 2011).$¥oolon carcinomas also express Sox9
as do all cell lines derived from colon carcinortlsche et al., 2004). Mammary stem
cells have been defined by expression of Sox9 &mgl 8nd when both are
overexpressed it leads to breast cancer and m&tastanice. High levels of Sox9 and
Slug in patients with breast cancer indicate a poognosis (Guo et al., 2012a).
Similarly, in the mouse prostate, Sox9 is neceskarthe self-renewal of the prostate
progenitor cells. Loss of Sox9 prevents normal tiguaent of the prostate, though Sox9
is not necessary for the maintenance of the fudlyetbped mature prostate (Huang et al.,
2012). As in breast cancer, prostate cancers wgtineh levels of Sox9 expression
indicate a worse prognosis (Huang et al., 2012den et al., 2010). High levels of

Sox9 in the prostate tumors also displayed moreé &iéining, indicating more
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proliferation, and when Sox9 was overexpressedadnga prostate epithelia, the

proliferation rate also increased.

The Role of Sox9 in the Hair Follicle

Development and maintenance of the hair follicerstell niche is dependent on
the transcription factor Sox9 (Nowak et al., 2008latal et al., 2005). Though Sox9 is
not necessary for normal differentiation and deprlent of the hair follicle as a whole, it
is essential for the establishment of the labelingtg stem cell niche. As such, knockout
of Sox9 in mouse embryonic skin does not disrupetigment of the hair appendage but
prevents formation of the label retaining stem nalhe and eventually leads to growth
arrest of the follicle after the pool of prolifera cells is exhausted (Nowak et al.,
2008b). Sox9 is also expressed in the mature, ,ddhittfollicle stem cell niche in
humans and mice, where it plays a similar role antaining the stem cell niche (Kadaja
et al., 2014). In humans, however, expressiontisctied in a broader region throughout
the entire ORS (Krahl and Sellheyer, 2010a, 201Kbyckout of Sox9 in the mature
murine follicle again leads to growth arrest of tbiicle after depletion of the stem cell
compartment similar to embryonic knockout. Howewenen Sox9 is knocked out in the
bulge of the mature follicle the stem cells abettyaexpress markers of IFE and cells
migrate up towards the IFE. Though loss of Sox%du# prevent hair follicle lineage
commitment it does suggest that without Sox9 temstells are more prone to

differentiate towards IFE.

Several downstream targets of Sox9 in the haiicfelstem cells were found

using RNA-seq and ChlP-seq studies to compare tydd-and Sox9 knockout mice. A
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large number of the genes found encoded for seteste extracellular proteins. Several
genes known to play a role in the Activin/TBpathway were markedly down regulated
after Sox9 knockout, and furthermore ChlP-seq erparts confirmed that several of
these genes were directly regulated by Sox9. I) iiection of Activin B partially
prevented the aberrant differentiation of IFE frbifa stem cell niche after loss of Sox9.
This indicates that Sox9 regulates secreted poteaessary for maintaining the stem
cell niche and preventing spontaneous IFE diffeaéinn, but is not itself necessary for

the commitment of hair follicle differentiation.

The initial expression of Sox9 in embryonic skircas during the formation of
the epithelial placode and is dependenp-amatenin nuclear localization (Nowak et al.,
2008Db; Vidal et al., 2005). However, Sox9 is expeekin the suprabasal layer of the
placode initially, in cells that do not have strangclear-catenin. As the follicle
continues to develop this separation of Sox9 pasttells and the cells that have high
levels of cytoplasmic and nuclegicatenin becomes more evident (Krahl and Sellheyer,
2010a). During the hair peg stage the group of adtisest to the DP has high
cytoplasmic and nucle@catenin expression and is distinctly Sox9 negafives same
group of cells with nucleg-catenin and a lack of Sox9 later defines the matirthe

mature hair precursors of the hair follicle.

Shh signaling is also required for the initial eegsion of Sox9. In fact, Shh
expression is downstream of epithelial placode &rom indicating that, in terms of
Sox9 transcriptional activation, Wnt signaling nsyply be necessary for the activation
of Shh signaling (Nowak et al., 2008a). Cytoplasatcumulation of-catenin can

stabilize Glil mRNA (Noubissi et al., 2014), whictay be necessary for mediating the
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Shh signal and activating Sox9. However, Sox9 tenpressed in SmoM2-Dkk1 mice
that have constitutively active Shh signaling hattalso overexpress the Wnt inhibitor
Dkk1, which prevent$-catenin signaling. In the SmoM2-Dkk1 mice, wherat{f-
catenin signaling is repressed, Shh signaling isitutively active as determined by
K17 expression, a known Shh/Gli target gene. Tistsdies show that there is a complex
requirement for both Wnt and Shh signaling to &téiSox9 expression in the skin and
hair. Although Wnt signaling is necessary for thigial expression of Sox9 and
development of the epithelial placode, eventualiy®is turned off in anagen hair
follicles in the regions of higheBtcatenin expression. Sox9 is never turned off ilCBC
even with high-catenin expression and nuclear localization. Tdrgioued expression
of Sox9 in BCC, in combination with stabiliz@ecatenin, may be a primary reason for

aberrant proliferation.

In mature mouse and human hair follicles, Shh @ession is polarized to one
side of the bulb within the matrix (Gat et al., 899Shh is also secreted at the nerve
endings that are attached above the bulge stemick#, which activates Glil in that
region (Brownell et al., 2011). Glil1 positive cedlsove the bulge, in mice, are also Sox9
negative, which would indicate that Sox9 is nogljkdownstream of Shh signaling in the
bulge stem cells. Gli2 and Gli3 are the canonicafliators of HH signaling and their
activation leads to expression of Glil. Gli2 is egsed throughout the hair follicle
Bulge, ORS, and Matrix at all phases of the hagh cycle, so all cells are poised for

activation by Shh. Gli3 is mainly expressed in e (Brownell et al., 2011).
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Wt Sgnaling in the Hair Follicleand BCC

In the mature hair follicle}-catenin nuclear localization and TCF/LEF1
activation mark the differentiating cells of thetndg precortex, cortex, and medulla
(DasGupta and Fuchs, 1999a) where Sox9 expresslostiin human follicles.
Furthermore, Lefl contributes to nuclear localimatof 3-Catenin and leads to
differentiation of bulge derived keratinocytes (Bhaet al., 2013). This indicates that
there may be a dual function f@rcatenin during development of the hair folliclest,
B-catenin initiates the formation of the epithepécode followed by Sox9 expression,
potentially through downstream Shh/Gli signalingefBWillner et al., 2007), and later to

differentiate the cortex and hair shaft partiajydownregulating Sox9.

The canonical Wnt signaling pathway functions byditeging the stabilization
and nuclear translocation pfcatenin. In the absence of a Wnt ligapaiatenin is
phosphorylated by a destruction complex composegwéral proteins including Axin,
APC, CK1, and GSK-3. Phosphorylatgéaatenin is then ubiquitinated and degraded by
the proteasome. Serine/Threonine phosphorylatio@Ky primes3-catenin for
phosphorylation GSK{Bof two N-terminal serines that mark it for ubigoétion by the
B-TrCP ubiquitin ligase. Ubiquitination cauggsatenin to be degraded by the
proteasome. Upon Wnt ligand binding to one of thezted (Fzd) receptors and the
LRP5/6 co-receptors thcatenin destruction complex is disrupted and GBKs3
inhibited. The disruption and inhibition of the tlestion complex is accomplished by
recruitment of the repressor protein Dishevelledh([Xo the cytoplasmic tail of Fzd
where it binds Axin and becomes phosphorylated¢clvttien allows it to directly inhibit

GSK-3. When the destruction complex is disrupteédatenin is no longer degraded and
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can accumulate in the cytoplasm and translocdigetoucleus where it binds the
TCF/LEF1 transcription factors to become a tramsicnnal activator. In the absenceff

catenin the TCF transcription factors can alsaadranscriptional repressors.

BCC tumors derived from SmoM2 mice, as well as maunyan tumors, express
high levels of3-catenin and show nuclear localization (Kriegllet2009; Yang et al.,
2008; Youssef et al., 2012). As mentioned previgublese tumors also express many of
the markers of the stem and precursor cells oh#efollicle. However, in hair follicle
stem cells and ORS there is no sign of canonical dgmaling (DasGupta and Fuchs,
1999a), and only cytoplasmic membrane localizatiorcatenin is detected by
immunohistochemistry (Krahl and Sellheyer, 2010&js is an important distinction
because it shows a regulatory difference in argnalanolecular pathway between BCC
and the developing hair follicle stem cells: prittyathat p-catenin nuclear localization
leads to differentiation of the hair follicle andoss of stem cell specific expression,
whereas in BC@-catenin nuclear localization does not appear twesse the markers of

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

Though expression of constitutively actig«eatenin increases proliferation in the
follicle (Van Mater et al., 2003B-catenin is not necessary for the proliferatiotoige
or secondary hair germ cells during or at theatitn of anagen (Lien et al., 2014).
Knockout off-catenin leads to the halt of hair follicle fornmatibut proliferation is still
observed in the bulge and secondary hair germetsidd by Edu incorporation into
DNA. Furthermore, in theggcatenin knockout mice Sox9 expression is notiloste
bulge stem cells, but activation of follicular dogvawth and formation of a new matrix

is completely halted. Normally, during the earlgggs telogen there is no detectable Wnt
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signaling orB-catenin stabilization in either the bulge or setay hair germ (Lien et al.,
2014). However, as the follicle transitions frofogen to anagen, nuclegicatenin
staining becomes apparent in the secondary hain gérere Sox9 is lost (Kadaja et al.,
2014, Lien et al., 2014). Thus, growth and différ@ion of the follicle cannot occur
without -catenin, but proliferation and maintenance ofdtean cell niche can still be

maintained, at least partially by Sox9, in the aleseoff3-catenin.

Notch Sgnaling in the Hair Follicle and BCC

There are four Notch receptors (Notch1-4) in mansmaad five Notch ligands
(Jaggedl, 2, and Delta-like ligand1-3). When a ddgg Delta-like ligand binds a Notch
receptor it induces a conformation change in thiecNoeceptor that exposes a cleavage
site that the-secretase protease will cleave releasing the i@itef intracellular domain
of the Notch receptor. The Notch Intracellular Dam@ICD) then translocates to the

nucleus and binds the transcription factor RBP+d¢dliate transcription.

During early development of the hair follicle inaaj Notchl expression is found
in the inner most cells of the hair peg, which caeta continuously with the Notch-
positive cells of the suprabasal layer within tRE (Blanpain et al., 2006). These same
subset of inner hair peg cells are also the dedlsinitially express Sox9 (Nowak et al.,
2008a; Vidal et al., 2005). As mentioned, the frgpression of Sox9 in the epidermis is
seen at the hair placode stage in the suprabdisatiea do not have strong nuclgar
catenin expression. The coexpression of Notch1Sox® correlates with a potential
regulatory mechanism as Sox9 has been shown tadvget of Notchl in other tissues.

In liver bile ducts (Zong et al., 2009) and esom@@denocarcinoma (Song et al., 2013),
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for example, Sox9 is a direct target of the Nott@D- In the mature hair follicle, Notchl
is expressed at varying levels in all the differemtnpartments of the follicle, though it is
most strongly expressed in the matrix (Cai et28lQ9; Vooijs et al., 2007). NICD is
detected in the secondary hair germ during tel@yehat the initiation of anagen (Kadaja
et al., 2014). Interestingly, Notch activation reparily seen in the cells that are not in
direct contact with the DP in both the secondaryngand the matrix of an anagen hair
follicle (Lin and Kopan, 2003). Though the DP deapress Delta-like ligand1 (Estrach

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

cells directly contacting the DP (Watt et al., 208

Conditional knockout of Notchl in mouse embryorpaermis does not affect
the development of hair follicles, though hairs famer, shorter, and wavy (Pan et al.,
2004; Vauclair et al., 2005). Similar to the Sox@&kout, though less severe, the
Notchl-knockout follicles develop normally but cahenter a second anagen phase and
instead adopt an epidermal fate. Loss of both Nlogztd Notch2, or Notchl and Notch3,
as well as a loss of all Notch signaling by knodkaiy-secretase or RBP-J, results in
epidermal cysts and aberrant interfollicular défetiation (Demehri and Kopan, 2009;
Estrach et al., 2006; Hu et al., 2010; Kopan andhtkeub, 1993; Vauclair et al., 2005;
Yamamoto et al., 2003). Loss of Notch signalingotigh Notchl (Lee et al., 2007) or
RBP-J (Demehri and Kopan, 2009) knockout, in K1gbéwstem cells of mice leads to an
epidermal, rather than follicular, fate decisioramy of the bulge stem cells lacking
RBP-J migrate upwards into the isthmus, infundibyland IFE and express K10, a
marker of the IFE. The epidermal fate phenotype #®BP-J” mice is, again, very

similar to the phenotype seen after the loss oBJ&adaja et al., 2014; Vidal et al.,
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2005). However, loss of Sox9 does not disrupt Nb&ignaling in the secondary germ,
indicating that either Sox9 is downstream of Natnaling or that Sox9 and Notch

signaling are independently necessary for simdéictilar fate decisions.

B-catenin directly binds the Notch Intracellular Daim(NICD), which can
stabilizep-catenin at the cell membrane (Kwon et al., 20Tlh)s interaction prevenfs
catenin nuclear translocalization and thus inhiit®/3-catenin signaling. Competition
between Notch and Wnt signaling was also demorest@dtiring neural development in
Drosophila where the levels of Wnt and Notch at¢ibracompete to form either
epidermal (more Notch activation) or neural linagesre Wnt activation). Howeve;
catenin can also form a complex with the NICD aiPRJ in the nucleus at RBP-J DNA
binding sites where it can potentiate Notch agti(amamizu et al., 2010). These data
indicate that there are multiple interactions bemv@/nt 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 hairdtdlis well established.
Similarly, increaseg-catenin and nuclear translocation in the matrit lbmnlb of the
follicle where Sox9 is absent has been reportedvever, it remains to be seerfi
catenin is directly responsible for the decreasedr9 expression in the hair follicle.
There is precedence for the direct down-regulatioBox9 byp-catenin in development
of the ovaries and testes where a stabilizatighiradtenin through Wnt4/Rspondin-1
signaling leads to a loss of Sox9 expression angeargion of male to female (Maatouk

et al., 2008). Wnf-catenin was shown to reduce Sox9 expression byatiag Sry and
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Steroidogenic Factor-1 mediated expression of SbxBe testis specific enhancer
(Bernard et al., 2012). Conversely, aberrant exgiwasof Sox9 also leads to 46, XX
female-to-male sex disorders. Over-expression @3wothe 46, XX female-to-male is
due to duplication events of Chromosome 17 thheeincompass the Sox9 gene locus

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

There is evidence that TRPS1, a GATA-like trangimipfactor, is a direct
repressor of Sox9, and is expressed highly in thie of the follicle (Fantauzzo et al.,
2012). TRPS1 provides one potential mechanismhidbwnregulation Sox9 in the hair
follicle. However, strong TRPS1 nuclear localizatie also detected in the ORS co-
localized with Sox9 (Fantauzzo et al., 2008b). Tihiscates that TRPS1 may not be the
primary cause of Sox9 suppression. Another potergaessor is the Fragile histidine
triad (Fhit), a tumor suppressor that has been detrated to bind and reprgsgatenin
transcriptional activity (Weiske et al., 2007), digh it has not been studied in relation to

Sox9 expression.

These studies led to the working hypothesis ffhedtenin directly suppresses
Sox9 expression in the hair follicle by either di#ing positive regulators of Sox9, such
as SF-1 or Notchl, or by recruiting a repressorgierother than TRPS1, such as Fhit.
To study the regulation of Sox9 primary cell cuitsiof ORS derived keratinocytes were
used because they naturally express high leved®x®, unlike neonatal foreskin
keratinocytes. Overexpression of Sox9 in keratitexyas previously shown to increase
their colony forming ability (Shi et al., 2011),Wwever the loss of Sox9 has not been
studied. Therefore, Sox9 was thus hypothesizee@ iaportant for proliferation and

colony formation of the ORS-derived keratinocyted #ss of Sox9 would decrease both
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proliferation and colony formation. To determine tiole of Sox9 in ORS keratinocyte
proliferation and colony forming ability ShRNAs gting Sox9 were expressed through
lentiviral infection. To study the regulation of X@in the ORS keratinocytes several
SsiRNAs were used to knockdown various genes arkldbthe effect on Sox9
expression. Alternatively, small molecule inhibg@f GSK-3 andy-secretase were

employed to activatp-catenin or inhibit Notch signaling, respectively.

Results

Role and Regulation of Sox9in ORS-Derived Keratinocytes

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

To look in detail at expression and localizatiorSok9 and3-catenin in the
human hair follicle, sections of normal human sc¢epue were stained with
immunofluorescence reagents. Nuclear Sox9 was ftabé expressed throughout the
entire ORS, the basal layer of the infundibulum estloimus, as well as throughout the
sebaceous glandFig. 1.1A). There was no apparent staining of Sox9 in the biithe
follicle, including the matrix, precortex, cortest, medulla, where cytoplasmic and
nuclearp-catenin staining was strongest. Furthermore, thexeno Sox9 staining in the
IRS within the bulb, however a subset of cells wittne IRS along the entire hair shaft
above the bulb did stain positively for Sox9, whinhy be non-specific staining. The
ORS stains weakly fd-catenin where it was localized primarily to théapfasmic
membraneKig. 1.1B). The bulb of the follicle stains very strongly focatenin, where
cytoplasmic membrane staining is apparent as @a$mic accumulation and nuclear

staining Fig. 1.1B).
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Figure1.1. Expression of Sox9 and g-catenin in the Human Hair Follicle. (A) Sox9
(green) expression was detected throughout the maesheath of the hair follicle including
the isthmus and infundibulum (arrows). The sebasegtad (SG) contained Sox9 positive
cells as well. There was no Sox9 detected in tiie dfthe follicle.p-catenin (red) was
detected throughout the entire follicle but wasrsgiest in bulb of the follicle. Scale bar =
50um. (B) B-catenin expression is detected throughout thefbllicle but is localized
primarily to the cytoplasmic membrane in the OR8exeas in the bulp-catenin is much
more strongly expressed and cytoplasmic and nuldealization is apparel

Cells cultured from the ORS Represent Early HF Progenitors

Hair follicles pulled out from scalp skin after pase digestion were placed on
tissue culture plastic in DMEM:F12 1:1 media conitagy 20 ng/mL bFGF and 10 ng/mL
EGF and the neuronal growth supplement B27 (1#licked follicles have the bulb
removed and the upper /8emoved so as to contain only the mid portiorheffollicle
that contains the ORFi(g. 1.2A). After 7-14 days large colonies of keratinocygesw
out from the explanted follicles(g. 1.2A). At this point, the cells are trypsinized and
seeded into low calcium keratinocyte media (Epilsifiplemented with HKGS and 20

ng/mL bFGF).

The ORS derived keratinocytes (ORS cells) staintipesor nuclear Sox9 and
Kertin 15 (K15), both markers of the outer rootathefig. 1.2B). To look more broadly
at what these cultured keratinocytes might repitasenvo an array of hair follicle
markers was analyzed by semi-quantitative-PCR. &&abf the threshold cycle (Ct) was
used for quantitation and the minimum Ct value@fvas used to normalize the results
(assuming 100% efficiency of the primers). The (dR&tinocytes express very high
levels of ORS-specific keratins, K14, K15, K17 veall as other markers of the ORS

such as S100A6, Sox9, SFRP1, YAP1 (Zhang et al12@nd LHX2 (Rhee et al.,
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2006). The high levels of S100A6 expression is mbast with a bulge or ORS
phenotype and suggests that these cells do n&s@qirthe secondary germ where
S100A6 expression is decreased (Ito et al., 2@4)ression of Epithelial Cell Adhesion
Molecule (EpCam) was also detected, which is a sraskearly embryonic hair follicles
as well as the secondary germ cells during tel¢Gemza et al., 2011; Sellheyer and
Krahl, 2008). Furthermore, P-Cadherin was expresshith is normally expressed in
the ORS and matrix of an anagen follicle and prilpan the hair germ of a telogen
follicle (Muller-Réver et al., 1999). CD200, a markof human hair follicle stem cells
was detected but it was not highly expressed. B&R5 and LGR6 were detected
indicating that the keratinocytes likely representltiple different cell populations (Jaks
et al., 2008; Snippert et al., 2010). IRS kerati®5, 27, and 28 were only detected at
very low levels, excluding an IRS phenotype from glopulation. The medullary keratin,
K35 had very low expression as well. Strangely regpion of K85, which is a medullary
keratin and is also expressed in the companior [agagbein et al., 2001), was
expressed at surprisingly high levels. JaggedINotdhl were also very highly
expressed, indicating either a matrix phenotypeaoly developmental hair follicle.
Finally, Lrigl, a marker of the sebaceous gland m@sxpressed in the ORS

keratinocytes.
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Figure 1.2. Culture of ORS Derived Keratinocytes. (A) The follicle is cut 1/% from the top
and bottom leaving only the middle portion containthe ORS. The mid-portion of the
follicle is then placed in minimal DMEM:F12 with B2nedia to keep it wet overnight. 7-10
days after plating, large outgrowths will come frdme follicle. At that point cell can be
trypsinized seeded into serum free keratinocyteiadg) The keratinocytes stain positive for
Sox9 and K15, indicators of the ORE) Expression of several hair follicle differentiti
markers normalized to the minimum Ct threshold &alti40 cycles (log plot). The melt
curve for all genes showed a single peak indicatimy one PCR product.

