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IDENTIFICATION OF INVASIVE AND METASTATIC POTENTIAL OF TR.-2
KNOCKOUT KERATINOCYTES
BY
Sarah Jung

ABSTRACT

Tpl-2/IMAP3K8 is a serine/threonine protein kinase that can activate thertpaios of
target genes involved in pathways associated with mitosis, cellular difégien, apoptosis, and
inflammation. Our laboratory has previously identified that mice missinggh2 gene (Tpl-2
knockout mice) are more susceptible to the development of skin cancer—the moshprevale
cancer in the United States. However, it is unknown whether the squamous skin tbeicers
develop in Tpl-2 knockout mice have more potential to become invasive than those skin tumors
that form in normal mice. Therefore, in this thesis, we compared the invasive astiatnet
potential of skin cells (keratinocytes) from normal and Tpl-2 knockout mice with stiomuland
genetic alterations like constitutively-activated Ras. Usingouariechniques including
microarray, real-time polymerase chain reaction, and zymography we fouridk&lwell-
known protease associated with metastatic cells, to be up-regulatedRatAHevel. Also,
while Tpl-2"* keratinocytes migrate faster than Tgl4 anin vitro scratch assay with H-Ras-
infection and Mitomycin C, Tpl-2keratinocytes have a higher malignant conversion rate and
better potential for angiogenic ability when the Ras oncogene is constitw#otalgted. These
experiments provide evidence that TPl4&ratinocytes, in conjunction with mutant Ras, show

potential to become aggressive and invasive.



ACKNOWLEDGEMENTS

There are numerous people who have both helped me with these experiments and guided

me through this process. First and foremost, | want to thank Dr. DeCicco-Skinner for her
creativity, perseverance, thoughtfulness, and patience with me throughotrtaleyexperience
as a Masters student. At American University, | would like to thank Dr. Céutilhiis
Bioinformatics class and help with the microarray experiment, Cuwtili&n, Tracy Tabib,
and Hepzi Alexander for their wonderful assistance with experiments and suppor igleting
everything at hand on time, and Taylor Dempsey for her help with the real-timegpagem
chain reaction runs. At NIH, I would like to thank Caroline Garber for her assestn the lab,
Louwei Li and Padmakumar Velayuthan Chellammal for their assistaititéhw IncuCyte
program and scratch assay, Stuart Yuspa for his assistance and advice eativéision assay,
Cristophe Cataisson for his assistance in nearly everything includingh& microscope, the
tubulogenesis assay, and tissue culture advice, and Jonathan Wiest for his sapptamand
for pushing me through the microarray project. Biological research is a caliabazffort, and

| could not have succeeded without any of them. Thank you again.



TABLE OF CONTENTS

A B S T R A T ettt e e ettt oo et ettt h e e e et e et e e e et eeha e e et eeaa e e e e ennan e aaeaeernans il
ACKNOWLEDGEMENTS ...t e e e e e e e e e e e nnnnn e e eeennes ii
LIST OF TABLES ... .ottt oottt e e e e et e et e e e e e eeaaa e e e e e esta e e eeeenannnnns Vi
LIST OF ILLUSTRATIONS ...ttt e e e e e e e e e e n e e e e e ennnn s vii
CHAPTER 1 BACKGROUND ...ttt e e e e e e e e e eeeees 1
CHAPTER 2 OBJECTIVES AND SIGNIFICANCE ..o 24
(@ o T=Tox 11V RSP 24
ODBJECLIVE 2 ...t e e e ettt e e e e e e 24
CHAPTER 3 MATERIALS AND METHODS ... e 25
Chemicals, Reagents, and INStrUMENTS ...........ouuuuiiiiiiiiiiiiee e 25
ANIMAS ...ttt e e e e e e e e e 26
Newborn Mice SKin REMOVaAL............ouiiiiiiiiiii e 26
Keratinocyte Preparation, Isolation, and Plating ...........ccccoooeiiiiiiiiiiiiiiiiiiinn, 27