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

Sox9 has been demonstrated to be necessary fdetiedopment of the hair
follicle stem cell niche, and lead to decreasediferation in the matrix cells after
knockout (Kadaja et al., 2014; Nowak et al., 2008dal et al., 2005). Furthermore,

increased expression of Sox9 leads to increasdifigpation (Shi et al., 2013) and higher
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colony forming capability of keratinocytes infecteth Sox9 (Shi et al., 2011). In order
to test what loss of Sox9 does to human keratimsclytlecided to use short hairpin
oligos expressed from lentiviruses to knockdown®expression and look at

proliferation and colony forming capability.

ORS cells were grown to 90% confluency and infeetét lentiviruses that
express either shSox9 or shGFP (control) to medbkareffects of Sox9 knockdown.
After infection all infected cells were selected ¥ath puromycin for two days then
passaged for the tests. The cells infected witlos8Sirus were dramatically less
proliferative, as measured by 8 hours Edu incotpmranto DNA followed by
conjugating Alexafluor488 using Click-It chemist@iter 8 hours, a little over 20% of
the control cells had incorporated Edu, whereag 2% of the shSox9 cells had
incorporated EduFig. 1.3A). Similarly, knockdown of Sox9 prevented colonynf@tion
when ORS cells were seeded at clonal density altwred for two weeksKig. 1.3B).
Colony formation is commonly used to show that kraglls are capable of self-renewal,
and clonal growth of the shControl cells shows thatORS cells are capable of self-
renewal. Thus, the lack of growth after Sox9 knaskd suggests that proliferation

depends on active Sox9.
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Figure 1.3. Sox9 isNecessary for Proliferation and Colony Forming Ability. (A) ORS

cells were infected with either shGFP (controlsbBox9 lentiviruses, after 2 days selction
with Puromycin the cells were split into 6-well fa and fed Edu for 8 hours. Click-It
chemistry added Alexafluor 488 to the Edu incorpeatdn the DNA and the cells were then
analysied by FACS. Efficacy of Sox9 knockdown wéhtiviruses was assayed by qPCR
(right). Student’s t-test. p-vaue on chaB) (000 cells from infected control or shSox9 cells
were seeded into 6-well plates. After 14 days #iks evere fixed and stained with crystal

Inhibition of GSK-34 Rapidly Downregulates Sox9

ORS cells were treated with BIO, a small molecaolehitor of GSK-3, to
inducep-catenin nuclear localization. A dose response-bi00uM BIO showed thdi-
catenin nuclear localization after 1 hour was neesdlent between 0.5 and uM (Fig.
4A). A dose of 1.25 uM BIO was found to induce nuclegta-catenin as well, while
doses above 1,8V were toxic to the cells and caused cell deathta(dat shown). The
morphology of the ORS cells changes from a small@bble-stone geometry to larger,

elongated cells that are similar to the elongatdi$ of the cortexKig. 4C). Protein
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levels of Sox9 in the nucleus rapidly decline afétely an hour of 1.25M BIO treatment
and are completely gone by 48 hours. Similarlyeradin hour of treatment with 1.251
BIO, mRNA levels of Sox9 were strongly decreased lay148 hours Sox9 mRNA was
completely absenf{g. 4B). To show that BIO treatment reduced Sox9 levaisugh

the stabilization op-catenin and not off target effects of GSK4iBhibition, lentiviral
vectors were used to infect ORS cells and expridssrevild typep-catenin (WTB-
Catenin), or the constitutively active fothiN903-catenin with a truncated N-terminus
missing the GSK{8 phosphorylation sites necessary for its proteasdegradation.
WT-B-catenin reduced Sox9 expression only slightly, AN®0-3-catenin significantly
reduced Sox9 levels, though not to the same eatefht25.M BIO (Fig. 4D). The Sox9
gene has been shown to be upregulatefltgtenin in several other cell types, so it was
important to determine if low levels pfcatenin in the ORS cells could activate Sox9,
while higher levels could shut it off. To expldhes, p-catenin was knocked down
SiRNAs rather than lentiviral infection. Singecatenin knockdown had no effect on the
expression of Sox9, it appears tfatatenin does not activate transcription of Sox9 in

ORS cells, but that increased levels of nucfeaatenin can repress Sox9 expression.
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Figure 1.4. GSK-3p I nhibition Suppresses Sox9 through p-catenin. (A) A dose response of
the GSK-3 specific inhibitor, BIO, was conducted betweenl(abd 1.25 uM. After 1 hr a
concentration between 1.0 and uR6BIO was found to induc@-catenin nuclear
localization the strongesB(top) A time course using 1.25 uM BIO was therfqrened over
the course of 48 hours to see the correlation lertvmeicleaf-catenin and Sox9 expression
(TBP = Tata Binding Protein). Sox9 protein levelsrgvvery rapidly, within one hour,
reduced after BIO treatment and were completehyednn48 hrs.B, lower) Sox9 mRNA
levels correlate well with the decrease in proteirels over time. ANOVA, F(6,14)=67.01,
p<0.0001.C) The ORS cells morphologically change from theltestone appearance to
become elongated after 24 hrs of BIO treatméit Gverexpression of the constitutively
active AN90--Catenin leads to a decrease in Sox9 expres&diCl{romatin
Immunopreciptiation at the Sox transcription ssate is enriched after BIO treatment, when
compared to a far upstream genomic sk¢.Lss off-catenin, using siRNAs, does not
statistically change Sox9 expressicG) Knockdown of}-catenin does reduce the effec

Fhit and p-catenin bind the Sox9 Promoter to Suppress Transcription

Fragile Histidine Triad (Fhit) is a diadenosin@hosphate hydrolase that is
involved in purine synthesis. The FHIT locus encasges the fragile site of
chromosome 3 (FRA3B) that is commonly found witimglocation mutations that leads
to loss of Fhit expression. Furthermore, Fhit igffound suppressed in cancers through
epigenetic methylation (Goldberg et al., 2006)t Mras found to be a tumor suppressor
that is downregulated or lost in most cancers (Heeland Croce, 2001a). More
recently, nuclear Fhit was found to bifgtatenin and represses its transcriptional
activity (Weiske et al., 2007). The repression na$m was shown to work through
binding B-catenin and recruiting the Reptin and Pontin c@ggors (Sozzi et al., 1998;
Weiske et al., 2007) as well as HDAC1 and Groucbisgn et al., 2006) to form a large

repressor complex @tcatenin target genes.

To investigate if Fhit was involved fircatenin mediated suppression of Sox9, |
again used siRNAs to knockdown Fhit while in comjion with inhibiting GSK-3

using LiCl. Lithium is a commonly used inhibitor GiSK-3 similar to BIO but not as
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specific. In the cultured ORS cells, LiCl, like BEDynificantly reduced Sox9 expression.
Knockdown of Fhit on its own did not alter Sox9 esgsion, however when Fhit
knockdown is combined with LiCl then the repress¥fect off3-catenin stabilization is

reduced Fig. 1.5A).

The decreased effect of LiCl mediated repressiddox® after Fhit knockdown
signifies that Fhit may be a direct repressor. &teanine if Fhit was in fact directly
regulating Sox9 after GSKB3nhibition | performed ChlIP using antibodies agaiRhit
andp-catenin and examined the promoter sites of Sox%am2, knownp-catenin
target genesHig. 1.5B). | found that both Fhit anglcatenin bind near the TSS of Sox9
after BIO treatment. However, even without BIO tmeant | found3-catenin was highly
enriched at the Sox9 promoter (1.2% of input), Whialicates either high background or
constant regulation at the Sox9 promoter. At then2romote3-catenin was enriched
after BIO treatment as well, whereas Fhit bindiragwactually found to decrease, which

is consistent with an increase in Axin2 expressioe to a loss of repression.
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Figure 1.5. Fhit and p-Catenin Bind Directly Downregulate Sox9. (A) Knockdown of Fhit
with siRNAs shows it has no effect on Sox9 aloneléss of Fhit prevents some of the LiCl
mediated suppression of Sox9. Fhit knockdown efficy was >80%B8) ChIP using3-
catenin or Fhit antibodies shows enrichment a9 promoter after BIO treatment. The
Axin2 promoter shows increased enrichment withBioatenin antibody but decreased
enrichment Fhit antibody, corresponding to a Idsgpression, or increased expression.
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HDAC Inhibition Increases BIO Mediated Suppression of Sox9

Fhit was shown to recruit HDAC1 as a repressottlieiotissue systems (Olson et
al., 2006), so | hypothesized that using an HDA@Hikitor such as trichostatin A (TSA)
would preveng-catenin mediated repression of Sox9. Howevertrtreat with 0.6uM
TSA further reduced Sox9 levels after six hourg.@buM BIO treatmentFig. 1.6C).
This suggests that direct repression is not via EDBuUt via some other factor that is
upregulated upon inhibition of GSK33To show that TSA was functioning as expected
in the ORS cells, expression of Axin2 and Lefl,Wn@-catenin target genes, were
evaluated as well after BIO and TSA treatment. Vidiokh genes, TSA treatment
increased expression of the genes more than B#@ment alone, indicating that the
repressive effect from HDAC was decreased. | algestigated K14 expression after
BIO and TSA inhibition and obtained results coreistwith the expected direct
repression by-catenin. After 1.25 uM BIO treatment, expressibKd4 decreased by
nearly 50%, whereas BIO + TSA treatment complatetpvered any loss of K14,
indicating that inhibition of GSK{Bresults in HDAC recruitment to the K14 promoter to
reduce expression, and that inhibition of HDACahlées this repression. Furthermore,
TSA treatment alone increased K14 expression, wiéchonstrates the continuous

regulation of K14 by HDAC.
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Figure 1.6. Inhibition of HDAC with Trichostatin A Enhances the Effects of BIO. (A) 0.6
uM Trichostatin A (TSA) treatment of ORS cells augnethe repressive effect of 1.25 mM
BIO treatment on Sox9 expressioB-C) BIO and TSA treatment both work as expected on
B-catenin target genes Axin2 and Lefl, by increasixgression.) BIO treatment represses
Kertinl4 expression, which is relieved by TSA treant.

Notch Sgnaling Directly Regulates Sox9

The Wnt and Notch signaling pathways have been shiownteract in a number
of different ways, both synergistically and antaigboally. A direct interaction between
B-catenin and the Notchl intracellular domain (NIG@Ppften the causal link between
the Wnt and Notch pathways. Sox9 was shown todieeat target of Notchl in
adenocarcinomas (Song et al., 2013) and given suyltseshowing an involvement pf
catenin in the downregulation of Sox9, | testedatchl was a positive regulator of Sox9
and if B-catenin could disrupt Notch signaling by bindihg NICD and displacing from

the RBP-J.
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To determine if Notch signaling regulates Soxaéked down all three of the
Notch receptors that are expressed in the ORS (d&dtsh1-3). Notch4 was not detected
in ORS cells via PCR or immunofluorescence (datsshown). Knockdown of Notchl
showed a significant decrease in Sox9 expressibareas Notch2 knockdown actually
increased the expression of Soky( 1.7A). Notch3 knockdown reduced Sox9, though
it was not statistically significant. A second siRldgainst Notch1 gave a similar

decrease in Sox9, showing it was not due to offeiaeffectstig. 1.7A).

Notch signaling is constitutively active in medié&wcalcium concentrations
below 260uM (Dalrymple et al., 2005) so | also tested toi§é&tchl signaling was
involved in Sox9 regulation in medium with high&n(M) calcium DMEM:F12 media.
Again, knockdown of Notch1 resulted in a signifitdecrease though not to the same
extent as in the low calcium medid. 1.7A). Both of the Notchl siRNAs significantly
reduced Sox9 mRNA though the first SIRNA testeNp$th1(1), produced the greatest

decrease and was used for all subsequent expesiment

The small molecule DAPT (N-[N-(3,5-difluorophenadgt-alanyl]-S-
phenylglycine t-butyl ester) is a potent inhibitdy-secretase and thus inhibits all Notch
signaling by preventing cleavage of the Notch icetlular domain. When the ORS cells
were treated with DAPT for 48 hours in low calciomedia there was no significant
change in Sox9 expression. However, in high calanedia the ORS cells treated with
DAPT for 48 hours showed marked reduction in SOXENA levels and protein levels
(Fig. 1.7B). This shows that loss of Notch expression thrasifNA knockdown and
inhibition of Notch signaling both reduce Sox9 eegsion. However the calcium

concentration plays an unclear role that requinethér investigation.
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To show that Sox9 is a direct target of Notch1,ghemoter region (-10,000 bp)
was searched for consensus RBP-J binding sitesQCKJ within highly conserved
regions using the UCSC Genome Browser. Several wigee found upstream of the
transcription start site (TSS) but one site inipatar was found within a highly
conserved region at -9350 bp from the TSS. | peréat several ChlIP assays with an
anti-Notchl antibody, which showed enrichment far Notch binding site. After 1.25
uM BIO treatment there is a significant reductiorthe enrichment of Notch1l at that

same site in the Sox9 promoté&id. 1.7C).

To determine if BIO treatment disrupts nuclear Mdtcand therefore
transcriptional activity, | stained ORS cells folQD before and after 4 hours treatment
with 1.25uM BIO. Before BIO treatment, nearly all cells shpasitive NICD in the
nucleus. After BIO treatment, a large portion af tells lose nuclear NICD staining,
however the loss of staining is inconsistent ansbime areas imaged there was still a
large number of cells that were positive for nuclatchl. Three fields of view were
imaged for each treatment and the total numbeuolenand Notchl positive nuclei were
counted. The trend shows a decrease in nucleahMatfter 4 hours BIO treatment, but

the variability was large and thus the decreasensasignificant.
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Figure 1.7. Notch Regulation of Sox9. (A) 48 hr knockdown of Notch1-3 in ORS cells in

low calcium (6@M) or high calcium (1mM). Two siRNAs targeting Nbtcwere tested and
both showed significant reduction in Sox9 express®) In low calcium media (6&M)

DAPT did not have an effect on Sox9 levels, howge{@y maintaining ORS cells in 1mM
Ca++ and treatment with 20M DAPT shows a significant reduction in Sox9 exgres.

Protein levels were also measured by western bleean belowY) ChlIP using an anti-
Notch1-ICD antibody shows enrichment of Notchlhat 80x9 promoter in the absence of any
treatment, however after 1.284 BIO the enrichment is significantly reduced. Belthe

chart is a schematic from UCSC Genome Browser gigpttie location of the Notch1 binding
site within the conserved region upstream of thedSISS, 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 Notchl shows most Notchlbialized to the nucleusB] IF staining
uing a NICD antibody to stain before and aftertireant of ORS cells with 1.25M BIO for 4
hours. The percentage of cells that stained pesitiv NICD were counted in 3 fields of view
from control or BIO treatment slides and are repnésd in the chart to the right.
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Notchl expression was evaluated byriwivo from scalp biopsies. Very little
Notchl could be detected in the ORS of the halicfe| though there were a few cells
localized in the ORS that expressed high leveNathl (Fig. 1.9A&B). In the bulb,
however, stronger Notch1l staining could be seg¢hematrix and decreasing into the
precortex and medulla. Interestingly, there werayrdotchl-positive cells found within
the bulge region of a telogen follicle, which isswstent with results showing expression
of Notch in the telogen follicle in mice (Estradna¢, 2006; Kadaja et al., 2014). The
lack of a strong Notch1 signal in the ORS, despiéured ORS keratinocytes showing
high expression of Notch1, raises the questionladtwhe ORS keratinocytes represent.
The cultured keratinocytes may more accuratelyasgnt the bulge keratinocytes during

telogen or an expansion of the few Notchl positeks within the ORS.
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Figure 1.9. Notch1 Expression in Human Hair Fallicles. (A) Vellus hair follicle shows very
low levels of Notchl staining in some regions & @RS. B) Notch1l is nearly non-existent

in the ORS of an anagen follicle, though thereaafew sporadic cells that do express Notchl
strongly (arrowhead)Q) In the bulb of the follicle, Notch1l is stronglypressed in the matrix
but still not detected in the ORS or the DP) A telogen follicle was observed to stain
strongly for Notch1 throughout the inner cells ko bulge region.
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Neither Nuclear Receptors S--1 or Daxl, nor the Sonic Hedgehog Pathway Mediators
Glil or Gli2, Contribute to Positive Sox9 Expression in ORS Cells

It has been known for some time that Sox9 is reagdlay the Sry (sex
determining region of Y) transcription factor ame tSF-1 nuclear hormone receptor,
which act together to activate Sox9 and promoteléwelopment of the testis. However,
Sox9 is expressed in both female and male haiclied, so Sry cannot be the primary
regulator of Sox9 in the hair follicle. Dax-1 isaher nuclear hormone receptor that
competes with SF-1 for binding at the Sox9 enhaandrinhibits transcription in the
testis, though it has been shown to be an actidttvanscription in other cell types.
However, when | knocked down either SF-1 or Dar-DRS cells Sox9 levels did not
go down, but instead increased slightly. The nudd@amone receptors were not

investigated further.

Shh is one of the first signals involved in devetgmt of the hair placode, and
has been shown to be upstream of Sox9 during thelaf@ment of the hair follicle
(Nowak et al., 2008a). The mediators of transaifl regulation by Shh signaling
pathway are the Gli proteins (Gli1-3), though ie thair follicle Glil and 2 are the
predominant mediators (Brownell et al., 2011). Efi@re, | knocked down Glil and Gli2
to see if they would decrease Sox9 expression. Meryéfound that decreased
expression of either Glil or 2 did not result isignificant decrease in Sox9 expression
over the course of 48 hours. This was surprisingrgthe fact that constitutive activation
of Shh signaling leads to basal cell carcinoma%oxP expression in the skin. It is also
possible that Glil and Gli2 are redundant and kdowln of both is required to see an

effect on Sox9 expression.
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Figure 1.10. Sox9is not Regulated by SF-1 or Dax-1, or the Shh Mediators Glil or Gli2.
(A) Knockdown of Dax-1 or SF-1 resulted in a sligitrease in Sox9 expression. The
efficiency of knockdown for either Dax-1 or SF-1svgear 75%.K) Similarly, knockdown of
Glil and Gli2 was expected to show a decrease x® 8ot no significant change in Sox9

levels were observed.
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Role and Regulation of Sox9in BCC Célls

Though Sox9 is well known to be expressed in BG(@, @pregulated in many
other types of cancer, its role in BCC has not tsedied. In the hair follicle, Sox9
expression is a marker of the stem cells. In ndoeditional ablation of Sox9 leads to the
development of a hair follicle that lacks labelaiaing stem cells, and a similar
phenotype is seen after Sox9 ablation in matunefbllicles. Furthermore, knockdown
of Sox9 in human pancreatic tumor cells was regesfitbwn to block their growth when
transplanted in nude mice. Due to the similaritiesveen hair follicle and BCC gene
expression and developmental growth patterns,itidddo look at the role and
regulation of Sox9 in cultured BCC cells. | hypdtized that loss of Sox9 in BCC would
reduce proliferation and colony forming ability.rehermore, given the necessity of
Wnt/B-catenin for the initiation of BCC and continuedieation of B-catenin signaling in
advanced tumors | hypothesized that knockdowfradtenin would negatively regulate
Sox9. To test these hypotheses | used a primary &lldne and the same array of

RNAI techniques and small molecule inhibitors asduwith the ORS keratinocytes.

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

Using previously validated lentiviral vectors tatigg human Sox9 or GFP as a
control (Guo et al., 2012b; Sancak et al., 2008){dcted the BCC cells. After 48 hours
selection in puromycin the BCC cells were splibinew plates. The following day, the
BCC cells were pulsed with Edu for 6 hours. Cellsevfixed and alexafluor488 was
conjugated to the incorporated Edu in order tograrfFACS analysis. Sox9 knockdown

reduced the proliferation rate by 38.5Fd. 1.11A), which though significant, was not
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as great a decrease as was seen in the ORS amNsvElr, similar to the ORS cells, loss
of Sox9 resulted in a significant decrease in tilerty forming capacity of the BCC
cells. Though many colonies did form, they werey\anall and most stopped growing.
Some colonies were able to continue growing, howendicating that there is an

alternative pathway that can compensate for theeddS0x9.
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Figure 1.11. Sox9 Knockdown in BCC Célls. (A) Edu incorporation for 6 hours was used to
assay the proliferative potential of BCC cells thatl been infected with control (ShGFP) or
shSox9 lentiviral vectors. The efficacy of the sk®&nockdown is shown to the right of the
proliferation chart.B) Colony forming assay of BCC cells infected witle tControl or

shSox9 lentiviruses. Very few colonies formed vatisox9 though some larger colonies were
apparent (arrowhead).
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S-Catenin Directly and Positively Regulates Sox9 in BCC Cells

Sox9 was found to be a targetpa€atenin regulation in the intestine and breast
cancer. From my work with ORS cells | found tfatatenin downregulated Sox9, so |
next probed the role @kcatenin in BCC cells. When | treated the BCC cwith 1.25
uM BIO, Sox9 expression was actually increased (Eif2A). Next | used siRNAs to
knockdownf-catenin in the BCC cells. After 48 hours knockdawve level of Sox9
MRNA was decreased by nearly 50%. Similarly, Axia@;catenin target gene was

reduced by 60%, due to the 90% reductiofi-oatenin itself (Fig. 1.12B).

Wnt/B-catenin signaling is typically associated withlgesation and | found that
a loss of Sox9 reduced the proliferation rate efBICC cells so | expected the BCC cells
would have a reduced proliferation rate afteratenin knockdown. After 48 hours of
knockdown however, there was only a slight decrebE3€%, in the number of
proliferative BCC cells. After 72 hours pfcatenin knockdown the number of
proliferative BCC had decreased 27.8% more inwith the rate of proliferation after

Sox9 knockdown for 48 hours.

To determine if3-catenin was directly regulating Sox9 | used ClilBée iff-
catenin was bound to the same TSS site that | fou@RS cells. There is also an
enhancer, far upstream (250,555 bp) of the Sox9t€B&ed the E3 enhancer, that has
been associated wiflxcatenin signaling in neural crest development icenjBagheri-
Fam et al., 2006) that | looked at as well. Bbita TSS and the E3 site were enriched
after B-catenin immunoprecipitation, as compared to a ¢anzind site within exon 3 of

the ribosomal protein L30E (RPL3®if. 1.12D).
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Figure 1.12. g-Catenin Regulates Sox9 in BCC. (A) Treatment with 1.25M BIO lead to an
increase in Sox9 expressioB) Knockdown offf-catenin using siRNA reduces Sox9 as well
as Axin2. The-catenin siRNA also efficiently reduced theatenin levels by 88%C) After
knockdown off-catenin for 48 or 72 hours, a 6 hr pulse of Eds giaen to the BCC cells
and they were then fixed and analyzed by FACS\e the percentage of cells that had
divided. ©) ChIP using antB-catenin antibody and gPCR of three locations: E8 a
upstream enhancer site associated f4tlatenin regulation, the Sox9 TSS, and exon 3 of
RPL30 as a negative control. (A-C) Student’s t;tgst0.05.

Expression of Sox9 and f-catenin in BCC tumors

Sox9 has been previously reported to be a genendenof all forms of BCCB-
catenin on the other hand has mixed reports ofesgon in BCC tumors. One report
showedB-catenin localized only to the cytoplasmic membrianeodular BCC (Krahl

and Sellheyer, 2010a), while others have shownean@nd cytoplasmic localization
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(Saldanha et al., 2004; Yang et al., 2008). Intergly, in mice with constitutively active
smoothened mutationg;catenin is strongly upregulated and has nucleg@tgsmic

localization along with Sox9 expression (Yang et2008; Youssef et al., 2012).

| looked at the co-localization @tcatenin and Sox9 in stage | (less than 2mm)
and Il (>2mm) (Dourmishev et al., 2013) BCCs tomkekexpression profiles of the
nodular, superficial, and infiltrative forms. Irstage Il nodular tumof@-catenin mainly
stained the cytoplasmic membrane, though theresaaxe increased cytoplasmic and
nuclear staining as well, mostly along the perigtadrthe tumor Eig. 1.13A). Nuclear
Sox9 was detected in most cells throughout the tufiite IFE was easily distinguished
from the tumor due to the lack of Sox9 staininghjigh cytoplasmic membrane staining
of B-catenin. Perpendicularly aligned, palisading cekse visible at the periphery of the
nodular tumorfig. 1.13A&B). In an early, stage |, superficial BCC tumor, $axaining
was found throughout the tumor but most stronglyregsed along the periphery within
the palisading cells. Similar to the nodular BB atenin stained mostly on the
cytoplasmic membrane, though there was an inclieasgoplasmic localization when
compared to the nodular tumor. Along the periphetyere Sox9 staining was most

evident,3-catenin expression is also increasé(1.14).
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Figure 1.13. Sox9 and p-catenin Expression in Nodular BCC. (A) Immunofluorescence

was performed on frozen and formaldehyde fixediissections. Nuclear Sox9 was detected
throughout the nodular tumor. In some of the naglalgoplasmic expression was also
abundant.B) Increased magnification (20x) of the boxed regio(A) showing a BCC

nodule just under the surface of the epidermisdhateasily be identified by Sox9 expression
whereas the epidermis above it shows very litthedSéArrowhead points to the lack of Sox9
staining in the IFE.

Figure 1.14. p-Catenin and Sox9 Expression in Stage | Superficial BCC. Sox9 stained
positively in most cells throughout the superfi@aC tumor f-Catenin, though mostly
localized to the cytoplasmic membrane, appeartstbaccumulate in the cytoplasm and
nuclei in many cells along the periphery that @gongly express Sox9.
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An infiltrative form of BCC was found within the ise stage Il tissue that
contained the nodular tumor. One of the identifyi@gtures of infiltrative BCC is the
lack of palisading cells and the periphery of theeseors were highly disorganized and
spread thin throughout the dermis. The tumor hayl kigh levels of cytoplasmic and
nuclearB-catenin. Membrane localization @fcatenin was as not distinct as it was in the
nodular and superficial BCCs, which indicates fhaatenin signaling may be more
extensive in the infiltrative tumors. Sox9 stairstebngly throughout the tumor further

validating that Sox9 is a general marker of alhierof BCC.

Figure 1.15. g-Catenin and Sox9 Expression in Infiltrative BCC. The infiltrative tumors

did not have palisading cells at the periphery thiedumor itself was loosely organized and
spread through a large area of the dermis. SoxStkasgly expressed throughout the tumor.
Membrane localization d§-catenin is difficult to distinguish between cytaginic or nuclear
staining.3-Catenin was also highly expressed.
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Fhit and Notch Negatively regulate Sox9 in BCC Cells
In the ORS keratinocytes, | found that Fhit $acatenin cooperatively

downregulated Sox9. However, in BCC c@lisatenin was a positive regulator of Sox9.
Therefore | examined the effect of knocking dowit FhBCC cells to see if it would
increase Sox9 expression further by relieving gpgessor function of Fhit. As expected,
knockdown of Fhit caused a 2-fold increase in SmEBNA expressionKig. 1.16).
Interestingly, loss of Fhit also decreased Notckdression. The link between loss of
Fhit and Notchl may be why some advanced tumorstiexpress either Fhit or Notchl,

whereas earlier stage tumors have shown both RtliNatchl.

Knocking down Notchl also increased Sox9 nearlgl@-in the BCC cellsKig.
1.16B). The increase indicates that Notch acts as &sspr rather than an activator of
transcription as | saw in ORS keratinocytes. Tloedase of Sox9 was not completely
unexpected because mice lacking Notchl in thelskie been shown to develop BCC-
like tumors, which activate Shh signaling (Nicodsl., 2003). Decreased Notchl
expression also lead to a decrease in Fhit expressagain linking the loss of either
gene during later stage BCC development. Knockdofeach individual Notch receptor

(Notch1-3) led to a ~2.5-fold increase in Sox9 mR(¥Ay. 1.16C).

Infiltrative BCC commonly downregulate Notchl exgsmn, whereas nodular
and superficial BCC retain expression of NotchIn@bas and Massi, 2009). This
indicates that loss of Notchl may increase thesiveamess of the tumor. To determine if
loss of Sox9, Fhit, or Notchl leads to changes mwiasiveness of the BCC cells, | again

knocked down those genes with siRNAs. 48 hours aflNA transfection the cells were
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seeded on Matrigel-coated transwell inserts thataso membranes with @m pores.

Cells that migrate through the Matrigel and throtigdhpores can then be stained with
crystal violet after scraping off the cells fronettop of the membrane. The number of
cells that were able to migrate through the pofees aiFhit knockdown was striking
compared to control or siSox9. Notchl knockdowwo aisreased the amount of invasive
cells found on the bottom of the transwell membsamna not nearly as much as siFhit.
The siSox9 group appeared to migrate through thigigdh at the same frequency as the

control group so Sox9 may not be involved in invasess.

The Oncomine database contains the expressiongwofi 15 BCCs and 4
normal skin samples. Comparing Fhit expressiorommal skin with expression in BCC
tumors shows that the mean Fhit expression isfggnily decreased in primary BCC

tumors compared with skirig. 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 expressi®@CC cells and a decrease in
Notchl. B) Knockdown of Notchl increases Sox9 expressionads and decreased
Fhit. (C) Knockdown of Notch1-3 in BCC cells all resultedan increase in Sox9
expression.®) Invasion through matrigel andudn pore invasion chambers was
measured after siControl, siSox9, siFhit, and stNbt Cells that were attached on the
bottom of the membrane were stained with crystaleti Three chamber inserts were
used for each treatment group and the center &f @@onbrane was imagedt)(
Comparison of Fhit expression in 4 samples of nbekia 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 patinwave been well
established as the drivers of BCC. To determir@hli signaling might cause a switch
from B-catenin-mediated suppression of Sox8-ttatenin-mediated activation of Sox9,
such as | found in BCC cells, | treated ORS celth wecombinant Shh followed by BIO
treatment. There were four experimental groups ti©b(ODMSO), Shh alone {&/mL,
and DMSO), BIO (0.@M) alone, and Shh + BIO (Qu81). All Shh treatment groups
received the recombinant Shh for 48 hours in tatad, the BIO treatment groups
received BIO for the last 24 hours of the experitnefound that Shh treatment alone did
not significantly change the expression of SoxQyéner Shh treatment prior to BIO

treatment prevented BIO-mediated suppression o9 $eig. 1.18A).

YAP1 is a mediator of the hippo pathway and wastbio be necessary @
catenin mediated progression of medulloblastom&€Rbluh et al., 2012). Cerebellar
granule neuron precursors (GCNP), which are thotamhe the precursors of
medulloblastoma, upregulate YAP1 upon treatmertt &ig/mL, indicating that Shh
may be necessary f@rcatenin mediated progression of medulloblastonean@&hdez-L
et al., 2009). When | treated the ORS cells with 8ha combination of Shh and BIO,
however, | did not see an increase of YAP1, arfdéhexpression was decrease(
1.18B). With Shh treatment Sox9 expression was stillntaaned after BIO treatment
however, so there is likely another mechanismrmtistfrom 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 eithergdmL Shh, Shh and OuB/1 BIO combined,
or a control (DMSO). The groups receiving Shh werkfor 48 hours and those that
received BIO were treated with it in the last 24itsoonly. Sox9 expression was
decreased after BIO treatment but with Shh the Bi€liated suppression of Sox9
was alleviated.R) The same experimental setup but looking at SoxPBYaapl.
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Discussion and Future Directions

Sox9 was previously shown to be necessary for ¢iveldpment and maintenance
of the hair follicle stem cell niche (Vidal et &2005; Nowak et al., 2008a; Kadaja et al.,
2014). Knockout of Sox9 prior to hair follicle déepment does not impede full
differentiation of the hair follicle, but it doeawse a cessation of growth by post-natal
day 30 (P30) due to the lack of a stem cell nielngl, the cells capable of long-term self-
renewal. In culture of human foreskin derived kieatytes, the overexpression of Sox9
was demonstrated to improve the colony forming bdipaof keratinocytes and increase
their proliferation (Shi et al., 2011). To confitime role of Sox9 as necessary for self-
renewal of cultured ORS keratinocytes, | used @i constructs that expressed
shRNAs targeting Sox9 to efficiently reduce Soxpression. | found that the rate of
proliferation and colony forming capability was dratically reduced, further confirming
that Sox9 is necessary for the self-renewal of @&IS. Similarly, in BCC cells Sox9
knockdown resulted in a reduction of proliferatenmd a colony forming capability as

well, demonstrating that Sox9 has a similar rolbath the ORS and BCC.

Given the importance of Sox9 for stem cell mainte®ain the hair follicle, as
well as proliferation and self-renewal of BCC cedetter understanding of how Sox9
is regulated is needed in order to find new thauipeargets for BCC and other Sox9
positive cancers. Sox9 has been shown to be dosamstof Sonic Hedgehog signaling
during hair follicle development as well as in BQ®wak et al., 2008a; Yang et al.,
2008). However, loss of either Glil or Gli2 in tBRS keratinocytes did not lead to a
loss of Sox9, indicating that either one on its agvnot likely involved directly with

Sox9 regulation in the ORS keratinocytes. Furtheepaddition of Shh to the media did
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not increase the expression of Sox9 in the ORS.deHockdown of the Gli mRNAs still
needs to be performed in BCC cells however, tafdbey might play a role in Sox9
expression during post-tumor development. Alongstirae line, mice that express
SmoM2, a constitutively active form of Smootheniedhe epidermis, strongly express
Sox9 in the tumors that form (Yang et al., 200&)wdver, tumors do not form and Sox9
is not expressed when the mouse epidermis alse&sgs the Wnt inhibitor Dkk1 (Yang
et al., 2008). In those SmoM2+Dkk1 mice, Shh taggetes, such as K17 and Glil, are
activated suggesting that the Shh pathway isastillze eventhough Sox9 expression is
absent. This indicates that Sox9 is not directiystream of Shh but that Wnt signaling
is necessary for Sox9 expression in the tumorsnJestigate if Sox9 is positively
regulated by Wnf-catenin signaling in the BCC cells | knocked ddweatenin with
siRNAs and found that Sox9 expression was in figetificantly decreased. Furthermore,
ChIP experiments reveal@dcatenin at the promoter site and a far upstredmreser site
(E3 enhancer) of Sox9 demonstrating fhaatenin likely regulates Sox9 directly. There
is also a potential LEF1 binding site upstreanmhef $0x9 transcription start site (-927
bp) that should be investigated in the future ti@aeine iff-catenin is also binding the
canonical LEF/TCF transcriptional mediators in BLEF1 expression is found along
the periphery of tumors in regions of higftatenin expression (Kriegl et al., 2009) and
thus it is likely thap-catenin and LEF1 can contribute to Sox9 regulatgnth Wnt7b
and LEF1 are upregulated in BCC tumors compareld motmal skin Eig. 1.19A& B),
though most other canonical Wnts do not show afstgnt difference in BCC tumors or

are decreased when compared to normal skin (netrgho
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Figure 1.19 Regulation of Sox9 Regulatory Componentsin Normal Skin and
BCC. (A-E) Expression of Wnt7b, LEF1, Wnt5a, Sp5, and TEADhormal skin compared
to primary BCC tumors. Data obtained from the OncenDatabase.

BCC tumors express many of the markers of the redtair follicle ORS
(Markey et al., 1992; Youssef et al., 2012; Colmeireil., 2013) as well as molecular
signatures of embryonic hair development (Sellh@yet Krahl, 2008). The similarities
between BCC and hair follicle development led ® hilypothesis that BCC initiation and
progression likely follows similar molecular pathygaas hair follicle development and
regeneration. Thus, to study the regulation of Sarflially started with ORS derived

keratinocytes. Wnfi-catenin signaling is one of the first signalingrpeays activated
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during hair follicle development and is upstreansok9 expression within the epithelial
placode. Previous studies have shown that Sox8tidetected in cells with higf+
catenin expression and nuclear localization dueady development of the hair follicle
in the epithelial placode, but is instead founth@ suprabasal layer (Nowak et al.,
2008a). Similarly, during the telogen-to-anagensghaf hair growtl-catenin marks the
actively growing secondary germ where Sox9 is lestthermore, using Axin2 as a
reporter of Wnt signaling in bulge stem cells, Saeks found to be downregulated in the
Axin2 positive cells within the bulge (Kadaja et, @014). Early expression of
constitutively activat@-catenin in embryonic epidermis results in a défarated hair
follicle-like fate of the epidermis in that seveddlthe markers of hair differentiation are
expressed though Sox9 is not expressed (Zhang 08Bb). In mature hair follicles,
studies have shown that Wnt signaling is activihénmatrix and precortex of the hair
follicle where Sox9 is not expressed (DasGuptafarzhs, 1999b). Immunostaining of
Sox9 andg3-catenin in the anagen hair follicle, in my haralsp showed that increased
cytoplasmic accumulation @fcatenin in the bulb of the follicle was associateth a

lack of Sox9 expression.

To probe the down-stream effects of Vatatenin signaling in the ORS
keratinocytes | used the small molecule inhibitbG&K-33, BIO, and found that
treatment with BIO rapidly reduced Sox9 mRNA anadtemn levels. Using ChIP assays |
found that-catenin was enriched at the transcription st&t(3iSS) of Sox9 in the ORS
keratinocytes, demonstrating tiffiatatenin is likely directly repressing transcrijptiof
Sox9 in these cells. However, the TSS of Sox9 doésontain a consensus TCF/LEF1

binding site indicating that the canoni@atatenin transcriptional mediators are not likely
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involved with Sox9 suppression. There are two Spisensus binding sites just upstream
of the TSS (-40 and -177 bp) and Spl is a transonipactor that has been previously
shown to directly interact witB-catenin. There is also a CREB binding site justigam
of the Sox9 TSS (-150 bp). CREB transcriptionaltation is activated by the CREB
binding protein (CBP), which has also been showlind -catenin directly (Takemaru
and Moon, 2000). There are two more CREB binditgsdurther upstream (-842 and -
878 bp) that could also be involved with recruitinei-catenin to the TSS. Both SP1
and CREB have been shown to positively regulaté%imectly in chondrocytes (Piera-
Velazquez et al., 2007). The putative binding diteshese transcription factors, the fact
that they can bin@l-catenin, and that they have been previously shtowagulate Sox9,
suggest that they may be the binding partnerf-fratenin at the TSS. Sp5is a
transcriptional repressor in the Spl family of srenption factors that will bind to the
same consensus DNA binding sites with three coeskezinc finger domains. Sp5 was
found to be transcriptionally activated by canohWvat signaling and the Sp5 protein
then down-regulated Sp1l target genes during hait differentiation (Fujimura et al.,
2007; Zhang et al., 2008b). This leads to theipdsyg that B-catenin is down-regulating
Sox9 by two mechanisms, first by binding and regiresor displacing Spl or CBP, and
further by activation of Sp5 to form a stable reysar at the Sox9 TSS. The activation of
Sp5 would also explain why inhibition of HDAC usifigchostatin-A (TSA) resulted in
a further decrease in Sox9 expression when combuitedB10 treatment: if BIO causes
nuclearp-catenin to displace or repress Spl while incrggSipb, then Sox9 expression
would be expected to decrease further if TSA irttubiof HDAC allowed for an

increase in Sp5 expression. My results and thded above suggest that Witzatenin
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signaling directly represses Sox9 in the hair ¢tdlistem cells and ORS, which leads to

the differentiation of the hair follicle.

The comparison of 14 BCC tumors to 4 normal skingas from the Oncomine
database shows that the level of Sp5 is signifigaatuced in BCC tissué-(g. 1.19D).
The loss of Sp5 possibly prevents the downreguiaiicSox9 through subsequent Wnt
signaling within the tumor. The hypothesis that @ptl Sp5 play a dichotomous role in
Sox9 regulation b-catenin should be further examined in the futiockdown of
Sp5 in ORS keratinocytes should demonstrate ieffext observed after HDAC
inhibition is eliminated when ORS keratinocytes als® treated with BIO. Secondly,
knockdown or overexpression of Spl should showi# indeed regulating Sox9 in the
ORS keratinocytes. Finally, ChIP assays for both &pd Sp5 would potentially
demonstrate a direct correlation to the regulatib8ox9 before and after BIO treatment.
Promoter bashing of Sox9 would also help estaltfisirole of Sp1/Sp5 in Sox9

regulation.

The activation of CREB is often associated withERK/MEK map kinase
cascade leading to RSK-mediated phosphorylatidbREB (Xing et al., 1996). Ligand
binding to epidermal growth factor receptors (EGBRJ fibroblast growth factor
receptors (FGFR) is well known to activate the MERK kinases, which leads to CREB
phosphorylation and increased DNA binding (Lemmoad &chlessinger, 2010). More
recently, non-canonical Wnt signaling, through Wet5a-ROR2 interaction, was also
found to activate MEK/ERK (Cheung et al., 2011 jibition of MEK using the small
molecule inhibitor PD98059 reduced Sox9 expresgidhe treated ORS keratinocytes

indicating this pathway, and potentially CREB/CEinvolved in the maintenance of
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Sox9 expressiorHg. 1.20A). Wnt5a is expressed in the dermal condensate@madal
papilla downstream of Shh expression from the epdhplacode or matrix. Wnt5a has
been shown to regulate the expression of LRP5/@ufi@ko et al., 2014), which may
prime the epithelial cells of the hair follicle tespond to Wnt signaling more potently.
Furthermore, CREB is most commonly known to be phosylated by PKA, and Wnt5a
has also been shown to activate PKA (Torii etz8108). Wnt5a is associated with
increased proliferation of epidermis and thus S@dulation by CREB/CBP through
activation of the MEK/ERK kinases or PKA by Wnt&ems possible. Upregulation of
Wnt5a in BCC tumorsHig. 1.19C) also indicates a role for non-canonical Wnt sligiga

in BCC tumorigenesis and potentially Sox9 expressi® well.