TPA Treatment, H-Ras-transduction, Mitomycin C and MNNG

Treatment, and MAP3K8 OVEIreXPreSSION.......uuuuuuuuiiiieeeeeeeeeeeereeeeeeensnnnnnnnaeeeens 28
RNA Extraction and ISOIAtioN............cuveiiiiiiiiiiece e 30
Affymetrix Microarray Preparation and Preliminary Data Filtgrin................. 31
Zymography Preparation and ProtoCol .............ccceeiiiiiiiiiciiiieiceeere e 32
Real-time Polymerase Chain Reaction (JQPCR) Preparation and Protocol ........... 34
In vitro Scratch/wound Healing Assay Preparation and Protocol ........................ 35
In vitro Conversion Assay Preparation and Protocol..............ccccccecciiiiiinieeeeeeeee, 36
In vitro Angiogenesis/tubulogenesis Assay Preparation and Protocol ................. 37
Microarray Data ANAIYSIS ......uuuuuiiiiiee e ee ettt e e e e e e e e e e e 38
OPCR Data ANAIYSIS ...euuuiiiieeie e ettt s s e e e e e e e e e e et e e eee e e e e e e e e aeaaeees 39



Scratch Assay Data Analysis using INCUCYLE ..........coovviiiiiiiiiiiiieeee e 39

In vitro Conversion Assay Data ANalySiS..........ooooiiiiiiiiiiiiiiiiii e 39
CHAPTER 4 RESULTS ..ottt ettt e e e e e e e e e e e e e e e e e 40
1Yol o= T = | AT 40

Global Results and Initial Filtering for Significant Gene
Comparison between Genotypes Associated with TPA Treatment.......... 40

MMP-2, MMP-3, MMP-9, Lipocalin-2, and TIMPs: MMP-9 is
Up-regulated in Tpl-Z Samples, while TIMP-2 is Down-regulated

WIth TPA TrEatMENT ......uiiiiiiiiiiiiiiiii e 44
Real-time Polymerase Chain Reaction for MMP-2 and MMP-9.............cccc........ a7
A/ 0o To | -1 o 0 Y2 48
In vitro Wound Healing/SCratCh ASSAY ..........cceevvuviiuiiiiiiiiiieeeeeeeeeeeeeeeeeeenann s 50
In vitro Malignant ConNVErSiON ASSAY .....cciiieeeeeeeieeiieeeeiiiiiiiiiasaaseeeeeeeeaaeeeesennsnnnnnn 53
IN Vitro TUDUIOGENESIS ASSAY....uuuuiiiiiiieeeeeeiieeeeieeeteiers s s e e e e e e e e e e e e e e eeeeneeaannnnas 55
CHAPTER 5 DISCUSSION ...ttt ettt e e e e e e e eeraa e e 59

Genes Associated with Cellular Invasiveness like MMP-2 and MMP-9 are
Up-regulated at the RNA Level in Tpl“Mouse Keratinocytes ........................ 59

Tpl-2” Keratinocytes May Migrate Slower when Cell Replication is
Inhibited, but their Higher Conversion Rate and Higher Tube Formation
with Mutated Ras Suggest Potential for Aggressiveness and Metastasis in

IMIOUSE SKIM ...ttt e e e e e e e e e e e s e r e e e eeeans 62

Future Experiments and DIr€CHONS ...........uuuuiiiiiiiieeeeeee e e e e e e e 66
CHAPTER 6 CONCLUSIONS ...ttt e et e e e e e e e e e e eeenes 70
REFERENGCES ...t r e e e e e e e s 71



LIST OF TABLES

Table
Table 1: Type Of SKIN GIOWLENS........iiiiii i a s e e e e e e e e e e aeeeeeeenenne 3
Table 2: Clinical Stages of BCC and SCC and Melanoma, from the National Cancer

INSHEULE, 2010 ...t e e e e e e e e e e e e e e s e e e e e e e e e e e e e 6
Table 3: gPCR Primers for MMP-2, MMP-9, @BHICTIN ..........coeriiiiiiiiiiiiiiiiieee 34
Table 4: Significant Genes based on Genotypic DIfferences ...........ooovvvvvviiiiiiiiiii e 46
Table 5: Gelatin Zymography Densitometry RESUILS ...........ooouuiiiiiiiiiiiiniee e 49
Table 6: Conversion ASSAY RESUILS .......uuuiiiiiii e e e e aea e 53
Table 7: Quantitative Tubulogenesis ASsay RESUILS........coooiiii i 57
Table 8: Conversion Gelatin Zymography Densitometry Results................ovviieiiiiiiiiieeeeeeeeeee, 68

Vi



LIST OF ILLUSTRATIONS

Figure
Figure 1: Layers Of the SKiN.........oooieiiiii e e e e e e e e e e e e eeees 1
Figure 2: The Seven Hallmarks Of CANCEN..........coouiiiiiiiiiiiii e e e eaaeeees 3
Figure 3: Skin Growths Associated with BCC and SCC..........cocvviiiiiiiiiiiiii e 5
Figure 4: Images Of MElaNOMA ... ....oooiiiiiiiiiiiie e as 5
Figure 5: Canonical and Non-canonical NB-Activation Pathways ...........cccceevveiiiiiiiiiiiieieeiiinn, 8
Figure 6: The NReB1, ABIN-2, and MAP3KS8/Tpl-2 ternary compleX ...........oovvvvviiivviinnninnnnnnn. 10
Figure 7: The Activation of NkB1 and Subsequent Cell Cycle Progression and Apoptosis

INNIDITION et e e e e e e e e e e e e 10
Figure 8: Matrix Metalloproteinase ACHVALION .............iiiiiiiiieeeieiiieieeeiirrr e e e e e e e e e e eeeeeeannnn 14
Figure 9: The WouNd HealiNg PrOCESS ........uuuuuiiiiiiiiieeee et e s 15
Figure 10: MMP-9 Activation PathiWay ............ccooiiiiiiiiiiiie e e e e e e 17
Figure 11: The Agonist TPA and its General Activation Cascade .........cccceveeeeeiiiiiieeiiiiiiiiiinnn 21
Figure 12: Box-whisker Plot and Profile Plot of Experimental Groups, Norekllzg-

Transformed, and Median-Centered ............ooooi it 41
Figure 13: MA-Plot Comparing WT Oh (Sample 1) and KO Oh (Sample 2)............cceevvvvvvvernnnnns 42

Figure 14: Global Heatmap of Differential Expression between Genotypeskaid Change
Filter 2 for the Three Ratios that Compared Expression between Genotygses EHeA

LIS =0 11T 01 PP 44
Figure 15: Heatmap of MMP-2, MMP-3, MMP-9, Lipocalin-2, and the TIMPS......................... 45
Figure 16: Heatmaps of Significant Genes based on Genotypic Differfeocethe 3 Fold

Change Ratios for TPA TreatMeENt .........iiiiei e e e e e e e e e s 45
Figure 17: Real-time Polymerase Chain Reaction Results for MMP-2)(AMMP-9 (B) ...... 48

Figure 18: Gelatin Zymography with Untreated, H-Ras, TPA, and H-Ras ah&adiRples.... 49
Figure 19: SCratCh ASSAY SUMIMAIY .......ccoeiiiiiiiiiieeiiiiiiiiiaa e e e e e e e e e e e e et eeaaesabn e a s s e e e e eaeeaeeeeeeeeenens 51

Figure 20: Migration Differences of H-Ras-infected Keratinocytits @ell Replication
INNIDITOr MITOMYCIN C ...t e e e e e 52



Figure 21: Keratinocyte Cellular Morphology and Conversion Assay DistersRifodamine

1 = 111 o RSP 54
Figure 22: Tubulogenesis ASSaY RESUILS .........cooi i 56
Figure 23: Full Blood Vessel Networks made by 3B11 Cells from Conditioned Media

Y= 10 0] 01T PR PTTPPUPURPT 57
Figure 24: Heatmap with the Most Significant Genes Based on GenotypiceDdés Across

TPA TrEAIMENTS ...t e e et e e e et e e e et e e e et e e eea e e eennas 67
Figure 25: Gelatin Zymography with Conversion Assay Samples.........ccccevvviieiieeeiiiiveeeeeiiiiiinnnnns 68

viii



CHAPTER 1

BACKGROUND

As the largest organ in the body, the skin is tist barrier against foreign pathogens :
protection from heat and injury. Its other funosanclude water storage, insulation via
storage, sensation, temperature regulation, arguption of vitamin D (National Canc
Institute, 2010). The skin has two lay—the epidermis and dermis—atitky serve twc
different functions. The epidermis provides watsulation and is the primary barrier agai
foreign material, while the connective tissue & tiermis cushions and protects the body 1

stress and strain (Fig. 1A-B\ational Cancelnstitute, 2010).