Fhit, a knowrnB-catenin nuclear repressor, also immunoprecipitatéde Sox9
TSS along witlB-catenin after GSK{8inhibition in ORK keratinocytes, which provides
a mechanism for ho@-catenin is suppressing transcription. Regardléssetherp-
catenin is binding Sp1, Sp5, CBP, or another tndpisan factor entirely, Fhit did
mediate some of the repressive effect seen with wi®IO treatment. This is consistent
with the results that Fhit knockdown significantgduced the suppressive effect of GSK-
3B inhibition with LiCl on the levels of Sox9 mRNAL Would be interesting to look at
the global, genome-wide, regulation of genes by iRhthe hair follicle ORS
keratinocytes to see if Fhit afiecatenin mediate the repression of other ORS amd st

cell specific genes.

While B-catenin and Fhit were both found at the promot&ax9, which was
then down-regulated, Fhit was actually decreasedT@F/LEF1 site in the promoter of

Axin2, which is upregulated in response to inhdntof GSK-3. This potentially
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demonstrates that canonical Wsatiatenin signaling through TCF/LEF1 does not recrui
the Fhit repressor complex. More research is netaldly evaluate the role of Fhit on
global gene regulation and the differences of Fdatuitment at differerfi-catenin
binding sites. This could be accomplished with C&dg pull-down of botl3-catenin and
Fhit before and after GSKB3nhibition. To show relevanaea vivo, hair follicle ORS and
Matrix cells could be isolated and the ChlIP sitest tvere foundn vitro could be

verifiedin vivo.

Fhit is a tumor suppressor found mutated or wittrelegsed expression in a very
broad range and large number of cancers (Huebme€Ceote, 2001b). In BCC, Fhit
expression has been detected in early lesionsdiKayial., 2010) whereas more invasive
and later stage tumors lose expression (Goldbeaty,2006). In fact, a comparison of 15
BCC tumors with 4 biopsies of normal skin showesigaificant decrease in Fhit
expression. This suggests that the loss of Flmibisiecessary for tumor initiation, but
may lead to a more invasive tumor upon its lossthatFhit is generally decreased or
lost in BCC tumors. Knockdown of Fhit in BCC cdlsl to an increase in Sox9
expression and invasiveness through Matrigel, whigbports the hypothesis that loss of
Fhit increases tumor invasiveness. However, thelksmvn of Notchl, also caused an
increase in Sox9 expression, but did not leadrtwmee invasive BCC phenotype. This
indicates that Sox9 may not be directly involvethvinvasiveness, but that increased
Wnt/B-catenin activation due to loss of Fhit repressinfi-catenin can lead to a more
invasive tumor. However, loss of Sox9 by shRNA Kabmwvn still reduced colony

formation and proliferation, indicating it is anpartant regulator of tumor progression.
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Figure 1.20. Mode of Sox9 Regulation During Hair Follicle Mor phogenesis and
Regeneration. (A) Treatment of ORS keratinocytes with PD98059, eKMithibitor,

reduces Sox9 protein expression as determined bieweblot. B) Potential signaling
pathways involved in Sox9 regulation in ORS kematytes and proposed during development
and regeneration of the hair follicle. Proteinsela in italics remain to be studied in this

Similar to the expression of Fhit, Notchl expressgfound in early lesions of

BCC but is lost in late stage and invasive tumBanglos and Massi, 2009). As

mentioned above, the loss of Notchl in BCC celtsaased Sox9, indicating that it either

directly represses Sox9 or more likely it acts tigto competition wittg-catenin. The

Notch1l intracellular domain can bifiecatenin directly and may be acting to titrate out
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functionalB-catenin in the tumor cells. Thus overexpressiofr-cétenin should increase
Sox9 expression in BCC, consistent with the obgemwahat treatment with BIO raised

Sox9 levels significantly, though only by 1.5 fold.
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Figure 1.21. Sox9, Notchl, Shh, and Nuclear p-catenin Expression During Hair
Follicle Development and Regener ation. Embryonic epidermis (1) initially forms an
epithelial placode (2) after Wiitcatenin signaling is activated in the basal laiatchl is
expressed in the suprabasal layer, where Sox&tfserved. As the hair peg (3) grows
downward the separation pfcatenin activated cells and Notch1/Sox9 posite#sdecomes
more apparent. Eventually Notch1l is lost, but Spasitive cells remain, in the upper section
of the developing follicle (4). In thgcatenin activated cells of the developing matdixgnd

in the fully developed anagen follicle (5) Notclttigation begins to be observed. When the
follicle enters catagen (6) and telogen (7) Notekgression is found in the inner cells of the
bulge and the hair germ along with Sox9. At thedeh-to-anagen transition (@)xatenin
signaling is detected in the hair germ and lowdgduand Sox9 is subsequently lost from
those cells. Notchl is also then decreased andwalnonly found in the matrix of the
anagen hair. Shh is found only in cells afteratenin activation.
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In the early embryonic mouse epidermis Notchl messed in the suprabasal
layer of the epidermis. Corresponding to the I@@ion of Notchl activation during
epithelial placode formation, Sox9 is first expezss the suprabasal layer as well. As
the follicle continues down-growth Notchl contindede expressed in the Sox9-
positive region above the highly proliferative saMNith highp-catenin and Axin2
expressionKig. 1.21). However, when the follicle has fully developedias in the
anagen phase, Notchl activation is lost from mb#tefollicle except within the matrix
where Sox9 has already been shut off. The lackadtiN. expression in the ORS during
anagen along with the positive expression of So&Ran the results of Notchl
knockdown in ORS cells counterintuitive. Notchl kkdown lead to a loss of Sox9.
However, during telogen in the human hair follitcfeund that Notchl expression is
again turned on within the inner cells of the buligethe mouse, Notch1l activation is
seen in the lower bulge and secondary hair gettimeatelogen-to-anagen transition
(Kadaja et al., 2014). Therefore, Notchl may beesgary for the initiation of Sox9
expression in the placode and might become a pestigulator of Sox9 only during
wounding or during the telogen phase when the bidgmn is being reestablished. Sox9
is also known to be able to positively regulatelitsn a feed-forward loop indicating it
may only require Notch1l for the initial expressauring embryogenesis and during

bulge reestablishment.

In the ORS keratinocytes, loss of Notchl throudgtiNs\ knockdown or inhibition
of Notch cleavage with DAPT led to a decrease ir9Sexpression. Notchl has been
shown to directly regulate Sox9 in lung adenocantias (Capaccione et al., 2014) and

Muller glia (Muto et al., 2009), which is consistewth a role for positive Notch
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regulation of Sox9 during hair follicle developmeamtd regeneration. Due to the fact that
Notch1l positively regulated Sox9 in the ORS keratintes whereal-catenin, a direct
binding partner of the NICD, down-regulated Sox%egiems reasonable that nuclgar
catenin could bind and disrupt the NICD at the RBfInding site upstream of Sox9.
Using ChIP assays that is exactly what | foundeerélase in NICD bound at an RBP-J
binding site upstream of Sox9 after treatment \BitD. These data suggest that the Wnt-
Notch axis is reversed in BCC and ORS cells. heotwordsp-catenin drives

expression of Sox9 in BCC through an unknown meshanwhereas in the ORS
keratinocytesp-catenin disrupts the NICD activation of Sox9. Rertexperiments

should be done to verify thAtcatenin is binding Notchl in the nucleus. Co-IP
experiments in the ORS keratinocytes should shdletahl and3-catenin interaction in
nuclear extracts only after treatment with B1O. Gensely,-catenin and Notchl should

be found to interact in nuclear extracts from tl@&Bcells regardless of treatment.

How B-catenin becomes a positive regulator of Sox9 ilCB&ther than a
negative regulator as seen in ORS keratinocytestiknown. However, in the SHH-
group medulloblastoma, the Hippo pathway has begficated as a necessary
component of-catenin driven tumorigenesis and Sox9 expresstem@ndez-L et al.,
2009). In those studies recombinant Shh was abletease Yapl expression in
esophageal stem cells leading to the direct aaivatf Sox9 (Song et al., 2014).
However, treatment with Shh did not increase Yapthé ORS keratinocytes. Yapl is
expressed at relatively high levels in the ORS tkapaytes without Shh treatment, so it
is possible other components of the Hippo pathwessdrto be activated as well in order

for Yap1l to positively regulate Sox9. Treatmentwithh did abolish the effect of BIO-
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mediated suppression of Sox9, indicating that SHikely activating other transcription
factors that preverfi-catenin from repressing Sox9. This is consistétit the

hypothesis that other members of the Hippo pathavaeyupregulated after Shh treatment
such as TEADL. Yapl and Taz have been shown tbitrifeta-catenin nuclear
translocation in the absence of a Wnt signal byuigng p-catenin to the destruction
complex and promoting phosphorylation (Azzolinlet2014; Imajo et al., 2012).
Therefore it is likely then that Yap and Taz in RS are contributing to the prevention
of B-catenin signaling because there is very littleovacal Wnt signaling. Likewise,
anagen mouse follicles have cytoplasmic Yapl andadalisplay any nuclear staining,
indicating that Yapl may primarily be acting a$-@atenin inhibitor in the ORS (Zhang
et al., 2011). Upon Wnt activation or GSK-Bhibition thep-catenin destruction
complex is disassembled aftatenin becomes stabilized and translocates toubleus
along with Yap and Taz (Azzolin et al., 2014). e hucleus Yap and Taz can both bind
TEADL, the transcriptional mediator of the YAP/TAAthway. In ORS keratinocytes, it
is possible, though not explored yet, that TEADgiminot be expressed and therefore
Yapl would not be able activate transcription ok%as it did in the esophageal stem

cells.
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Figure 1.22. Mode of Sox9 Regulation in BCC. An initial mutation in Patched or
Smoothened leads constitutive activation of GliYat5a is upregulated, likely in the
surrounding mesenchyme, along Wnt7b in the tumut,the YAP/TAZ transcriptional
mediator TEAD1 and LEF1. Sp5 is downregulated &imwn). Wnt-catenin signaling is
activated leading to YAP/TAZ arféicatenin nuclear translocation along with PKA anagvi
Kinase (ERK/MEK) signaling and activation of CRERxgether these transcription factors
(LEF1, TEAD, CREB, SP1) all form a complex wjkcatenin and drive Sox9 transcription.
In BCC the level of TEAD1 expression is signifidgnhcreased compared with
normal skin Fig. 1.19E) indicating that activation of the SHH pathwaydedo an
increase in TEAD1 in the skin. The increase in TBADay account for the activation of
Sox9 in cooperation witf-catenin. Though TEAD1 is upregulated in BCC tumuorge
work needs to be done to determine if it is a taofj&SHH signaling. Overexpression of

TEAD1 in ORS keratinocytes might prevent the dowgntation of Sox9 after GSKg3

inhibition, similar to pretreatment of the cellstivrecombinant Shh. Similarly, ChIP
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assays would need to be performed to specdtenin, Yapl, and TEAD1 were all found
within the promoter after treatment with Shh orr@x@ression of TEAD1 in

combination with GSK-B inhibition.

Altogether, my work and the research of many otBaggests a model of Sox9
regulation in normal epidermis, hair follicles, aB@C that revolves around WAt/
catenin signaling, Notch signaling and MEK/ERK sityng (Fig. 1.20 & 1.22). The
model for the initial expression of Sox9 during depment and regeneration of the hair
follicle starts with Notch1 signaling initially tamg on Sox9 in the suprabasal layer of
the hair placode as well as during reestablishroktite bulge after catagen and during
telogen. Sox9 is then maintained in the ORS by&mllthrough the MEK/ERK cascade
and CREB phosphorylation, potentially via Wnt5a,FE@r FGF, as well as through self-
regulation with feed-forward control by Sox9 its&ignals, including Wnts, from the
dermal papilla, or the developing dermal condensateease Wnf-catenin signaling in
the hair follicle stem cells and secondary haingewrhich leads to suppression of Sox9
expression. Wnfg-catenin activation also leads to the activatio®lofi expression and
proliferation within the matrix cells. Following 8lexpression, Wnt5a is turned on in the
dermal papilla and dermal condensate, which furth@eases the responsiveness of the
matrix cells to Wnt signals and leads to differatin. Wnt5a is also produced in the
bulge of the follicle and most likely helps maimmiSox9 expression through either
MEK/ERK or PKA activation. The temporally coordiedtevents starting with Wit/
catenin suppression of Sox9 prevents the uncoatrgitowth of a BCC tumor, where,

unlike the hair follicle, Sox9 is still expresseddonjunction with all the other pathways.
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Figure 1.23. Moded of the Temporal Progression of Normal Hair Differentiation

or Tumorigenesis. Depending on the first signal the epidermis regit will go down
either the path of hair follicle differentiation tumorigenesis. If the first signal is canonical
Wnt signaling then hair follicle differentiation loccur, partially due to the prevention or
loss of Sox9. If the Shh pathway is activated tgioBatched, Smoothened, or Gli mutations
prior to the onset of Wnt activation then Sox9 Ww#l expressed and tumorigenesis can
proceed.

Finally, my work has clearly shown that there wifference in the regulation of
Sox9 in BCC and ORS derived cells that revolvesiaglovhethep-catenin activates or
represses Sox9. In the ORS keratinocytes, | shomagdhucleap-catenin represses Sox9
expression through Fhit and disruption of Notcimlthie BCC cells, Sox9 is driven By
catenin. A model that explains h@acatenin can act as an activator, rather than

repressor, during the formation of a BCC tumor fitv@ interfollicular epidermis or the
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hair follicle ORS must start with constitutive aetiion of Shh signaling through Patched
or Smoothened mutations and followed by activatib&li1/2. Early activation of Shh,
prior to a WntB-catenin activation, prevent@dcatenin-mediated repression of Sox9 in
ORS keratinocytes, which suggests that the cosfatiotemporal activation of the Wnt
or Shh pathways are therefore critical for estabtient of normal differentiation or
tumorigenesisKig. 1.23). The activated Gli1/2 proteins likely then leadan increase in
the Hippo pathway transcriptional effector TEAD#&€Eig. 1.19E) as well as LEF1 (see
Fig. 1.19B and Mill et al., 2005). Wnt5a is likely upreguldti& the surrounding
mesenchyme and Wnt7B in the tumor itself (e 1.19A& C). Canonical Wnt
signaling then disrupts tiecatenin destruction complex allowifiecatenin, Yap1, and
Taz to translocate to the nucleus where they tbemtex with LEF1 and TEAD1,
respectively, to transcriptionally activate Sox@hair respective binding sites. Wnt5a
activates the non-canonical Wnt pathway, whichlead to increased expression of
LRP5/6, thus increasing the effectiveness of caraWnt signaling at the tumor
periphery. Wnt5a can activate PKA or the map kindd&K and ERK to lead to CREB
activation, further enabling Sox9 expression aradiferation. Fhit, though present
during initial tumor development, is not expressedngly enough to fully repregs
catenin and suppress Sox9 expression, and theggiongh of the tumor proceeds

unchecked. Eventually Fhit is lost and the tumaologes more invasive.

In conclusion, this work has shown several lineswaflence for the differential
regulation of Sox9 by Wrjifcatenin signaling in normal ORS keratinocytes BG(C
cells.p-catenin rapidly reduces Sox9 expression in the ®&8&tinocytes, but drives the

expression of Sox9 in BCC cells. The loss of Sax@nportant for both normal
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differentiation within the bulb of the hair follielas well as reducing BCC tumor
proliferation and self-renewal capacity. Importgnty finding that Fhit and Notchl are
capable of reducing Sox9 in the BCC cells by irtimlgiB-catenin, it provides a new
potential therapeutic target. This is because Ebifyplexed wittB-catenin, is required
for the loss of Sox9 in normal ORS keratinocytes,ib BCC Fhit is reduced and Sox9
levels increased. Thus increasing Fhit in BCC noagd differentiation to occur partly by
reducing Sox9, which would slow the growth of thenbr, while potentially not affecting
normal hair growth. Fhit is often hypermethylat&@bldberg et al., 2006) in BCC tumors
and so drugs inhibiting DNA methyltransferases rhrgheve the repressive methylation
marks and increase Fhit expression. Similarly, Nbtwas found to be necessary for
promoting Sox9 expression in the ORS keratinoclytedNotchl is not expressed in the
anagen OR& vivo. Therefore, small molecule agonists of Notch1 aligig might not
affect normal hair growth, or they might potentalicrease hair differentiation within
the matrix where Notchl activation is found. Howewecreasing Sox9 through Notchl
activation in BCC tumors would reduce proliferatenmd self-renewal in the BCC
tumors. The work | have done to show a differenglulation of Sox9 in BCC and ORS
cells has opened many doors to further researahniddels | proposed for Sox9
regulation byp-catenin in BCC should be explored further, esplgdibe role of

YAP/TAZ and TEADL1 in tumor development as they haeen shown to play a major

role in Wntp-catenin driven medulloblastomas as well.
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Materials and Methods
| solation and Culture of Cells

Full thickness punch biopsies taken from a 37 yé&male’s occipital scalp
during a hair transplant was given to me by Dr.yG@mgers in accordance with Tufts
IRB approval. The tissue was placed in Dispas&ilb¢o) for 2 hours at 37°C. Hair
follicles where then easily pulled out of the tissusing forceps. After removing the hair
follicles they were washed in PBS and placed ircamdd DMEM:F12 (Life
Technologies) containing 1% of an antibiotic-antootyc solution (Gibco, Life
Technologies). Under a dissecting microscope tipeuand lower 1/ of the hair
follicle, including the bulb was removed and dist=at leaving the mid-follicle. Between
15 and 30 of the dissected follicles were thengdadirectly on a 100 mm tissue culture
plate with a minimal amount of DMEM:F12 supplemehtdth B-27 Supplement (Life
Technologies) and 20 ng/mL bFGF (Peprotech) andgldL EGF. The minimal amount
of media is just enough to keep the pieces of ¢igsudrated but not enough not allow
them to float. The explanted hair follicles wererthincubated overnight at 37°C and 5%
CO, to allow attachment. The following day the foléslhad attached and were fed
10mL DMEM:F12 with B-27, bFGF (20 ng/mL), and EGIO(hg/mL). The explanted
follicles are fed every day for 10-14 days untiboutgrowths appear. Cells are then
dissociated with 0.25% Trypsin-EDTA (1x) (Life Tewllogies) and seeded into a Falcon
T-75 flask in serum free EpiLife Media supplemenieth 100x Human Keratinocyte
Growth Supplement (HKGS, Life Technologies), 20mmighFGF, and containing 60 uM
CaCb. When indicated, in experiments involving Notchrgiling, the ORS keratinocytes
are grown in DMEM:F12 media with B27, bFGF, and EGRnaintain a higher level of

Ca++ (1.0 mM). BCC cells were purchased from Celifén and were maintained in
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DMEM (Life Technologies) containing 10% Fetal BogiBerum (Fisher) and fed daily.

All cells were passaged when they reached 80-90%tusmcy.

I mmunofluorescent Saining

Skin samples containing BCC and normal tissue wither frozen in OCT at -
80°C or fixed in 10% neutral buffered formalin #8 hours. The frozen tissue was
sectioned at @m thickness and placed onto Superfrost Plus siaddsplaced into 4%
paraformaldehyde in PBS for 10 minutes. The shdese then washed twice in PBS and
blocked in PBS containing 5% Normal Goat SerunBfdminutes. The Fixed tissue was
dehydrated in increasing ethanol concentrationdfiaadly in xylene then placed in
paraffin to be embedded. The embedded tissue wésrsed at 6-§im and
deparafinized in xylene and then rehydrated ineksing concentrations of ethanol and
water and finally washed in PBS. The paraffin entleeddsections were boiled in sodium
citrate buffer for 30 min for heat-induced epitopérieval. For staining of cultured cells,
| grew them to 80-90% confluence and fixed them%®m paraformaldehyde for 10

minutes prior to addition of primary antibody.

Antibodies used in this study:

Antibody Cataloguet Manufacturer Dilution (IF/Western)
Sox9 Cell Signaling Technology 1:500/ 1:1000
Beta-Catenin ab2365 AbCam 1:100
Beta-Catenin NBP2-03615 Novus Biologicals 1:200L000
Notch1l ab27526 AbCam 1:100

Notchl 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 Immunopr ecipitation (ChlP)

The following ChIP assay were done according toSimepleChIP Plus
Enzymatic Chromatin IP Kit instructions. Brieflyx B cells (either ORS cells or BCC
cells) are fixed in 1% formaldehyde for 10 minuaesl then quenched with 0.125M
glycine for 5 minutes. Cells are harvested and sfmwn and the cytoplasmic
membranes are lysed and nuclear membranes perimedbiThe nuclei are then treated
with Micrococcal Nuclease to cleave unbound DNAe Huclear membranes are then
disrupted with sonication using a Branson S450fmsrfor 6 pulses of 20 seconds at
15% amplitude with 30 seconds intervals to coolocen The chromatin membrane
suspension is then centrifuged at 14,000xg andupernatant containing chromatin is
diluted and primary antibody is addedu@ of all antibodies were used: rabbit anti-
Notchl (AbCam), rabbit anfl-catenin (AbCam), rabbit anti-Fhit (Santa Cruzytcol
rabbit anti-lgG (AbCam). After overnight incubatiaith the primary antibody at 4°C
paramagnetic Protein G beads were added for 2 hbhesbeads and antibody
complexes were pulled down with a magnet and theha several times. Then the
crosslinking was reversed with high salt overnigh®5°C and protein digested with
Proteinase K. DNA was purified and gPCR was peréatito 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 9085
RPL30 Reverse Cell Signaling Technology, ChIR#R©05
SIRNA Knockdown

ORS cells were seeded at 1Xt@lls per well of 24-well plates and incubate
overnight. The next day the cells are fed new HpiMedia, supplemented with HKGS,
that does not contain antibiotics. Transfectionseweerformed using RNAiMax (Life
Technologies) transfection reagent according toufaantures protocol: each well of the
24-well plate received 25 pmol siRNA duplex witls 1l RNAiMax. The duplex siRNAs
and RNAiMax were mixed and incubated for 5 minwtesoom temp. 5QL of the
siRNA and RNAiMax solution was added to each wBlansfections of BCC cells were
exactly the same except 2X1t®lls were seeded per well of a 24-well platelGekre
either lysed after 24 hours or given new mediaiandbated for another 24 or 48 hours
depending on the experiment. Transfections weredaeg for 12-well and 6-well plates
according to the surface area, 12-well plates sserdially 2x the surface area of a 24-
well plate so all reactions were doubled. All siRdNWere purchased from the Sigma

Aldrich.

To analyze expression, cells were lysed and RNAipdrusing RNeasy Mini
Kits (Qiagen). 1ig total RNA was then used for reverse transcriptisimg the High
Capacity cDNA Reverse Transcription Kit (Life Tectogies). gPCR was performed
using either TagMan probes with the TagMan AdvarbetMaster mix (Life
Technologies) or with primers and Sybr Green Pdvaster Mix. The qPCR was run on

a Stratagene Mx3000P gPCR machine.
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SsiRNAs used in this study:

Gene Mission SRNA Reference#
Sox9-1 SASI Hs01 00240733
Sox9-2 SASI Hs02 00302379
Notch1-1 SASI _Hs02 00350287
Notchl-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 CCTGTACGGCTAAAACATGS
Sox9 GCTCTGGAGACTTCTGAACGA CCGTTCTTCACCGACTTCCT
Lefl TCCTGGAGAAAAGTGCTCGT | TGGATCTCTTTCTCCACCCA
Axin2 CTGGTGCAAAGACATAGCCA | AGTGTGAGGTCCACGGAAAC
TCF3 GCACCACTGGCACTTTGTTA | ATGGCCACTGCTTGATGTC
TCF4 CCTGGCACCGTAGGACAAAT | TATGGGGAGGGAACCTGGAC
Wntb5a TTCAGCTCCGGTTCACTGC ATGGACTTCTTCATGGCGAG
Wntl0a CAAAAGCGCTCTCTCGGAA AACACCAATTCAGGGACCA
SFRP1 GGCTTCTTCTTCTTGGGGAC ATCTCTGTGCCAGCGAGTTT
LHX2 GTAAGAGGTTGCGCCTGAAC | CCAAGGACTTGAAGCAGCTC
EpCam GCTGGCCGTAAACTGCTTTG ACATTTGGCAGCCAGCTTTG
Trichohylain GCTTCGGAGACCACATGACC | TCGACACGCCCATTAQTC
YAP1 TGACCCTCGTTTTGCCATGA GTTGCTGCTGGTTGGAGTTG
Notchl GACAGCCTCAACGGGTACAA | CACACGTAGCCACTGGTCAT
Notch2 CACAGGGTTCATAGCCATCTC | GGAGGCGACCGAGAAGAT
Notch3 TGAACTCTGGCAGACACCAC | GTGTGCAAATGGAGGTCGTT
Jag2 TGCAAAAACCTGATTGGCGG | TTCACCAGGTCCTTGCAGGT
Jagl GTCTCAACGGGGGAACTTGT | GCGTGCTCAGCAATTTCACA
S100A6 TCTTCCACAAGTACTCCGGC GCAGCTTCGAGCCAATGGTG
CD200 CCAGCTGGGACTCCAAAACT | GGCTGTACATAGACGGTGAGG
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Q)

LGR5 GTTTCCCGCAAGACGTAACT | CAGCGTCTTCACCTCCTACC
LGRG6 GATGAGGTTGGCATCTAGGC | GCCTGAAAATCCTGATGCTG
P-Cadherin CAGTGCTAAACAGAGCTGGC | AGGCTGAAGTGACCTTGGAG
Lrigl CTGCTTTTGCTTCGGCTGG TTGTAACTCAGGTTTAGGCTCC
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

TagMan 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 m1l
SF-1 Hs00610436_m1
DAX1 Hs03043658 _m1l
Notchl Hs01062014_m1
Notch2 Hs01050702_m1
Notch3 Hs01128541 m1l
Gli1 Hs01110766_m1
Gli2 Hs01119974 m1l
K14 Hs00603237_m1

Lentiviral Production and Infection
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293-FT cells were cultured in DMEM with 10% FBS awpplemented with 500
pg/mL Geneticin. The day prior to transfectionaftiviral constructs the 293-FT cells
were seeded at 3xi6ells onto 100mm culture dishes. The following gapPAX2,
pMD2.G, and vector plasmid were mixed at a rati®:8t12ug in 500ul OptiMem. 50
uL Lipofectamine 2000 was mixed with 5QQ EpiLife. The Lipofectamine and plasmid
solutions were then added together and incubatezbat temperature for 5 minutes. All
1 mL of the Lipofectamine/plasmid mix were addedpdvise to a plate of 293FT cells.
The following day the 293FT cells were fed keratiyte media (EpiLife with HKGS,
bFGF, and EGF). Media was collected 48 and 72 hpesstransfection and was
centrifuged at 1000xg for 5 minutes to pellet aelyscand supernatant was stored at -
80°C. Cells at 70-80% confluence were then infeadg viral supernatant 1:1 with
new media containing 8ug/mL hexadimethrine bronfigma 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-Catenim\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 previodsscribed. Briefly, ORS or
BCC cells were infected with lentivirus and maintd under selection for two days. The
cells were then split and seeded at 1000 cellsvp#rof a 6-well plate. Cells were fed
daily and selection was maintained for the entimet ORS cells were fed for 14 days
and BCC cells fed for 12 days. All cells were tli@ed with 1% formaldehyde and
stained with 0.5% Crystal Violet solution (25% Matiol in water; 0.5% crystal violet
(Sigma Aldrich). Stained cells were then washedarter and allowed to dry overnight

before photographing.

Edu Proliferation assay

Proliferation assays performed using the ClicR-Flus EdU Alexa Flu6t 488
Flow Cytometry Assay Kit (Life Technologies) to &mewly synthesized DNA. Breifly,
ORS and BCC cells were seeded into 6-well platdssatl or 2.5x16 cells per well,
respectively. The following day cells were treabdgth siRNAs or with lentiviruses for
gene knockdown and incubated at 37°C and 5% COthige. 48 hours after SIRNA
knockdown Edu was added to the media for 8 hou®Ri$ cells or 6 hours in BCC
cells. For shRNA knockdown experiments, 24 houtardéntiviral infection cells were
fed selection media and incubated for another 48shd he cells were then split into new
6-well plates and cultured for another 48 hoursdlection media at which point Edu was
added. After incubation with Edu cells were hargdswith trypsin and fixed with 4%
paraformaldehyde in PBS. Cells were then permeaiiland Clicki-iT chemistry was
performed to fluorescently label the DNA that hadarporated Edu. The Cells were
then run through a FACSCalibur (BD Biosciencesyfloytometer to measure the

percentage of Edu positive cells.
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Chapter 2: Macrophage Polarization Using Silk Films

I ntroduction

The innate immune system is the first line of deéeagainst pathogens upon
infection or wounding. Macrophages are the poweshswf the innate immune system,
as they clear dead cell debris from a wound, hglit pathogens, and present pathogen-
associated antigens to T-cells to activate thetadapnmune response. While
macrophage are extremely important for immune defemd wound healing, chronic
activation of different types of macrophages isoasged with several diseases, including
atherosclerosis (Hansson and Libby, 2006a; Khdlasehet et al., 2010), insulin
resistance or metabolic syndrome (Aron-Wisnewslkal.e2009; Chawla et al., 2011;
Odegaard and Chawla, 2013), and cancer (Noy ardre0c2014). Treating these
diseases by targeting the macrophages systemisaityt ideal, as the treatment can
impair the immune system as a whole. Localizedvdgji of treatments for chronic
macrophage activation is therefore highly desifatk protein derived from the cocoons
of theBombyx mori silk worms has proven to be a very versatile nitésr biomedical
purposes, including controlled and localized dretivéry (Leal-Egafia and Scheibel,
2010; Yucel et al.). In particular, films made fraitk protein are highly flexible and
robust, potentially allowing them to be wrappedusua blood vessels and tumors, or
transplanted into fat tissue to locally modulate macrophage response in those tissues.
Silk protein has an advantage over other commosiy implantable materials because it

has the ability to stabilize drugs and proteinst¢Rard et al., 2012), has a slow and
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controllable degradation rate, and the degradatioducts are non-toxic (Rajkhowa et

al., 2012; Wang et al., 2008b).

The Innate Immune System

The innate immune system, unlike the adaptive imgraystem, is a rapid
response system for clearing infections and debslioea non-specific way. Cells of the
innate immune system, such as macrophages, hasgtoes that recognize common
epitopes found on the surface of bacteria and fuigny gram-negative bacteria create
lipopolysaccharide (LPS), a highly immunogenic jgalycharide that is covalently bound
to a lipid moiety embedded in the outer membrams is recognized by the Toll-Like
Receptor 4 (TLR-4) found on the surface of modiaa the innate immune system,
including macrophages and monocytes (Chow et @9) Once LPS binds the TLR-4
receptor it activates a cascade of signaling, mpdhrbugh the NFkB signaling pathway,
resulting in the activation of several pro-inflantorg responses (Akira et al., 2006). In
macrophages, one of the first responses to LP3N&R& activation is the production of
toxic molecules like nitric oxide (NO) that canllblcteria (Jones et al., 2007). NFkB
activation also leads to the expression of cytakifie-1p, IL-6, TNF-) that can attract
more monocytes or other cells of the adaptive imergystem, such as T-cells, to help in
killing any bacteria (Zhang and Ghosh, 2001). Tregeemany other innate immune
receptors that recognize other commonly found ansgn bacteria or fungi (Romani,
2011). Many of these Pattern Recognition RecefliRR) are in the Toll-like Receptor

family as well and can cause a variety of diffen&sfponses.
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The first responders of the innate immune systeemwo@und are neutrophils
(Kim et al., 2008). These short lived leukocytes ttwe most abundant of the white blood
cells whose main function is the killing of pathagéy phagocytosis and secretion of
toxic molecules. However, the toxic secretions freeatrophils can also kill cells from
the surrounding normal tissue, leaving dead cdilidealong with the dead pathogens and
neutrophils (Segel et al., 2011). The neutroplafsdly apoptose after infiltrating into a
wound site and secrete several more inflammataigkayes. Monocytes are then
recruited to the wound site by the signals deriveth the dying neutrophils to help fight
pathogens and clear away the dead cell debris. Moe® are also circulating white
blood cells that differentiate into phagocytic ngarages or dendritic cells once they
enter into tissue. These macrophages are abledo ttle dead cell debris and
phagocytose remaining bacteria that may still bdaénwound (Silva, 2011). Monocytes
also routinely enter normal, non-infected or dandaigsues of the body, including the
brain (where they are called microglia), to repdénihe macrophages and dendritic cells

that normally reside there (Epelman et al., 2014).

Bacterial infections can cause resident macrophtagescrete cytokines such as
TNF-a, IL-1B, and IL-6, in turn causing the endothelial ceflsearby blood vessels to
express the adhesion molecules P- or E-selectits(B@t al., 1994; Rahman et al.,
1998). Circulating leukocytes, including neutroplahd monocytes, bind to the selectins
via the P-selectin ligand (PSGL-1) (Zou et al., 200r other sialylated glycoproteins
(Kannagi et al., 2004), thereby causing the cellsdhere to the endothelial lining. The
leukocytes then undergo extravasation through dipélaries and into the tissue. TNF-

secretion from the resident macrophages at th@sdaevound also stimulates the
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surrounding tissue to express the chemokine CClb2iit al., 2004), which is a potent

chemoattractant that helps monocytes find the locaif the wound.

There are at least two temporally distinct stagenacrophage differentiation at
the site of a wound (Davis et al., 2013a). Earfitrating macrophages at the site of a
wound express inflammatory cytokines such as B\HR--1p, and IL-6. These
macrophages also correspond to the early infittratif T-helper 1 (Th1) cells that were
found to activate the early macrophages, and theisetrm M1 corresponds to Thl cell
infiltration (Martinez and Gordon, 2014). Thl cedlscrete IFNg, which on its own is
capable of inducing the M1 macrophage phenotyp&. fitén gram-negative bacteria has
also been found to stimulate the M1 inflammatorgrmatype in conjunction with IFN-
(Martinez et al., 2008). When IFNis bound to the IFN-Receptor it leads to
phosphorylation and transcriptional activation tdt$ (Schroder et al., 2004), a
necessary effector of M1 polarization. The M1 mpb@amges express high levels of TNF-
o and produce toxic molecules like the free radiic oxide (NO) and hydrogen
peroxide that inhibit cell growth and induce apamqDavis et al., 2013a). Like all
macrophages and dendritic cells, these M1 macragshadl phagocytose pathogens and
dead cell debris, but they also aid in attractirggerinflammatory cells to the site of the

wound through secretion of cytokines such as Ilad@ more TNFa (Xing et al., 2000).

M1 macrophage polarization is considered the “ataspathway” and can be
induced in culture by subjecting monocytes or primanpolarized, macrophages to
IFN-y or bacterial LPS (sdélustration. 2.1). LPS activates the NFkB pathway, which
along with IFNy activation of Statl leads to the expression ofvlr@us M1 specific

genes. M1 macrophages can be distinguished by &sipreof the surface marker CCR7
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(Cytokine Receptor 7) (Martinez et al., 2006), CD&dd CD86 (Rutkowski et al., 2003),
as well as secretion of IL-12 and TNFE+Furthermore, expression of induced Nitric
Oxide Synthase (iNOS) is a common marker of thepkdnotype. Nitric oxide is a toxic
molecule that helps combat bacterial infectionealfy, M1 polarization leads to the
increased expression of MHCII (Celada et al., 1988l)ed HLA-DR in humans, though

other subsets of macrophages will also express NMetQbwer levels.

Later, following the M1 inflammatory response, dretphysiologically separate
type of macrophage emerges at the site of the wdended M2 that similarly
corresponds to the emergence of Th2 cells witrenatbund (Martinez and Gordon,
2014). These macrophages are responsible for aidsge regeneration by secreting
anti-inflammatory cytokines and growth factors,tsas IL-10 and TGB-respectively
(seelllustration. 2.1). There are three subsets of M2 macrophage, M2#, &hd M2c
(Mantovani et al., 2004). The M2a macrophages alariged through the “alternative
activation pathway”, which requires activation bétlL-4 receptor with either IL-4 or IL-
13 that activates the Jak/Stat pathway. Statéeiptimary target of Jak phosphorylation
after IL-4 receptor activation leading to the hommoerization of Stat6, binding to DNA,
and transcriptional activation of M2a genes (Szantal., 2010). M2a macrophages are
commonly defined by expression of CD206, CD163)dghutaminase, and the secretion
of IL-10 (Murray et al., 2014). M2b macrophages sireilar to M1 in that they elicit
more of an inflammatory response than M2a or M8g\adenced by their expression of
IL-1 and TNFe as well as iINOS, but they also express the afiifmmatory cytokine,
IL-10. M2b are activated in culture by treatingnpary macrophages with immune

complexes and LPS. M2c are more like the M2a inttingy secrete anti-inflammatory
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and tissue regenerative cytokines and growth facd2c macrophages are marked by
expression of TLR1 and TLR8, but share most ofstliae markers as M2a, such as

CD163, and are differentiated with IL-10 and T@.F-

All macrophage subtypes likely represent a specwfiphenotypic changes over
time or in response to different types of woundiatier than distinct terminally
differentiated cell types. In fact M1 macrophagas be converted into Mi2 vitro and
vice versa (Davis et al., 2013b), demonstrating the remaskakdsticity of the
macrophage differentiation states. In mucosal éissuch as the intestine (Bain et al.,
2013; Thiesen et al., 2014) and lung (Davis et8l1,3b; Jones et al., 2013) the resident
macrophages most resemble the M2 phenotype butNMaekaracteristics as well, likely

representing the need to clear pathogens but dateunnecessary inflammation.

Macrophages are the bridge between the innatehenadaptive immune system
because they are involved in both non-specificgatmn and destruction of pathogens
and are also necessary for the activation of agaptimune T-cells through a process
called antigen presentation (Iltano and Jenkins3R08@hen a macrophage or dendritic
cell phagocytoses a pathogen the cell membrandus# around the pathogen to form a
phagosome. The phagosome rapidly becomes toxicitifyang and fusing with
lysosomes that help break down proteins into smpéetides. Eventually, peptides
derived from pathogen degradation within the phggmdome come in contact with the
Major Histocompatibility Complex Class Il (MHC ckdl). MHCII binds these small
peptides and shuttles them to the surface of thelcehis way, peptides derived from
the pathogen are then presented on the surfabe ofidcrophage where they are

accessible to pre-T-cells waiting to be activated.
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After macrophages process an antigenic peptidgeesent it with MHCII on
their surface, they will then migrate out of th&stie into lymph nodes where they can
come into contact with T-cells (Itano and Jenk2(03). T-cells, along with B-cells, are
an integral component of the adaptive immune sysfdhT-cells produce a T-cell
receptor (TCR) that contains a domain that recamMHCII and also contains a unique
domain region that is created through random DNodmabination of the VDJ regions of
the TCR locus (Market and Papavasiliou, 2003). M@&Rs will not bind the MHCII-
peptide complex with high affinity. However, thoBeells that have randomly
rearranged their TCR to specifically recognize Mpiéptide complex on macrophages
will then become activated and proliferate, cregatimore cells that express that specific
TCR. After T-cells become activated and prolifertéiey migrate out of the lymph nodes
and into the blood stream where they can quickldibtibuted throughout the body to
help macrophages attack pathogens by secreting eytwkines and other toxic
molecules. The T-cell is also necessary for thevatodn of B-cell antibody production,
the activation of which follows a similar pathwag/\aith macrophage activation,
requiring CD40 and the CD40 ligand to establistogaition of the presented antigen
(Parker, 1993). The activated T-cells create a-feaslard loop that helps macrophages
clear the pathogens from the body and recruit maerophages to the site of pathogenic

infection.
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Monocyte MO0 Macrophage

CD68

IFN-y + 1.4 IgG + IL-10 +
LPS LPS TGF-B
CCR7 CD206 IL-1 TLR1
CD80 CD163 TNF-a TLRS
CD86 TGM2 iNOS CD163
IL-12 IL-10 IL-10 IL-10
TNF-a
* Acute response to » Tissue regeneration/angiogenesis
bacterial infections * Anti-inflammatory
* Anti-tumor response * Promotion of tumor growth

¢ Chronic inflammation

[llustration 2.1. M acr ophage Differentiation and Polarization. In culture, primary
monocytes can be differentiated into general mawages (MO) using M-CSF, or for THP-1
monocytes the small molecule PMA. The macrophagasteen be polarized to M1 using
IFN-y alone or a combination of IFNand LPS. The three characteristic M2 macrophage
(M2a-c) are polarized with IL-4, 1gG & LPS, or ILOX TGF43, respectively. Markers of
each subtype are listed below as well as commarking secretion. M1 macrophage are
generally thought to initiate an inflammatory respe, while M2 are tissue regenerative but
can also promote canci

Diseases Associated with Macrophages

Atherosclerosis is the hardening of arteries dughtwesterol and plaque buildup
around arteries (Weber and Noels, 2011). The hardexi the arterial walls prevents
blood flow and leads to stroke, heart attacks,@rgheral vascular diseases. These
cardiovascular diseases are the leading causeatf dethe US and are a major burden to
the healthcare industry due to the costs of treatif{go et al., 2014). The plaques of an
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atherosclerotic lesion contain high levels of Mlcnophages, which surround fatty
deposits containing high levels of cholesterol phdgocytose them. The increased lipid
content in the macrophages makes them appear faaththus these cells are referred to
as foam cells. Concurrent with the presence oMhenacrophages are Th1l cells that
express high levels of IFM{Mallat et al., 2009), which may act as a posifeedback

for the infiltration and polarization of more M1 oraphages. As the macrophages
phagocytose the fatty buildups, they also die,iteg@more cell debris and lipids in the
plaque, which forms the necrotic core. In a mousdeahof atherosclerosis, in which the
Apolipoprotein E is knocked out, the number of Milgpized macrophages at the lesion
site predicts the progression of an atherosclelesion (Khallou-Laschet et al., 2010).
However, the ApoE knockout mice also showed thatinitial infiltration of
macrophages at the site of newly forming atheragkssions are typically M2
macrophages that are then repolarized into thewdfiype. This study hints at the
plausibility of using cytokine intervention for tteeatment of atherosclerosis in order to
either maintain M2 polarization during the initiafiltration stage, or to repolarize M1
macrophages at the site of the lesion back intoM®vever, injections of IL-4 into the
blood of ApoE knockout mice does not lead to sigaiit reduction of atherosclerotic
plaques (King et al., 2007). Another solution maytd have higher locally sustained
concentrations of IL-4 or IL-13 in order to indugR repolarization. Furthermore, an
inhibition of IFN-y signaling may be necessary due to the very higkiddound in an

atherosclerotic plaques.