Basal cell

"I
{ {
\ | Blood'\\essels ———Melanocyte

)R —

-Hair shaft
Qil gland

_HEpidermis

+Dermis

L Sweat gland
8 \Fatty tissue
Figure 1: Layers of the Skin(A) The epiderm—the primary barrier against foreign mate—
consistof squamous cells, basal cells, and a few melaeecyB) the derm, which protects th
body from stress and stragpntains several cell types and other structukeslyimph vessels
and sweat glands; and the layer below the skinstlbeutaneous layer, consists mostly of fat
collagenBetween the epidermis and dermis is the extraegllaktrix (also known ahe
basement membrane), and matrix metalloproteindd®dE) help degrade this extracellu
matrix in both normal processedike wound healing—as well as in dysregulated processes
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cancers that become metastatic and spread to other parts of the body. Figtine fiatmonal
Cancer Institute, 2010.

The epidermis consists of the top layer of skin, mostly consisting of flat, squagitsus
Below the squamous cells are basal cells. Melanocytes are alscescattemg basal cells,
found deeper in the epidermis (Fig. 1A). Melanocytes produce the pigment melanin fduad in t
skin. When the skin is exposed to ultraviolet (UV) radiation, these cells make morenp;
which is responsible for the skin darkening during sun exposure (National Canitetelnst
2010). The skin layer below the epidermis is the dermis, and it contains several tyglés of
and structures such as blood vessels, lymph nodes, and glands (Fig. 1B). Sweat glandp help ke
the body cool and sebum glands are responsible for making sebum, a substance that keeps the
skin moist, preventing it from cracking and drying out. Both sweat and sebum reaclabe sur
of the skin through pores (National Cancer Institute, 2010). Despite their diffenctipns,
together the epidermis and dermis provide interconnected protection for the dradgtirnal
and external factors. However, cancer can arise when new cells frepidbemis, dermis, or
other areas of the body proliferate in an uncontrolled fashion or when damaged cellglido not
as they should, resulting in accumulation of extra cells and subsequently fartoimgr
(National Cancer Institute, 2010).

There are over 200 different types of cancer, defined as uncontrolled cédirptiain.
The seven hallmarks of cancerous cells include self-sufficiency tolgsgrials from mutations
in proto-oncogenes (genes of the cell cycle), insensitivity to antigrowthsigrasion of
programmed cell death (apoptosis) due to mutations in tumor suppressor genes, unlimited grow
and proliferation potential relating to sustained chromosomal telomeré |eogtinual
angiogenesis (formation of new blood vessels), tissue evasion and metastasis@nakitidn

(Hanahan and Weinberg, 2000; Colatal, 2009). These seven main characteristics delineate



between normal and cancerous cells (Fig. 2). Skin cancer in particular has beero|sdwsatdl

hallmarks, including inflammation (Mooet al, 1999; Colottaet al, 2009).

Self-sufficiency in
growth signals

Insensivity to
anti-growth signals

Inflammatory
miecroenvironment

Sustained
angiogenesis Tissue invasion
& metastasis

Figure 2: The Seven Hallmarks of Cancer. The seven hallmarks of cancer imtfude s
sufficiency to growth signals from mutations in proto-oncogenes, insenstowvénti-growth
signals, evasion of apoptosis from mutations in tumor suppressor genes,dimitesitrolled
replicative potential from sustained telomere length, sustained/iedraagiogenesis, tissue
invasion and metastasis, and inflammatory microenvironments. Figure frama@olal, 2009.

Skin cancer is the most prevalent cancer in the United States (Natiowalr Gesiitute,
2010). However, not all skin growths are considered cancerous. Moles are common growths on
skin and they rarely become tumors. However, malignant growths that doreooorsidered
skin cancers. Skin growth differences—benign (not cancerous) and maligmear¢ces)—are
presented:

Table 1: Type of Skin Growths

Typeof Growth  Benign Malignant

Examples Moles Basal cell carcinoma (BCC), squamous cell
carcinoma (SCC), melanoma

Lifethreatening? Rarely Can be life-threatening




Removable? Easily removableusually Removable; sometimes grows b
does not grow bau

Invasion ability ~ Does not invade/spread May invade/spread to other tissues or a
neighboring or other tissu of the body

The two most prevalent types of skin cancer aralkasd squamotcell carcinoms,
BCC and SCC, respectively8CC is several times more common than S6a both are sever
times more likely to develop than melanoma. Ofghimary malignancies, 77% are BCC, 2
are SCC, and 3% are melanoma (Nodwell, 2003). Idsttype of skin cancer, melanoma, is
deadliest form with high rates of fatality (Natidi@ancer Institute, 2010). Another concern
aspect of melanoma is its significant increasaandence wthin the past thirty yearits rate has
increased over siy percent (National Cancer Institute, 201

BCCbegins in the basal cell layer of the skin and c&sporadically in commonly s-
exposed areas including the facd neck. SCC begins in the top layer of the from
squamous cells, and is also@sated with sun exposure, typically seen on tloe faars, an
neck. Even though SCC is slaywowing, it can become deeply invasive and can te:
metastasis from atypical squamous cinvading andnigrating though the basement membr
into the derns, potentially spreading to other parts of theyo(Nodwell, 2003).

BCC and SCare usually painless skin cancers. BCtypically seen as small, firr
lumps that can be smooth, shiny, pale, or waxy.(@#&-B). Skin growths associated wiSCC
areflatter, red or brown spots/patches that can bghpdry, and scaly id can bleed and cru

(Fig. 3C-E).

[ ¥




Figure 3:Skin Growths Associated wiBCC and SCC. Panefsand B are characteristic
BCC with raised, shiny, pale, or waxy grow; panelsC, D, and E are characteristic of Sin
that they are flat, red or brown patches that cast@nd/or blee. Figure from the Nation:
Cancer Institute, 2010.

Melanoma begins in melanocytes (pigment cells)iamdmmonly found on the hee
between thehoulders and hips, or on lower parts of the from history involving sun burns
tanning (especially with artificial UV radiation ses), angenetics Even though all ski
cancers are considered dangerous, melanofar more life-threatening due its rapid ability
to spread to other parts of the body and attaébrio new tumors in lymph nodes, the bre
bones, and livefNational Cancer Institute, 20.. Diagnostic characteristics used for detec
of melanoma involve the ABCDE acronyasymmetrical, irregulardrders unevercoloration,
larger dameter, andwlution of a particular skin area. The texturd@refgrowtr may change in
more advanced stagesroelanomas as well. Melanomas are unlike BCC and &g to thei

irregular/asymmetric borders (Fig. 4A) and discetbskin growths (Fig. 4B)

Figure 4: Images of Melanomda his image portrays the typical characteristiesn ir
melanoma in the skin, includireyolution of the skin growth artiscoloration (A) andarger,
asymmetrical diameters and irregular bor(B). Figurefrom the National Cancer Institut
2010.

The diagnoses of BCC, SCC, and melanoma are mosnoaly through biopsies, wie
part or all of the potential malignant growth isn@ved. Physicians stage skin cancer base

size, width, and depth of the growth as well akéf cancer has spread to other parts of the



(National Cancer Institute, 2010). The different clinical stages of céorcBCC and SCC and
melanoma are below:

Table 2: Clinical Stages of BCC and SCC and Melanoma, from the National Qastiete,
2010

Stage of BCC and SCC Melanoma
Cancer
Stage O Involves only the top layer of skin  Involves only the top layer of skin
(carcinoma in situ) (melanoma in situ)
Stage Growth is as large as 2cm wide Tumor is no more than 1mm wide and
can be thick
Stagell| Growth is larger than 2cm wide Tumor is between 1-2mm wide and the

surface appears broken down (early
sign of potential metastasis)