Chronic inflammation in obesity is associated wititbulin resistance, diabetes,

and metabolic disease and is correlated to macgephecumulation in the adipose tissue
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(Hotamisligil, 2006; Weisberg et al., 2003). M1 m@zhages in adipose tissue is
responsible for the secretion of TNfL-1, and IL-6 that promote inflammation.
Interestingly, adipose tissue itself secretes T\ Mich recruits more macrophages to
adipose tissue. The increase in these inflammatgokines causes peripheral insulin
resistance as a means to limit nutrient storagehwk necessary for preventing
infections in wounds, but in the case of obeségdls to metabolic syndrome (Chawla et
al., 2011; Odegaard and Chawla, 2013; Wynn e2@l 3). With increases in adipose
tissue in obese patients, the level of inflammatiae to M1 macrophages is increased.
However, both M1 and M2 macrophage subtypes coexlsin adipose tissue. In obese
humans and mice, the M1 subtype is dominant, homegfter weight loss M2 reemerge
as a dominant macrophage population. In norman, l@aimals and humans, M2
macrophages are the most commonly detected mageslrathe adipose tissue as well
(Lumeng et al., 2007). Therapeutic inhibition of N with infliximab, adalimumab, or
etanercept reduces the symptoms of metabolic symeleond increases insulin sensitivity
(Stagakis et al., 2012). Direct manipulation of nophage polarization in obesity has not
been studied, though activation of the peroxisonoéfprator activated receptor gamma
(PPARy) with the thiazolidinedione (TZD) class of drugassshown to reduce
inflammation and increase glucose sensitivity, Whi@s partially due to M2
macrophage polarization (Hevener et al., 2007) vE€sely, loss of PPAR-n

macrophages reduced the ability of TZD to restoselin sensitivity.

Inflammatory bowel disease (IBD), and in partieuTaohn’s disease, are caused
by chronic inflammation of the gastrointestinaktrailtimately causing disruption of the

tissue and an increased bacterial exposure (AbramahCho, 2009). In normal colon
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tissue, the resident macrophages are most sinild2tmacrophages in that they do not
express toll-like receptors or respond to LPS,dwthey express inflammatory
cytokines. They also constitutively produce IL-40d express the M2 markers CD163
and CD206. However, they are also able to phageeyttte commensal bacteria in the
gut and express MHCII, so they are therefore thotgylepresent a macrophage subtype
somewhere in the continuum between M1 and M2. kerthat are induced to have acute
colitis, monocytes infiltrate and become M1-like,R-responsive, inflammatory
macrophages (Bain et al., 2013). Similarly, the anmacrophage population in Crohn’s
disease represents a more M1-like inflammatory opdwage that secrete ILB3.1IL-6, IL-

12, IL-23 and TNFe.. Along with the M1 macrophages are Th1l cells amatlzer
inflammatory T-cell the Th17 cells that can resptmthe IL-23 (Abraham and Cho,
2009). The source of the inflammatory macrophages shhown to be classical
monocytes that respond to CCL2, migrate into th&ui, and polarize into the

inflammatory M1-like macrophages (Thiesen et @14).

There is a fourth type of M2 macrophage, calledduassociated macrophage
(TAM). As their name suggests, these macrophagefand associated with many types
of tumors, and typically their presence leads powar prognosis when compared to
similar tumors without the TAMs (Lewis and Pollagf06; Sangaletti et al., 2008).
TAMs secrete a number of M2 cytokines and growtiidies such as IL-10 and TG¥F-
that inhibit M1 polarization and thereby block tuality for the M1 cells to help attack
the tumor. However, TAM express a distinct seterigs from the other subtypes of
macrophages including the normal M2. Most notabAdVis express Vascular

Endothelial Growth Factor (VEGF) (Gonzalez et2007) as well as VEGF-C and
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VEGF-D, which are lymphatic endothelial growth farst (Schoppmann et al., 2002,
2006). A primary mechanism for macrophage assatitat®or progression and
metastasis may be from the promotion of angiogsrasil lymphangiogenesis due to
expression of VEGF and VEGF-C/D. The TAMs may alssist with the migration of
tumor cells through tissue by degrading extracatlatatrix proteins with enzymes such
as MMP-2, 9 (Heusinkveld and Burg, 2011a), 11 ($tet al., 2010), and 12 (Yang et al.,
2007). Repolarization of TAMs into M1 macrophagas been proposed as a possible
therapeutic avenue for cancer treatment (Heusidkasetl Burg, 2011b), though this has
not been clinically tested yet. However, cliniagls using the anti-I1L-6 antibody
siltuximab to reduce M2 macrophages associatedaviiian tumors showed mixed
results, but overall a general decline in macropBagsociated with the tumors and a

decrease in VEGF expression (Coward et al., 2011).

Slk Materials for Controlled Release of Therapeutics

Given the role of macrophage polarization in salverajor diseases involving
chronic inflammation due to macrophages (cardiomasalisease, and insulin
resistance/metabolic syndrome, IBD, and cancegeins imperative to create
therapeutics that will control the macrophages jmdéion. One problem with systemic
treatments for polarizing macrophages is the ingmae of all types of macrophages in
normal immune defense; systemically blocking malsege activation could lead to
serious infections and hampered wound repair. daaliway to solve the problem will
be local delivery of biologics or small moleculeigs with implantable or injectable

biomaterials. These will also have the added bentheing able to sustain the release of
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the therapeutics. In this regard, silk protein pis/en to be an excellent biopolymer for

creating implantable biomaterials that can rel¢hseapeutic agents.

Silk spun by the Bombyx mori silkkworm to makegtscoon is a very strong,
fibrous, material composed mostly of fibroin (7586)d sericin (25%). For centuries, silk
threads have been used for suturing wounds (Maakeh@73) due to their incredible
strength and because they do not induce a stromgimagenic reaction. Before the
threads can be used for suturing however, sericist ime removed from the silk because
it induces an immune response in the body. Theisds typically dissolved out of the
silk fibers by boiling the cocoons in an alkalirawtion, a process called degumming
that results in fibers that are nearly pure sitkdin. These fibroin fibers can then be

woven together to make the threads for sutures.

More recently, silk fibroin has been found to beessatile biopolymer that can be
used for many biomedical purposes. The silk fibrafter degumming, can be dissolved
using a high concentration of lithium bromide (LjiBiollowed by dialysis against water
to yield a pure solution of regenerated silk filbrolhe silk solution can then be used in
various ways to make implantable, non-immunogedrimmnaterials that can be shaped
into any form including films with diverse mechaaiproperties that are bioresorbable
(Rockwood et al., 2011). Another benefit of silktarals is that the polymers are self-
assembling and do not require harsh solvents anidaé crosslinking agents to form the
material. Without the need for crosslinking reagemtsolvents, silk materials can have
protein biologics added to the material withoutaiding the activity of those proteins.
As such, various silk materials have proven to éxy good at encapsulating small

molecule drugs (Gobin et al., 2006; Pritchard gt24110a, 2013; Wenk et al., 2008) and

102



proteins (Guziewicz et al., 2011; Karageorgioulet2®06a; Uebersax et al., 2008; Wang

et al., 2009) for long-term release.

In solution, the silk fibroin protein containsade percentage of random coil
protein domains as well as parallel beta-sheet dwrand is highly water soluble (up to
30% w/w). Silk in this state is called Silk I. Inction of antiparallel beta-sheet formation,
referred to as crystallization, leads to the instdufibrous, form of silk, or Silk 1l (Gil et
al., 2014). Silk Il can be formed in three differ@rays: 1) shear stress during the
spinning of a cocoon or mechanically-induced sketr reconstituted silk using
sonication (Wang et al., 2008a), vortexing (Yudedle 2009), or high pressure extrusion
through a small needle; 2) water removal and hyldob domain exposure after solvent
treatment of dried silk protein, and 3) self-asskmalb the fibroin proteins (Zhong et al.,
2014). The speed at which self-assembly occurdeagreatly increased by
concentrating the protein. Drying silk solutionsreases the concentration, but if done
rapidly enough prevents the rearrangement of toejor domains anfl-sheet
crystallization, and so the silk is still solubWater annealing (WA) is a process of
crystalizing dried silk without solvents (Hu et,&@011a; Jin et al., 2005). Putting dried
silk protein into a vacuum chamber that is theledilwith water vapor allows the
concentrated silk protein to absorb some watemnatig for enough molecular motion for
the protein to rearrange itself into the more eeecglly favorable Silk Il configuration.
The advantage of this process is that biologicschvimay lose activity when exposed to
solvents, can retain their activity in the drielt.sThe formation of antiparallel beta-
sheets after WA or other methods of silk crystatian can be detected by Fourier

Transform of the absorbed IR spectrum (FT-IR) (Halg 2006). The amide | region of
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IR absorbance primarily detects C=0 stretchingi&1600 to 1700 crhregion and is
useful for identifying structural components ofratgin. -sheet domains (1610-1625
cm™) as well as random-coil protein domains (1640-1650) are the predominant
structures of silk fibroin that absorb IR withiretamide | region. Using deconvolution
algorithms to assign peaks to the absorbance spettrin the amide | region makes it
possible to quantitate the contributionfe$heet structure to the overall structure of the

fibroin protein.

The various mechanical properties of silk biomatercan be controlled by using
different means of inducing beta-sheet crystalfioit through chemical modifications.
Silk materials range from ultra-soft hydrogelsy&sy rigid and strong matrices that can
be used as bone screws. Upon crystallization psdkein forms interconnected fibrils and
the density of these fibrils is an indicator of 8teength of the material. Hydrogels are
soft materials with a low density of networked fi®allowing for a lot of water to be
retained between the fibrils. Dried silk films, e other hand, have a very high density
of silk protein but still contain mainly Silk | anghn be completely solubilized when put
back into water. Thus simply drying the silk is maeal for implantation into the body.
Residual water can be removed from dried filmsrbgtiment with Methanol or other
solvents, which will induce crystallinity and fibformation by exposing the hydrophobic
domains. Alternatively, conformational changes bannduced by WA, whereby the
films will adopt the Silk Il conformation and forfibrils that are completely insoluble
and very strong. Ultra-dense and crystalized githgn can be made using a high
concentration of silk fibroin dissolved in hexaftae?-propanol (HFIP) and casting into

molds that are then soaked in methanol to crystathe silk. These ultra-dense silk
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materials have been used to make bone screws aedoltettes to hold together bone

fractures—demonstrating their incredible strength.

Hydrogels are the least rigid form of silk matkxiddydrogels can be formed by
rapid transfer of high energy using sonication (\¢/abal., 2008a) or vortexing (Yucel et
al., 2009), which induces inter and intra molecualati-parallel beta-sheet formation (Silk
I). This allows the protein network to be wideligplersed, while retaining all of the
water from the original silk solution. Similarlygwering the pH of a silk solution below
pH 4 will also form a gel by forcing a conformatarthange that exposes the beta-sheet
surface for intermolecular beta-sheeting whild stilaining the water in solution. The
formation of a gel can occur spontaneously wheriifobegins to self-assemble (Zhong
et al., 2014). The rate at which self-assembly mcdepends on the concentration and
size of fibroin protein fragments. The degumminggass for removing sericin also leads
to the partial hydrolysis of the silk protein, $@& tonger silk is boiled, the smaller the
average molecular weight of the fibroin proteindrees. The smaller fibroin fragments
do not self-assemble as easily and in fact sowieair vortexing will not induce gelation
if the silk has been boiled for longer than 90 nsu From here on out, 30 minute
boiling of silk will be referred to as high moleaulweight (HMW) silk and 90 minute

boiling will be low molecular weight (LMW) silk.

Silk films and scaffolds are produced by the renho¥avater from silk protein.
Removal of water is as simple as letting the sillkison dry in open air to make films of
concentrated Silk | protein, or by lyophilizatiamretain a sparse network of protein that
can be used as a scaffold. After water removastalyzation can be induced to cause the

films or scaffolds to become insoluble and verpisty. These solid materials can be
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finely tuned to alter their tensile strength, riggdand elasticity by varying the
degumming times or adding excipients that modigyshk’s properties, such as glycerol
(Lu et al., 2010b). Once the films are dry theythen treated with methanol to induce
crystallinity. Granules of salt can also be adaed silk solution at a high concentration
such that the water is pulled from the silk prot®ithe salt granules, allowing the protein
to precipitate out around the granules. When kep02C, the precipitated silk protein

will crystalize with the surrounding water and safter crystallization the salt is leeched
out by submersing the entire block of silk/salbideionized water. Using salt in this
manner to make crystallized silk results in a 3Bffedd of silk protein with pores the

size of the salt granules. These scaffolds carsbd for tissue engineering or as tissue

filler.

Various degumming times or temperatures during VeA loe used to modulate
the structural properties and the degradation &tesk films or scaffolds. Degumming
silk for 5-10 minutes is enough to remove the se@dnd reduces the amount of
hydrolytic cleavage that is common during degummgjutions of silk in this state will
self-assemble into gels relatively quickly, on thder of a few days or weeks unless
diluted. When made into films, the short degumntinge increases the tensile strength
of silk films and also decreases the rate of nhtiegradation. LMW silk cannot self-
assembly as well and gel formation in the statg&tesy is prevented entirely. However,
gels, solid films, or scaffolds can still be madeni this silk but require increased energy
input or treatment (methanol or WA) for longer tsn&caffolds made with LMW silk

have less tensile strength compared with thoseehigiolecular weight silk (Wray et al.,
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2011). Intermediate molecular weights of silk haaeying spontaneous gelation time

and degradation rates.

Maintaining protein stability in encapsulated sdlalso another benefit of silk
materials. Vaccines (Zhang et al., 2012), antito@&uziewicz et al., 2013), and
enzymes have been shown to be stabilized when mikéd silk solution and dried. At
temperatures ranging from 4°C to 37°C silk stabdizhe enzymatic activity of horse
radish peroxidase (Lu et al., 2010a), glucose @ddmd lipase (Lu et al., 2009) for 8
weeks. Similarly, the measles, mumps and rubeltaiaa, which contains live viral
particles, was stabilized for 6 months at 45°Gyophilized silk films and was able to
infect with near 100% efficiency whereas the powddorm rapidly lost potency and
was unable to infect cells by 20 weeks (Zhang.efall2). The ability to stabilize
proteins is essential for long term release sq thathe end of the study, the released

therapeutic is still active.

Release of large molecules such as proteins ordbam polysaccharides can be
difficult due to the tightly woven network of driesilk films. A study looking at the
release of various sizes of dextrans from silkdishowed that the release rate of lower
molecular weight dextrans (4-20kD) was relativelyclf, whereas the larger 40kD
dextrans were released from the films very slowlinés and Kaplan, 2011). This
demonstrates that release of larger moleculesasiginotein and dextrans is controlled
mostly by the diffusion of molecules through thk fattice during the first 30 hours. The
larger particles, with a larger hydrodynamic ragdiage longer to diffuse through the
matrix of a silk film. Proteins such as IGF-1 (1Qkdbe also able to diffuse out of a silk

matrix after crystallization. The release profifd@F-1 was linear for 7 days and then
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rapidly dropped off. The mechanism of release &f-1L in this system may also be due
to degradation of the silk, or either hydrophohigamic binding to the silk, as very little
release of larger dextrans (10 and 20kd) occurited 30 hours, whereas the smaller
IGF-1 release continued for much longer. SimilalGé-1, several BMP proteins were
loaded into a solution of silk and converted intenoparticle spheres for controlled
release. These spheres released BMP for two déyel@ateauing (Bessa et al., 2010).
Interestingly, increased concentrations of BMP albjiprohibited the total percentage
released, indicating lower concentrations may digtba superior for the release

kinetics, though the mechanism of this reaction m@tsnvestigated.

Adsorption of protein to silk is another meanstofisig an active biologic for
controlled release. For example, BMP-2 was adsoid&d porous silk scaffolds and
used for differentiation of mesenchymal stem c@SCs)in vitro andin vivo
(Karageorgiou et al., 2006b; Kirker-Head et alQ20 The scaffolds were soaked in a
solution containing 0.05 mg of BMP-2 for severalisand the final scaffold contained
2.5ug of adsorbed BMP-2. Though the release of BMRe&hfthe scaffold is relatively
fast, it is nonetheless an easy way of holdingginston the surface of a biomaterial and

can cause an effewt vitro andin vivo.

Multiple layers of silk can be used to increaselihgier of diffusion so that the
rate of release of an internal molecule is redyBagyraktar et al., 2005; Pritchard et al.,
2010b). Furthermore, each layer may contain diffeaenounts of the molecule to be
released with some released quickly and some taager to diffuse out, thereby
providing a system of controlled release. Usinghsaisilk layering technique was shown

to work well, giving a slow and sustained relealsadenosine. A pellet of adenosine was
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dipped into silk solution, coating it with a thiayler of silk, and allowed to dry. After
drying the silk, it was then crystallized in metbhand dried again. This process was
repeated up to eight times, which created a dibfusiarrier thick enough to allow the

release of adenosine for 14 days (Pritchard e2@1.0b).

Specific Aims

Silk fibroin was chosen based on its mechanicaperties, slow degradation rate,
and lack of an immunogenic response to create arrabthat is capable of controlling
macrophage polarization. Silk films can be impldrdéectly or coated onto various
scaffolds and are therefore the ideal format fsting the proof of concept that silk-based
materials can be used to control macrophage pateoiz The THP-1 monocytic cell line
was used as model for human monocyte and macropliffgeentiation to test with the
silk films. THP-1 cells have been shown in numerstuslies to closely mimic the normal
differentiation process from monocyte to macrophage can be maintained in culture
for many passages unlike primary monocytes or npiages. The hypothesis was that
by using various thicknesses of silk films the m@iteytokine release could be controlled
to maximize the macrophages response to the ffhonghermore, it was hypothesized
that by controlling the solubility of the silk filethe release rate of the cytokines could be
controlled as well. In order to control the solitibf the silk films two approaches were
taken: first, the length of time the films were WMas optimized, second silk protein with

high or low molecular weight was tested.
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Results
Characterization of Slk Films

Films consisting of pure silk fibroin protein cae made by casting a solution of
silk (in this study | used silk solutions rangingrh 5.5% to 7% w/v silk) onto a flat
surface and letting it air dry. For this work | dghick films ranging from 10 to 30 mg
silk fibroin protein cast onto 1.54 éRDMS surface. As expected, adding more silk
protein when casting resulted in thicker filnksd. 2.1A & B). The first 10 mg creates a
film that is about 2Qum thick, but each subsequent 10 mg adds only alibuin to the
thickness of the film. The films were clear and sthovith a homogenous thickness as

seen under scanning electron microscopy (SEN). 2.1A).

Dried films made from 10 and 20 mg silk protein &verater soluble unless first
crystalized via WA or methanol treatment. Howevee, 30 mg silk films do not
completely dissolve when placed in water indicatimaf there is some auto-
crystallization that occurs during drying of ther8@ films. WA is a means of silk
crystallization that allows excipient biologicalbpeins to retain their structure and
activity, whereas crystallization using solventghtidenature and inactivate proteins.
Therefore WA was the only approach used for silstallization. The amount of time
that films were WA determined the degree of Sillolp-sheet content in the film. Using
FT-IR to detect absorbance frgivsheet bonds at 1620nm | found that the different
thicknesses of films did not affect th@isheet content after WA for 60 miRi. 2.1C).
However, without any WA the 30 mg silk films showajjhtly higher3-sheet content
than either the 10 or 20 mg filmBig. 2.1C), which explains why the 30 mg films were

not as soluble in water.
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Figure 2.1. Casting of Silk Films. (A) Silk films are cast on PDMS cylinders at 10, @030

mg per 1.54 cf After casting, the silk solution is allowed to diy and the Films are then
WA for various times to induce crystallinity. Thenfis are homogenous, smooth, and without
pores as seen by SEMB)(The thickness of each silk film is increased bguwt 10um for

each 10 mg of silk that is added aside from trst Gasting which is solidifies around gbn.
(C)Thep-sheet content of the films was measure by FT-lRatl62(3-sheet absorption
region. Using peak fitting software to quantitdie percentage @sheet contribution at the
1620 peak, in variable thickness filM#A for 60 minutes or compared to control films that
are nofWA. (A) Scale bars = 20um. (B) The increase in thedawas statistically significant
(F(2.6) = 372.9, p<0.000:

Solubility of Slk Films

Preliminary tests of the release of IFNrom films that had been WA for 16
hours showed very little release indicating thghramounts off-sheet in the film
prevented the escape of IRNrom the films. Without an-sheet crystallinity however,
films will completely dissolve very rapidly, whigk not ideal for sustained or controlled
release. In order to determine the solubility & 8ims with varyingp-sheet

crystallinity, | used WA for various amounts of #rat room temperature. | first looked at

111



the solubility of 10 mg dried films that were WArf0, 15, 30, 45, 120, 240, and 720
minutes. After WA, the films were dried again adged in 1 mL PBS for 24 hours. The
soluble silk concentration was measured by tak@ @ of the PBS and measuring UV
absorbance at 280 nm. Nearly all of the 0 and TautaiWA films dissolved rapidly in
PBS. However a transition at 30 minutes was searawnly 20% of the film dissolved
after 24 hours. By 45 minutes the films were near$pluble, dissolving only 1% of the
total silk film. All WA times longer than 45 minwgeesulted in films that were insoluble

and no protein was detected in the PBS after 24sh@ig. 2.2A).

| next looked at whether the thickness of the filaused any differences in the
solubility of the films during the transition peddetween 30 and 45 minutes. For 10 mg
films, WA for 30 minutes caused about 75% of tim fio crystalized and remain
insoluble while 25% of the protein was detectahléhe PBS after 24 hours. After 30
minutes of WA the 20 mg films were 77% insolublel 23% solubilized into the PBS,
similar to the 10 mg films. The 30 mg films, on thitber hand, became 99% insoluble
after 30 minutes WA. After 45 minutes of WA allnfit become nearly completely
insoluble when placed in PBS, with less than 1%ibtein detected in solution after 24
hours in PBSKig. 2.2B). Furthermore, the 30 mg silk films were only 6.2&buble
without WA (Fig. 2.2C), unlike the 10 and 20mg films which were nea®% soluble
without any WA indicating that the thicker filmsdacep-sheet structure on their own

without the need for WA, consistent with the in@@@p-sheet content from Fig. 2.1C.
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Figure 2.2. Solubility of Silk Films. (A) Solubility, of 10mg filmsWA for various times, as
measured by A280 in PBS. Films were completelyldelafter 0 and 15 minutes WA
whereas by 30 minutes the films became less soanmavere completely insoluble after 120
minutes. B) Silk Films of varying thickness (10, 20, or 30)mgere WA for 30 min or 45

min to determine their solubility in PBS after imihg 3-sheet structuresCjj Dried 30 mg
films that had not been treated or were WA for 30utes were then placed in PBS for 24
hours and the amount of silk that dissolved wassueaby UV absorbance (A280). Without
WA the 30 mg films are still mostly insoluble witimly 6.2% dissolving out of the film and
the 30 min WA film dissolved 1%. Students t-testghue is displayed on the chart, n = 3.