Stagelll Cancer has invaded below the skin tdMelanoma cells have spread to at least
cartilage, muscle, bone, or nearby one nearby lymph node or tissue
lymph nodes but has not spread to
other areas

Stage |V Cancer has spread to other parts of Melanoma cells have spread to the
the body; BCC rarely spreads to othéungs or other organs, skin areas, or
parts of the body, but SCC can lymph nodes far away from the primary

growth (also can spread to the brain,
bones, or liver)

Treatments will vary based on the type of skin cancer and its clinical stagieth/i
intent of completely removing/destroying the cancer, the most common foreathent is
surgical removal of the growth. Surgeons remove as much of the tumor as possibé&sehile
minimizing tissue damage of normal cells. The skin growth can even be removed lgeiring t
biopsy, removing some surrounding tissue as well if necessary (Stetta;2004). For BCC
and SCC treatments, the outcome is typically long-lasting, yielding a 9%atarif the tumor
is primary (Nodwell, 2003). However, if the skin cancer is more advanced antetestasized,
patients may undergo further surgeries, receive radiation, and/or entecal tlial with novel
treatment methods (National Cancer Institute, 2010). Chemotherapy mdeasggested
when patients are at risk of re-emerging tumors. Chemotherapy uses driigast-growing

cancer cells at the risk of killing rapidly-dividing normal cells like bloodscélair cells, and
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cells that line the digestive tract, which can lead to unwanted side effeletasshair loss, higher
susceptibility to infection, loss of appetite, and nausea (National Canaarté2010).

Tumorigenesis of malignant BCC or SCC is typically due to 4 to 6 genetigebaoften
from mutations of tumor suppressors or proto-oncogenes and subsequently ledung to t
development of a precursor lesion. More developed malignant tumors commonly have a
mutation of the Rat sarcoma (Ras) oncogene—the most frequently mutated geman
cancers (Ratushrst al, 2012). Normal Ras molecules are small GTP-binding proteins that
regulate genes involving cell growth, differentiation, and survival. Thus, ab&asrdctivation
via mutation leads to tumorigenesis, resistance to apoptosis, drug resiatahaagiogenesis.
Ras also regulates nuclear factor kappa B ¢BJ-which is important for cell cycle control and
activation of the mitogen-activated protein kinase (MAPK) pathwaye{ai, 2012).

NF-kB is a pleiotropic transcription factor found in almost all cell types and is involve
in processes like inflammation, immunity, differentiation, cell growth, tumpagis, and
apoptosis (Kariret al, 2002). Numerous stimuli can activate it and numerous genes regulate it.
Thus, NF«B is the interface between intracellular signals and gene expreblsipdgh and
Ghosh, 2008). In its inactive, latent state, it is held in a cytoplasmic complex withianloif
kappa B (kB), which inhibits its activity. Upon activation via inducing stimutiBlkinases
(IKKs) degrade#B via phosphorylation, ubiquitination, and subsequent proteasomal
degradation, allowing NkB dimers to translocate into the nucleus where they bind to specific
DNA sequences (calledB sites) and promote the transcription of target genes like AP-1, Ets,
and Stat—all of which can target gene expression relating to cell groddihasion, thus
stimulating the cell cycle (Gilmore, 2011). MB-is involved in the canonical (classical) and

non-canonical (alternative) pathways, which regulate distinct sets of @geS).
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Transcription of nRO -
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Figure 5: Canonical and Naranonical NI-kB Activation Pathways The canonical pathway
activated by Tumor Necrosis Factor (TI-family stimulation, while the nosanonical NI-xB
pathway is stimulated during the development ofgdimmid organs for B and lymphocyte
generation by lymphotoxin B and B cell activatimgtor (BAFF). Upon activation an
processing in the cytoplasm, MiB consists of dimers that translocate to the nuschnd
activatethe transcription of target get, especially involvingell growth and divisio. Figure
modified from Karinet al, 2002.