Release of Cytokines from Slk Films

Interferon-gamma (IFN) and Interleukin-4 (IL-4) are the classical and
alternative activators of macrophage polarizatiespectively. Classical activation with
IFN-y leads to the M1 inflammatory phenotype, wheretsradtive activation leads to

the M2 tissue regenerative phenotype. Previowsro studies using THP-1 monocytic
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cells have shown that 20 ng of either 1IN+ IL-4 per mL of media is sufficient to cause
M1 or M2 polarization, respectively, of the macraghs (Chanput et al., 2013).
Therefore, | used 10 times the amount of -Needed for differentiatiom vitro
(200ng/film) and cast into either 10, 20, or 30 silg films to account for low release.
The films were then WA for 30 minutes to inducestajlinity. After crystallization the
films were air dried again and then placed in 1PP8S to allow for release of the
cytokine. Samples were collected every 24 hour$ fdays and the concentration of IFN-
vy was measured by ELISA. After each sample was ekt another 1 mL of PBS was
added to each well containing the films. An initairst release of IFN-was seen after

24 hours from all films, and a subsequent slowasgeof 1% per day or less following
the burst releasd-{g. 2.3A). The 10 mg film released nearly 80% of the ih&@0ng
loaded into the films over the course of 5 days Z8 mg film released near 60% of the
IFN-y, whereas the 30 mg films released 10%. A releb38% (or 20ng) in 24 hours is
the ideal amount fan vitro differentiation of THP-1 cells so | continued teeu30 mg
films that were WA for 30 minutes for further stadi 30 mg films containing IL-4 were
also tested and release was analyzed by ELISA ézty 24 hoursKig. 2.3B). Again, a
burst release was seen within the first 12 houdsaasiow release followed out to 5 days,
releasing nearly 10% of the initial 200 ng IL-4.€Tinitial burst release is good fior

vivo implantation studies as well, because monocytkratfon and macrophage
differentiation occurs rapidly within the first 24 40 hours of a wound (He and

Marneros, 2013).
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Figure 2.3. Release of IFN-y and I1L-4 from Silk Films. (A) Silk films made from 10, 20, or
30 mg of silk and loaded with 200ng IFNeach were dried an/A for 30 minutes. Films
were placed in 1 mL PBS and samples were analygé&d ISA every 24 hours. 10mg films
released the majority of IFlN{76%) by 5 days. 20 mg films released nearly 6884, 30 mg
only films released 10% by day B)(A similar release profile for IL-4 was seen wab mg
silk films as well, where they released almost 1df%he IL-4 after 5 days. IL-4 release over
time was significant (F(6,14)=75.49, p<0.001).

The Influence of Molecular Weight of S|k and BSA Poragen on Cytokine Release

Silk fibroin is first obtained from silk cocoons Ipiling them in an alkali
solution of 20mM NaCO;s to remove the sericin. Boiling in the alkali saut causes
hydrolysis of the protein and the longer the protisiboiled, the more hydrolysis occurs
resulting in a reduced average molecular weighhefilk protein (Wang and Zhang,
2012; Wray et al., 2011). The solubilized silk gintobtained by boiling for various
amounts of times will also produce materials wittfedent mechanical properties (Wray

et al., 2011). Therefore, cytokine release wagtkssing two different boiling times to
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determine the effect of molecular weight on cytekialease. Dissolved and desalted
HMW silk is very viscous and will spontaneouslyrfoa gel after 2-3 months. LMW
silk, on the other hand, will never spontaneousiyf a gel and is much less viscous.
These two different molecular weight silk proteatutions were different enough that |
used them to make 30 mg films for the release Nf}FI also varied the WA times from
30 to 60 minutes to determine the best crystajlitatinduce in the silk films for
sustained released. All films were 30 mg. Cytokileasled into silk films made from
fibers that were boiled for 90 minutes releaseghsly more IFNy than the films made
from 30 minute boiled silk fibers (12% vs 10%).drgstingly, the WA times between 30
to 60 minutes did not appear to have a significapact on the total amount released
from HMW or LMW silk, though the LMW films that werWA for 30 or 45 minutes
showed slightly higher percentages of release #feemitial burst, likely due to

increased solubility of LMW silk filmsKig. 2.4A).

Diffusion is the main mechanism of small moleculegirelease through a
crystalized silk polymer matrix. However, largeofmins cannot diffuse easily through
the network of fibers that are interconnected tgioi+sheet domains. The fibrillar
network of dried silk films is very dense allowingly small molecules to diffuse
through easily. Pores can be created by dopingwamolecules into the silk solution,
which form small interconnected pores of that moleafter drying. This method of
using a poragen that takes up space and can anea&teonnected pores has been proven

useful for diffusion-based drug release system&igWen and Binglin, 1998).

To test if adding bovine serum albumin (BSA) aeagen would enhance the

release of cytokines from silk films by creatingg®for which the proteins could escape,
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several concentrations of BSA were added to sillt®ms. Loading more than 1% BSA
in the silk films caused them to lose their homamennature and became cloudy at the
edges and very brittle. At 1% BSA the films werné stear and without any observable
changes to stiffness. However, films containingBSA did not improve the release of
the IFN« with either HMW or LMW silk Fig. 2.4A). In fact, with HMW films, the BSA
poragen actually prevented the release of someylffbim the films. The various WA
times had little effect in terms of enhancing agymanting release of cytokines from BSA
loaded films. If addition of BSA increased thasheet content it could explaining the
decreased release profile, however the FT-IR sp@ctvas measured and there was no
significant change if-sheet content within the Amide | region of thesigectra after
addition of BSA Fig. 2.4B). This indicates that the silk network is not etésl by the
addition of 1% BSA, and therefore the BSA must preavthe release by other means,

either by blocking pores or by binding both 1FNid silk.
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Figure 2.4. Effect of Silk Molecular Weight and BSA Poragen on | FN-y Release. (A)

LMW and HMW silk was used for making silk films telease IFNy. All films were WA for
30, 45, or 60 min to induce some level of crystitfi. Furthermore, some films had 1% BSA
added to them to act as a poragen. Neither WA tiondBSA addition significantly affected
the release of IFN-from LMW films (F(5,24)=0.517, p=0.76). Howeven, HMW films the
addition of BSA significantly prevented releasdFfl-y (F(5,24)=404.6, p<0.0001), though
WA times did not impact the releasB) Using HMW silk, films were analyzed by FT-IR to
guantitate the contribution @fsheet structure after 30, 45, and 60 min WA. Addibf BSA
did not significantly altep-sheet structure, though at 30 min WA the BSA mayeh
prevented some of tifiesheet structure.
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Macrophage Polarization with Slk Films

THP-1 cells are monocytic cells derived from antagnonocytic leukemia
patient that are highly proliferative, unlike pdrgral blood monocytes, and they
maintain the ability to differentiate into macroglesa. In order to differentiate THP-1
cells towards the general macrophage phenotygdQanacrophages, they need to be
treated with phorbol myristate acetate (PMA), whachivates protein kinase C (Chanput
et al., 2013). Overnight treatment of THP-1 cellswPMA forces the cells to adhere to
the substrate. In order to determine how well §litks can polarize M1 or M2
macrophages, | either seeded THP-1 cells on tdipecfilms or directly on tissue culture
plastic followed by submersion of the films in tmedia. The cells seeded directly on top
of the films were also treated with PMA concurrgnivhereas THP-1 cells seeded on
tissue culture plastic were treated with PMA 16rsqurior to submersion of the films.
This approach reveals whether the cells are diffeaeng from the cytokines alone or

from interactions with the silk.

When THP-1 cells were seeded onto silk films cioimg either IFNy, IL-4, or
no cytokine as control, and treated with 100ng/mlARhey adhered and
morphologically looked like MO, M1, or M2 macroplesg The MO macrophages, seeded
on control films adhere strongly and only sligrgjyread out, whereas cells seeded on IL-
4 containing films will also attach and spread thty spread much further and adopt the
common “fried egg” morphology. Cells seeded on® N+ films will adhere and send

out projections, reminiscent of dendritic celsg. 2.5B).

Using qPCR, expression of M1 or M2 macrophage erartwere investigated.

First THP-1 cells were seeded into 24-well platemedia containing 100ng/mL PMA.
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The THP-1 cells were then incubated overnight uh&ly were strongly adherent to the
wells. These adherent cells are referred to as Méophages because they upregulate
the general macrophage marker CD68 compared witA-Tihonocytes from suspension
culture Fig. 2.5C). After PMA treatment films containing either IFNL-4 or control

films were then submerged in the media to releaseytokines. The M1 marker CCR7
was strongly upregulated after treatment with fikoataining IFNy. Macrophages
treated with IFNy films also suppressed expression of CD206, a cammmarker of M2
macrophages. MO cells treated with IL-4 films shdwilee opposite expression pattern

with an increase in CD206 and a decrease in CCRi&ssion Fig. 2.5D).
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Figure 2.5. Macrophage Polarization with Silk Films. (A) To differentiate THP-1 cells into
macrophage and polarize them to M1 or M2 the esbiseither seeded into a well containing
PMA (100ng/mL) and allowed to attached to the st&faf a cytokine loaded silk film or to
the tissue culture plastic. After overnight attaeiminand differentiation in PMA the media is
changed and if cells were initially seeded ontatitahen films are submerged in the media.
(B) THP-1 cells, after PMA treatment and attachmera tontrol silk film with no cytokines,
spread on the surface and small, flattened, roetisl @ttachment to the IFMfilm induces

M1 differentiation and the cells become elongaté&t \Wong processes (black arrowhead),
some also appear dendritic-like and send out psesas all directions (white arrowhead). On
the IL-4 films, the cells adhere and spread, ardieithe M1macrophage, processes are not
common. C) gPCR of THP-1 cells treated with PMA for 24 hssceampared to control cells
show an increase in CD68 expressi@). Polarization of the macrophage with either I{NF
IL-4 loaded films leads to expression of marker$/1df (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 gagtin response to stimuli. M1
and M2 are extremes of polarization phenotypesirbvito macrophages exist in a
continuum of various states. Not only do they existarious states but they are able to
change states depending on the environment andrpeaignals. For instance M2
macrophages in atherosclerotic plaques can becberepypically M1, which are the
cells that cause plaque formation in the first elé@dansson and Libby, 2006b; Swirski et
al., 2007). In culture, M1 and M2 macrophages canelversed by changing the cytokine

supplemented in the media (Davis et al., 2013a).

In order to show that silk films were also capatfieepolarizing macrophages,
the THP-1 cells were first polarized to M1 (witiNiFy) or M2 (with IL-4) and then
treated with the opposing cytokines loaded into fiins. THP-1 cells were treated with
PMA to differentiate them to macrophages and theatéd with 20 ng/mL IFN-for 48
hours. After 48 hours they expressed high levelS@R7, the M1 marker. Similarly,
when the THP-1-derived macrophages are treatedllihfor 48 hours they expressed
the M2 marker, CD206. Remarkably, when polarizednmahages were treated with the
opposing cytokine, or with silk films loaded withet opposing cytokine, for another 48
hours, the expression profiles nearly reverseifsance, when THP-1 derived
macrophages are initially treated with IiNer 48 hours and then the media is switched
to IL-4 for another 48 hours the expression of C@Rdramatically reduced and the
expression of CD206 emergdsd. 2.6A). The opposite is true as well: initial M2
treatment with IL-4 for 48 hours and then switchiondFN-y causes the loss of CD206

and a strong increase in CCHHd. 2.6B).
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Figure 2.6. Macrophage Plasticity. THP-1 cells were treated PMA for 16 hours and media
was then changed to either 20ng/mL INF IL-4 for 48 hours. After 48 hours in the inltia
polarization the media was again changed suctc#iiatthat had received IFNmitially then

got IL-4, and cells treated with IL-4 were switchi&N-y. The cells were lysed at the 48, or 96
hour time points after PMA treatment to look at GOR11) or CD206 (M2) expression. The
cells initially treated with IFNy showed very strong CCR7 expression at 48 hour®énd
hours. When cells were switched from INe IL-4 they lost their CCR7 expression and
gained CD206 expression. Similarly, cells initigifgated with IL-4 had strong expression of
CD206 at 48 and especially at 96 hours post PMatrnent, but when they were switched to
IFN-y they lost most CD206 and strongly gained CCR7 esgion. Student’s t-test. *p < 0.01.

Macrophage Degradation of Sk Films

When silk films are WA for greater than 2 hours ftksheet content of the films is
high enough that very little silk is still solukéata not shown). Thgsheet content can
be induced more rapidly also by increasing the &naipre during WA (Hu et al.,
2011b). When IFNror IL-4 was loaded into films that were WA for 26urs at 50°C,

the release of IFN-and IL-4 from the higlfi-sheet content films was negligibleig.
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2.7A); IFN-y released a total of 0.6% of 200ng over 5 daysil&ily, IL-4 release was
even less at 0.16% over 5 days. Pksheet content was measured at 35% in films WA
for 2.5 hours at 50°CHg. 2.7B), which is about a 40% increase from films WA@am

temperature for 60 minutes (Séig. 2.4B).

The release from the highsheet content films alone was not enough to pdari
the macrophages when the films were submergecimtdia and did not make direct
contact with the macrophages. However, when theaphages were seeded on top of
the films so that they adhered and were in direntact with the films, they did polarize,
though to a lesser extent than after adding thekayes to the media directl¥ig. 2.7C).
IFN-y loaded films caused macrophages to increase expnesf CCR7 nearly 8-fold
compared to cells on control films. IL-4 films ikased CD206 expression 4.5-fold
compared with the control. This demonstrates t@intacrophages were able to access
the cytokines within the films when in direct corttebut not when the films were

suspended in the media above the macrophages.

In order to determine if the macrophages wereatigg the films to access the
cytokine reserves trapped in the hjigeheet content films, the THP-1 macrophages were
trypsinized off the films and the films were imagexing SEM. The areas where cells
had attached was very obvious in all films (ContleN-y, and IL-4) loaded films. In
areas surrounding the locations that macrophageaditzered to the films were many
small holes. Individual macrophage locations asglgdistinguishable by the holes and
rough surface of the silk surrounding a i@ circular indentation where the actual cell

had adheredHg. 2.7D). The holes and indentations on the silk mostyikepresent the
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degradation of the silk films by the macrophagdsictvwould explain how they are able

to access the cytokines.
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Figure 2.7. Macrophage can Degrade Silk Films. (A) Films that werdVA for 2.5 hours at
50°C released very little of the cytokines thatevieaded into them. Each film contained
200ng of either IFN+or IL-4 and released a total of 0.6% and 0.15®gpectively.B) The
B-sheet content of the 50°C annealed films was aBoUt of the Amide | region (higbrsheet
content) as compared to the control film that hadbeenWA, which had just over 16%
sheet contentQ) CCR7 or CD206 expression was measured in THRK tbait were either
seeded directly onto highisheet content films or were seeded on tissuereuftiastic and
had the films submerged in the media. CCR7 and €D&fre only measured to change
significantly when the cells had direct contacthitte films. D) Macrophage were
trypsinized off of the films and the films were theisualized under SEM, showing signs of
degradation around the macrophage.
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Slk FilmsIn Vivo

Silk films were implanted subcutaneously in C57@tkice to determine if they
had a negative effect on the mouse and to lookHanges in macrophage response.
During the wound healing process, monocyte and ophage infiltration begins around
24 hours post wounding and peaks at 48 hours. dreret8 hours after implantation the
skin surrounding the implanted films was resecteldok at effects of macrophage
polarization. The resected skin also included tine itself, which was encapsulated in a
thin fibrous capsule. The films implanted were3flimg films, using LMW silk, and WA

for 30 minutes. Each film contained 600ng IFFNL-4, or a control with no cytokines.

Staining for the M1 marker CCR7 along with the gahenacrophage marker,
CD68, showed that there was little infiltrationrmoficrophages surrounding control films.
Strangely, IFNy loaded films did not result in higher numbers df Macrophages in the
vicinity of the film similar to the control filmsStaining for CCR7 or CD68 was nearly
absent with IFNy films. However, the IL-4 films seemed to resulincreased levels of
M1 macrophages (CCR)as well as more CD68 positive cells. These stginésults
showed that IL-4 lead to a higher macrophage mafithn, but that the population of
macrophages was a heterogeneous mix of both MM&nmhacrophagedg. 2.8). M1
macrophages were most commonly seen around theobhaé follicles in sections from
IL-4 loaded films. Previous studies have shown thaing the regressive phase of hair
growth, or catagen, higher levels of M1 macrophagegresent. The increased level of
M1 macrophages seen around hair follicles aftef film implantation may indicate that
IL-4 induces the exit from anagen hair growth ttagan. However, this data alone is

insufficient support for this conclusion.
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Control Film

- *

Figure2.8. M1 Macrophage Polarization In Vivo. Staining for CCR7, CD68, and DAPI in
sections derived from mouse skin with 10 mg filM&A for 30 minutes and loaded with 600
ng of IFNy or IL-4. Both control and IFN-films do not have infiltrated macrophage. IL-4
films show an increase in CCRY7 staining and CD&8utphout the adipose tissue. Dotted
lines mark the border of the silk film with tisswd * indicates the silk film.

Looking at M2 markers after implantation of therfd led to a similar result:
control films and IFNy films caused very little infiltration of macrophesgy(M1 or M2)

after 48 hours, whereas IL-4 films increased bothdvid M2 macrophage infiltration
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(Fig. 2.9). IFN-y films showed little infiltration of M2 macrophageakough there were
some pockets of tightly packed CD206/CD68+ celéd thay represent monocytes in the
blood vessels within the adipose tissue. IL-4-labfilens on the other hand had large
areas of CD206 and CD68 staining along the panmccgirnosus muscle and in the
adipose tissue. Staining for macrophage markettsefeCCR7, CD206, or CD68) was
not detected within the fibrous capsule surroundnegfilms. Staining of CD206 in

sections from IL-4-loaded films did not show angrgased staining around hair follicles.

Altogether, the silk films do not elicit a stromgmune reaction even with
cytokines loaded into the films. There was no okegle immunogenic reaction on the
skin above the implanted silk films out to 7 dagstptransplantation. A thin fibrous
capsule does surround the films 48 hours afteramtption, but does not stain positive
for macrophage markers CD68, CCR7, or CD206 inghgat is not likely giant cell
formation. IL-4 films appear to increase the imétton of macrophages to the site of the
film but do not prevent M1 macrophage polarizatompromote an especially strong M2
response. A more interesting site to follow up wiolo in the wound itself where a lot of
macrophages would be recruited normally. Anotherwborth investigating is the
intraperitoneal cavity where many macrophage resaeally and a strong macrophage

response can be elicited 24 hours after injecti@? Brewer thioglycollate medium.
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Control Film IL-4 Film IFN-y Film

Figure 2.9. M2 M acrophage Polarization In Vivo. Control films transplanted
subcutaneously show very little staining for CD8&@®206. Similar to control films, IFN-
films show little staining for CD68 or CD206 in thiesue but there do appear to be small
clusters (arrowheads) of CD68 or CD206 positivésabroughout the adipose tissue likely
within blood vessels. IL-4 films, however show anrease in CD206 staining outside of

blood vessels along panniculus carnosus and witleimdipose tissue.

Multi-layered Sk Films for Diffusion Controlled Release

The previous experiments showed that a vast niajoirthe release from the WA

silk films was likely due to the soluble portioristioe film that had not entirely
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crystalized. Therefore, a diffusion based relegstes, rather than a solubility based
release system, where the barrier to diffusiorasly tunable is highly desirable. To this
end, | created a multi-layered silk film where theer layers are fully crystalized and the
inner layer is completely soluble. To allow diffasiof the inner layer through the
crystallized outer layer, small holes (~10® diameter) were burned through outer

layers with a laser cutter.