This thesidocuses on players involved in the classica-xB activation pathwe and
NF-xB1 activation The canonical pathway is usually triggered spmnse to microbial ar
viral infections as well as exposure to proinflammatorpkiytes (small ce-signaling molecule
associated with systemic inflammation), all of whean activate the IKK complex a
subsequently NikB1 (Karenet al, 2002). Upon NReB1 activation via inducibl
phosphorylation by stimulators such as protein $&na, kB releases from the complex a
becomes degraded, and NB-(also known as p105) undergoes constitutive procgdbirough
the proteasome to yield p5SB4yder and Ghosh, 2008). Its heterodimer gbex with p65 (alsc

known as RelA)—together called N-xB1—enter the nucleus and activate the transcriptic




target genes, including immunoregulatory and inflammatory genes, anti-apggetaoés, and
genes that positively regulate cell proliferation (Kaairal, 2002).

NF-xB1 can also regulate the mitogen-activated protein kinase (MAPK) pathvaaygh
the MAP kinase kinase kinase (MAP3K) family, specifically MAP3K8 (also kncsvipd-
2/Cot). NF«B1 represses MAP3K8-induced MAPK signaling by keeping it in a ternary
complex with it and ABIN-2 (A20-binding inhibitor of NkB 2) (Gilmore, 2011). Upon
stimulation, MAP3K8 becomes phosphorylated and activated upon its release VWiBILNNF-
kB1 then follows its usual course: proteasomal degradation and processing of p105 into the
p50/p65 heterodimer, which then translocates into the nucleus and activatesugsergtron.
Upon activation and subsequent release fronkRBE-and ABIN-2, phosphorylated MAP3K8
activates and phosphorylates MAP2K8 (Mek1/2), which subsequently activates and
phosphorylates MAPKS8 (Erk1/2). Phosphorylated-Erk1/2 can enter the nucleus ane #otiva
transcription of target genes such as those involved in inflammation or the cellFigcig).

The role of ABIN-2 is currently unknown other than its role in stabilizing the comple

LPS TNF
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lEE |
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Figure 6: The NReB1, ABIN-2, and MAP3K8/T-2 ternary complex. Tpk-is not activate:
until its release with ABIN2 and NI-kB1; upon activation and complex dissociatip50/p65
and phosphorylateBrk translocate to the nucleus and activate thestr@otion of target gen
relating to the cell cycle and inflammat. Figure modifiedrom George and Salmeron, 20C

Many of the genes that I-kB1 can activate are involved in s@ing pathways the
stimulate the proliferation of epithelial cells the induction of cylin D1 gene transcriptic
thereby activating the cell cycle (Fig. 7). -1 (whose transcription i®gulated b NF-«xB1)
binds to receptor tyrosine kinase (RTK) n activation of the MAPK cascade and subseque
activates cyclirD1 expression, leading to ccycle progression and apoptosis inhibition (K

et al, 2002).

{ CyclinD1, D2 )

@ e @ Apoptosis

Figure 7: The Activation of NkB1 and Subsequent Cell Cycle Progression and Ap
Inhibition. NF«B1 activationis involved in cell cycle progression and the intndm of
apoptosis, which have implications in cancerousrenments. Figure modified from Kin et
al., 2002.

Through mutations from a number of genes-«kB1 can become constitutively acti
resulting in continual stimulatiorf cyclin D1 (as well as other Gdyclins), causing enhanct
and uncontrolled cell proliferation, and can lea@dthumbr of diseases such as arthritis, chrc
inflammation, asthma, neurodegenerative diseasast Hisease, and cancer (Gilmore, 20:
Especially seen in cancer, this chronic, constieusignaling from various signals contribute:

cell proliferation, &rogate growth suppression, and evasion of apapt
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One of the most common pathways associated with inflammation is the MAPK
pathway—including MAP3K8/Tpl-2—which can regulate gene expressionnglatimitosis,
differentiation, apoptosis, and inflammation. In rodents, Tpl-2 is a serine/thrdomase and as
such, it prefers to phosphorylate serines and threonines, thereby activatipgadtesns.
Transcriptional activation of target genes involved in these pathways cao kathysiological
response like inflammation from neutrophils, white blood cells associated withriiee
response, which secrete proinflammatory cytokines like interleukin-1)(#nd tumor necrosis
factor (TNF); even though inflammation is associated with normal procebsesicc
inflammation can lead to a variety of cancers and other diseases §€okitt 2009).