To make the layered films a three step strategyemgsoyed. First the outer
most layers were crystalized with high heat andh lpigessure by squeezing them between
two blocks made of polydimethylsiloxane (PDMS) membossing press at 50 psi and
120°C Fig. 2.10A), which removes most of the water from the filmsl @auses rapig-
sheet formation. The crystallized outer layers wikes placed in a laser cutter that was
programmed to cut holes at specific spots on the fsecond, a “glue layer” consisting
of a soluble silk film that has its center puncloedi is then sandwiched between the two
outer films. The glue layer is hydrated with stefaom a sonication humidifier, which
allows it to crystalize at low temperatures andspuee when all the films are pressed
together. One hour prior to making the outer laytrs inner soluble silk film, which
contains fluorescently labeled albumin as modelgandfor release, was placed in
chamber with Drierite desiccant to keep the fillmgley as possible. Keeping the film dry
prevents the crystallization that occurs in therated glue layer due to the temperature
and pressure increase in the embossing presslykialathe components are sandwiched
together and pressed in the embossing press ptirahid 75°C for 10 seconds. The heat
and pressure causes the hydrated glue layer ttabrgs sticking the outer layers

together, whereas the inner layer remains entgelyble Fig. 2.10B).
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Figure 2.10. Heat and Pressure Annealed M ulti-layered Silk Films. (A) The outer two
layers of silk films are compressed at 50 psi axatdd to 120°C to fully crystallize the films
and holes are cut in one of them with a laser cuitdaydrated and soluble ring of silk, or
“glue layer”, is sandwiched between the outer afjiged films. A dry and fully-soluble silk
film loaded with albumin-fluorescein is placed iretcenter of the construct. The whole
sandwich of films is then compressed at 7.5 psi#i€ to crystalize the glue layer but
leaving the inner drug loaded film uncrystalliz€®l) When placed in PBS the inner layer
completely solubilized and diffuse out of the hdleshe outer layer. With no holes the inner
layer will still solubilize but cannot diffused oat the construct. With 9 holes all of the inner
soluble layer diffused out after 48 hours (holesraarked by an arrowhead{)(The number
of holes cut into the outer layer, from 0 to 9,alatined the amount and rate of release. The
inner film is loaded with 120 pg Albumin-fluoresneFluorescence was measured by
removing 10Qul supernatant and measuring fluorescence and reg¢utine supernatant to the
wells contain the compressed films. One-way ANO¥4,25)=15.01, p<0.0001.
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Fluorescein-conjugated albumin was loaded intarther layer as a model
protein, because it is large and cannot diffuseutyn crystalized silk. The linear range of
detection for fluorescein-albumin was empiricattgted to be betweemd/mL to 500
ug/mL, so 12Qug was chosen to be tested for release from theym&$eat annealed
films. Release from such films was controlled by tumber of holes cut into the outer
layer. As a proof of concept 0 to 9 holes wereintat the films. With no holes in the in
the outer films very little of the albumin-fluoresno conjugate was released, ~%15 total.
The albumin- fluorescein that was released fronfithres with no holes was likely due to
a small amount of leakage from the glue layer.trRipped between the films during
compression in the embossing press occasionalliplethall holes or incomplete
crystallization of the glue layers. This can bereoted in the future by keeping the entire

apparatus and films in a vacuum during the heatpaessure treatment.

Discussion and Conclusions

Silk has been used for medical sutures for cezguithough more recently silk
materials have really begun to emerge as versatterial for medical applications and
in fact the FDA approved the Seri Surgical Scaffoldsoft tissue reinforcement during
surgery in 2013. A great many more medical usesifoproteins have been published as
well, displaying the promise that this biodegradeabioresorbable, and non-
immunogenic silk material holds. In this work, Ingeated silk films using various
techniques for the controlled release of cytoktmesanipulate macrophage polarization

invitro andin vivo.
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Macrophages have been implicated as a driving factoumerous diseases from
cancer to atherosclerosis and metabolic syndromme miedical benefits of having an
implantable film that locally controls inflammatipparticularly through directing
macrophage polarization, holds great promise fes¢hvarious diseases. | have shown
that silk films that are loaded with cytokines aagpable of a controlled release that
polarizes the macrophages to either the M1 or Méhptype. In addition, | showed that
by using these films, macrophages can be repothfioen an M1 or M2 state to the
opposite state. The repolarization is importantdiseases such as atherosclerosis, in
which many M1 macrophages are already presentepadarizing them towards M2
macrophages could be very beneficial. Similarlycancer, where TAMs are present,
polarizing them towards an M1 phenotype may helatiacking the cancer and

preventing its spread.

Several variables were taken into account to oboyitokine release from silk
films: solubility and crystallinity, thickness, pyen addition, and diffusion barriers. The
solubility of silk films with respect to the amouwit crystallinity the films contain was
first investigated. Using thin films containing i@y silk fibroin and a short WA time of
15 minutes induced very little-sheet content in the films as compared with utéka
films and they dissolve rapidly when placed in PB&ying only a small ring of
crystalized silk that does not dissolve. By inchegshe time of WA to 30 or 45 minutes,
there was a slight increasefirsheet content, but a drastic decrease in solphildnger
than 2 hours of WA caused the films to become ursdel WA times, therefore, can be
used to fine tune the solubility of the silk. Beeme30 and 45 minutes of WA there is the

initiation of intermoleculaf-sheet formation, however large portions (about p6Pshe
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silk still remain in the Silk | configuration andlirdissolve out. There does not appear to
be an intermediate structure of silk that dissolwese slowly, as no extra dissolved silk
was detectable after 48 hours in PBS. Thus thasséither in a fully soluble or fully
insoluble state, and only the amount that dissategsbe controlled by varying the WA

time.

One hypothesis was that thicker films would reld&dé&y more slowly because it
would take longer to dissolve the silk out of thm$. However, the release rate was not
significantly slowed by making films thicker, buisitead the total amount released was
changed. When 200 ng of IFNwas loaded into 10, 20, or 30 mg silk films thubdity
of those films correlated well with the releasehs IFNy. Most of the IFNy (80%) was
released from the 10 mg films that had been WA3tbminutes and were 25% soluble.
Similarly with the 20 mg films, the release of IFNvas decreased to 60% and the
solubility was decreased to 23%. The 30 mg filmshenother hand released only 10% of
the IFN« and had a solubility of only 1%. This indicateattthe amount of release can
be correlated with the amount of silk that dissslfrem the films. This data indicates
that there will always be a burst release of thelage as the silk will dissolve out
relatively rapidly within the first 24 hours. Oveite course of 5 days the release of FN-
or IL-4 only slightly increased, potentially duettee degradation of the silk, though the
amounts released were within the physiological eastgtected in human plasmmavivo
after and infection (Hailu et al., 2004). Howewube degradation rate, and subsequent

release of cytokines was not tested out past 5 days

Smaller fragments of silk protein generated by biydis with longer boiling

times was hypothesized to increase the speed ahwlik degrades by decreasing the
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strength of th@-sheet domains. This would allow a steady releépdygsiological
concentrations of cytokines over time. However, §0itims made from LMW silk only
released slightly more IFMthan HMW films, indicating that even the smallexgments
of silk protein are able to form fairly strofigsheet bonds after WA. Adding poragens
was also hypothesized to allow more of the prateibe released from beta-sheeted films
after the initial burst release by potentially digting some of th@-sheet structure and by
creating paths for more of the cytokines to esdaypa -sheeted sections of the films.
However, addition of BSA did not seem to have daatfon release from LMW silk

films but from HMW films it actually reduced the aomt of IFN«y released. Thp-sheet
content was the same with or without BSA meanirag the introduction of BSA did not
interfere with silkB-sheet formation and that it was not a functiormbgen because

release was actually decreased by addition of B&Ae HMW films.

Initial experiments creating layered film structisich that the outer layers were
completely insoluble while the inner drug-contagiayer remained 100% soluble
showed some promise for more controlled releas@ggoSmall holes cut by laser into
the surface of the outer layers allowed for reledgbe inner soluble layer, which could
be controlled by increasing the number of holess Téchnique of adding pores to a
crystalized layer can be controlled down to theomagter scale by addition of polyvinyl
alcohol (PVA) to the silk solution (Wang et al.,22). Though it was not testeavitro
orinvivo, these porous layered films may hold the greateshise for controlled release

of larger proteins, such as cytokines, from films.

| used the THP-1 monocytic cell line asiarvitro model for control of

macrophage polarization by silk films. PMA treatrnehthe THP-1 cells differentiates
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them into MO, or general macrophages, as gaugeah lnycreased expression of CD68,
and the cells attach well to the tissue culturstptaor to the films. Macrophage
polarization to M1 or M2 was controlled using filmgh 200ng IFNy or IL-4,
respectively, which were put either in direct cantaith the cells (cells were seeded on
top of the films) or the films were placed in thedra above the cells. Both methods
caused polarization as long as the films releastshat 10% of the cytokine within the
first 24 hours. Films with a high degreefls§heet content induced by high temperature
(50°C) and long WA times (2.5 hours) did not reeeasough cytokines to polarize the
macrophages when indirectly added to media. Howyeween the cells were directly
seeded onto the films they were able to degradsilhallowing access to the cytokines
inside. This shows that there are two potentiat disethese silk films, first to control
macrophage polarization in surrounding tissue bgaseng cytokines, or second to
control macrophage polarization only at the logatd the implant. The second option
may be desirable in tissue engineering applicatibare normal immune responses may
be necessary for tissue integration but formatiogiant cells or fibrous capsules may be

inhibited by controlling macrophages directly a gite of the scaffold tissue.

To show that the cytokine-loaded films could patdht be used to treat diseases
such atherosclerosis or chronic inflammation instlyethat would require the
repolarization of resident macrophages, the filnesanused to test the plasticity of
polarized macrophages. To do this, macrophages potaeized for 48 hours toward the
M1 or M2 phenotype with the addition of IFNer IL-4 to the media, respectively. After
that initial polarization, films containing the apgte cytokine were introduced to see if

the macrophages could switch from M1 to M2/i@e versa. The films very efficiently
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repolarized the macrophages as determined by Igati€CR7 and CD206 as markers
of the M1 or M2 phenotype. This demonstrates thesé films could potentially be
wrapped around blood vessels showing early athierasic lesions or by implantation
into subcutaneous fat tissue to regulate the #gtfithe M1 macrophages. Similarly,
many tumors have associated M2 macrophages thaatach more invasive phenotype
and poor prognosis. The IFNfAIms may be able to treat these types of tumerzal by
forcing the M2 tumor-associated macrophages irgaMt type, which are known to be

able to kill tumor cells and prevent tumor invasigss.

Finally, several films were implanted subcutanepirsio mice. The films
contained IFNy, IL-4, or no cytokine as a control. Interestinglye films loaded with IL-
4 had the strongest effect by recruiting more maltages within the tissue near the site
of the films, as marked by expression of CD68. Hesveboth M1 and M2 macrophages
were observed within the adipose tissue when théfilms were implanted, indicating
that either the films did not contain enough ILedfdrce M2 macrophage polarization
exclusively or thatn vivo IL-4 recruits macrophages of all types. Anothesgbility is
that IL-4 recruited M2 macrophages that then reéecuother M1 macrophages through
downstream mechanisms. Strangely, INHms were indistinguishable from the control

films with very little staining for macrophages néae films.

Future Directions

By tuning the solubility of the silk with WA | waable to control the amount of

cytokine released from silk films, though | was bieato control the rate at which the
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cytokines were released. There are several stemtégat can be deployed that may work
to create a sustained release of cytokines. Thedpproach | would take to generate
steady release kinetics would be to functionaleedilk with a hydrolysable linker that
covalently connects the cytokines to the silk. &@mple, functionalizing the films with
sulfhydryl groups could allow attachment of IFMNr IL-4 via disulfide bonds with their
accessible cysteine sulfhydryl residues. The {Fd-IL-4 could also be functionalized
using N-succinimydyl 3-(2-pyridyldithio) propiona(€PDP) to add sulfhydryl moieties
to their free amines. The IFNer IL-4 could then be released through hydrolgsis
reduction by conditions produced by macrophagesoémel immune cells and the water
found in all tissues. Disulfide bonds are naturgrolysable and therefore the release
rate in water would depend only on the reactioa cainstant of hydrolysis. This method
was previously used with a wool keratin sponge cliias many cysteines that can form
disulfide bonds with the functionalized surfacdysiozyme (Kurimoto et al., 2003). The
keratin and lysozyme were oxidized in the pres@i&PDP to link the free amines on
lysozyme to the sulfhydryl groups on keratin thrhowgdisulfide bond. The lysozyme was
released stably for 21 days and the linkage stailthe enzyme so that it maintained its
activity the entire time. There are other reagémds can be used to generate free thiol
groups on silk as well such as traut’s reagenia@ahium coupling linked with a
sulfoaniline. Diazonium coupling has been useditfionalize the tyrosines on silk
fibroin with hydrophobic or hydrophilic analines (ivphy et al., 2008). The same process

can easily be done with sulfhydryl analines sucA-aeenylamino ethanethiol.

Creating the heat- and pressure-annealed filmsmitho-pores for the slow

release of cytokines from the fully-soluble innaydr is likely the easiest method for
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controlling release. Though the release may be dasthe order of days or weeks, it may
be more amenable for locally controlling macrophaggponses than the WA films that
gave a burst release followed by very slow reledgbe cytokines. In order to make the
porous outer layer of films PVA of varying concextibns can be added to the silk
solution. As the silk dries the PVA will coalescesamall droplets throughout the silk
film. After crystalizing the silk, the PVA dropletan be leached out in water to produce
small pores throughout the film. By adjusting tli@@entration of PVA the pore sizes

can controlled as well.

Finally, | presented strong evidence that silinfilcan be used to control time
vitro polarization of macrophages. Howewueryivo evidence could be much stronger.
By implanting the films subcutaneously away frora ite of the incision | limited the
macrophages response that | saw. The hope wase togeinfiltration of macrophages
due to the films, but unfortunately there was Jéthe macrophage infiltration and the
polarization results were inconclusive. Using adretite, such as directly on a full-
thickness skin punch biopsy (Lucas et al., 2010 ¢the intraperitoneal cavity after
induced peritonitis using thioglycollate (Zhangét 2008a), the macrophage response
should be much more pronounced. An increased mhaaggresponse could demonstrate
the capacity of the films to polarize macrophaigesvo more convincingly than the

subcutaneous implant location.
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Materialsand Methods
Sk Degumming and Dissolving

Silkworm cocoons fronBombyx mori were purchased from Tajima Shoji Co.,
LTD (Yokohama, Japan) and are processed into plrélsoin solution as previously
described (Rockwood et al., 2011). Briefly, cocaoa cut into small pieces and placed
into boiling 0.02mM NaCO; for various times depending on experiment (in ghisly 30
minutes or 90 minutes). Silk fibers boiled for 3thates are referred to as “high-
molecular weight silk” (HMW) and 90 minutes as “lanolecular weight silk” (LMW).
After boiling the fibers are washed in deionizedevand left to dry in a fume hood
overnight. The next day a solution of 9.3 M LiBradded to the silk fibers at a ratio of
1:4 weight (g) to volume (mL) and then allowed tssalve at 60°C for 4 hours. The silk
solution is then dialyzed against 4L deionized wéie3 days, changing the water 3
times per day for a total of 7 changes. At thahpthe silk fibroin is centrifuged at
4,000xg to remove particulate matter and is readgxperiments. To determine the
concentration of the silk solution, 1mL of solutisnadded to weigh boat and weighed

before and after drying in a convection over at®0¥%ernight.

S|k Casting and Water Annealing
Polydimethyl siloxane (PDMS) (GE Plastics, PittfjeMA) was cast into 24-

well culture plates to make 1.4cm diameter PDM$hdgrs. Silk solutions were added
on top of the cylinders and allowed to dry overmighder constant air flow. The dried
silk films were then placed in a vacuum chambehWwdsin of water inside. The vacuum
chamber was sealed and a vacuum was pulled toR&0Tkhe vacuum was removed to

allow the water to evaporate and build the watesgure in the chamber. The amount of
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time in the WA chamber is specified in each expentrand determines the amounpef

sheet crystallinity that will be induced in the eradl.

Heat and Pressure Annealing for Layered Films

Dried films were placed between PDMS and a thireshizkel and loaded into an
embossing press to compress the PDMS-silk-nickelwech at a pressure of 50 psi and
at temperature of 120°C, which generated insolfilnles. Adjusting the pressure down to
7.5 psi and the temperature to 75°C will crystahgdrated films whereas dry films will
not crystalize and remain soluble. Films are hyattdtty passing through room
temperature steam generated by a Vicks® ultrasumuidifier. To keep films dry they
are stored in a jar filled with Dierite Dessicapbur-layered silk films were created using
two insoluble films for the outer layers with a ngted silk-ring inner layer that acts as a
glue that crystallizes at 75°C and 7.5 psi. Theimmost layer is a dry film that will not
crystalize and remains soluble. The inner dry-fiomtained 12@g Albumin-fluorescein
(Sigma Aldrich). Prior to combining the films thater layers would have various

numbers of 100m holes cut in them with a Trotec Speedy 300 las#er.

FTIR Analysis

Fourier Transform Infrared spectroscopy (FTIR) nueasents were recorded
with a was performed with a Jasco FT/IR-6200 Spewtter with a MIRacle™
Attenuated Total Reflectance (ATR) crystal (Pikb)ed he wavenumber spectrum
analyzed was from 400 to 4000 ¢rand beta-sheet content was measured within the
amide | region from 1590-1700 émOrigin software was used for peak fitting of the

deconvoluted IR spectrum. Area under the peakscadasilated at full-width at half-max
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and were used for quantitationf3sheet content using the peaks within the 161G261
cm*range.

Solubility testing

1.4cm diameter silk films were placed in 1 mL 1XoBphate Buffered Saline

(PBS) (Gibco) in wells of a 12-well culture platea{con) and placed on a shaker for 24
hours. Wells that had either 10, 20, or 30 mg lkfsplution added to PBS was used as
the 100% control. Standard curves were made byirjsilk 1:1 starting with 30mg/mL
down to 0.47mg/mL in PBS. 200ul of dissolved sithusions were added to 96-well UV

microplates (Thermo Scientific) and the absorbat@80nm (A280) was measured.

IFN-y and IL-4 Release

200ng of human recombinant IFNer IL-4 (Peprotech) were added to the silk
solution to be cast into a film. After the films rgedried and WA they were placed in 12-
well plates containing 1mL PBS and placed on aahtkallow release of the cytokines
from the films. At each time point to be measutsal full LmL was removed from each
well and a fresh 1mL PBS was added. All samplegvirezen at -80°C. To measure the
amounts of IFNy or IL-4 in each sample ELISA kits (R&D Systems;4lDuo Set,

DY204; IFN<y Duo Set, DY285) were used according to manufacfnaocol.

THP-1 cell culture and treatmentswith IFN IL-4 & Films
THP-1 cells were purchased through ATCC. They aatained in RPMI-1640

with 10% Fetal Bovine Serum (FBS) and 1% antibtatitimicotic (Gibco, Life
Technologies). 5 x facells were seeded per well of 24-well plate in RRBR6 FBS
containing 100 ng/mL phorbol myristate acetate (BNBigma Aldrich) and allowed to

attach to the plate overnight. The next day media ghanged to polarization media or
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films were added. M1 polarization media was comgagfeRPMI1/10% FBS containing
20 ng/mL IL-4. M2 polarization media is the sameviisbut with 20 ng/mL IFNy

instead of IL-4.

Scanning Electron Microscopy

Silk films were dried and cut in half then sputteated with platinum. Images

were taken with a Zeiss Supra 55 VP SEM.

In Vivo Implants

30mg silk films made from low-molecular weight sd&ntaining 600ng IL-4,
IFN-y, or PBS as control were WA for 30 minutes and ampd subcutaneously onto the
backs of C57/Blk6 mice according to IACUC protocd®¥#ior to insertion of the films
under the skin, mice were anesthetized with 5%usoédne in air and their backs were
shaved, swabbed clean with ethanol followed bynedAfter implantation the wounds
were stappled shut and the mice were injected mtprofen. After 48 hours post-
transplantation the mice were euthanized withh @ cervical dislocation. The skin
surrounding and containing the silk films was e&disnd fixed in neutral buffered

formalin for 48 hours.

I mmunofluorescence staining

Fixed skin samples were dehydrated with increasamgentrations of ethanol
followed by xylene. The tissues were then embedd@araffin wax and §m sections
were cut with a microtome and placed on SuperArPast microscope slides. Paraffin
was removed with xylene and the tissue sections wadrydrated in decreasing
concentrations of ethanol and finally deionizedexatieat induced epitope retrieval was

performed by boiling slides in 10 mM citrate buffpH 6, for 30 minutes. Sections were
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blocked with 5% goat serum in PBS for 30 minutes tren primary antibodies were
added to the slides for 1 hour. Slides were wagh&BS-T (PBS with 0.05% Tween-20)
and secondary antibodies were added for an additlmur. Images were taken with a

Zeiss Axiovert 40 CFL.
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