As a protein that is stimulated by inflammatory responses, MAP3K8/Tpl-2 sedrase
a dual role in cancer: it is seen as a proto-oncogene in some cancer typea amdas
suppressor in others, including skin cancer. The overexpression of Tpl-2 as an ohesgene
been linked to breast cancer, lung cancer, prostate cancer, and some lymphionoas, (G
2011). However, its absence leads to#f- becoming constitutively active, which is
associated with several disease-states (particularly ones involvonrgechnflammation) and
cancer. The loss of Tpl-2 in mice alters its associated pathways and pramuaiggenesis due
to constitutive NReB1 activation.

Tpl-2 male and female mice were initially engineered in 1997 and display noedvers
phenotype compared to TpiZ2mice and can develop normally (Cetial, 1997; George and
Salmeron, 2009). Their bone marrow, thymus, spleen, and lymph nodes are histologically
normal and have a normal ratio of all expected immune cell subsets (Detrat;L2000).

They are also of normal size and weight, have a normal lifespan under pathesgeoniitions,

and can mate and breed well for laboratory use (Gatthe 2011). These transgenic mice are
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important to the field of MAPK research due to the association of Tpl-2/MAP3K8 hath t
canonical NF¢B pathway. Tpl-2 could also be a potential target for the treatment of auto-
immune diseases and cancer associated with chronic inflammation (@adr§almeron,
2009).

In previous and recent research, it was seen that™T phi2e have significantly more
squamous skin tumor formation and higher inflammation levels than"phize using the
two-stage carcinogenesis model (DeCicco-Skimteid, 2010). In this experiment, mouse skin
was initiated with the carcinogen 7,12-dimethylbenz-(a)anthracene (DMi#Agh induces
point mutations in the H-Ras oncogene. 12-O-tetradecanoylphorbol-13-acet&}dr€EBment
then promotes the initiated skin cells that have a mutant Ras oncogene, allowirgkithesés
to develop into skin tumors. Skin tumors arose after approximately 12 weeks depending on the
strain of the mouse (DeCicco-Skinregral, 2010). Without Tpl-2, NkB1 is constitutively
activated upon an inflammatory response from proinflammatory cytokinesféaeukin-1 (IL-

1) and tumor necrosis factor (TNF), which are secreted by neutrophils in the skonerent
(DeCicco-Skinneet al, 2010). These conditions can explain the heightened inflammation and
increased cell cycle in TpH2skin cells in mice—epidermal cells/keratinocytes in particular.
Both the increase in cell cycle and the inflammatory environment promote &slequoéditions

for skin tumorigenesis (Colot&t al, 2009).

Even though TplZ mice have a higher incidence of squamous skin tumor formation due
to higher inflammatory levels, it is unknown as to whether or not these tumors have thialpotent
to be invasive and metastatic. Previous research has shown that ififfifgie? the transcription
of key matrix metalloproteinases (MMPs) are activated viakRE{Lin et al, 2009). MMPs

are zinc-dependent endopeptidases that degrade proteins by cleaving peptidellandis (
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Beeton, 2010). They are particularly important in the body due to their ability taddeail
major protein components of the extracellular matrix and basement memhtBrstes were
identified in promoters of genes (AP-1 in particular) that encode severat matr
metalloproteinases, and the over-activation ofdBf-contributes to extracellular matrix
destruction and, hence, cancer metastasis by tumor cells @{alin2002).

MMPs are known for their involvement in metastases within invasive cancerbeput t
are also associated with wound healing, cell movement, and a variety of stdratsoles in
the body. Due to their protease activity and ability to degrade the eldtacelatrix and
basement membranes, they are essential for normal biological psoliessanbryonic
development, tooth development, the menstrual cycle, ovulation, and wound healing (Folgueras
et al, 2004). There are 23 distinct MMPs (6 different groups based on structure andesubstrat
specificity) with varying biological roles (Snoek-van Beurden and Von asgf) 2D05).
However, they all share particular functional and structural componentdr@phgbic signal
peptide for secretion, a propeptide domain for the enzyme’s latency, a catalyidin with a
conserved zinc-binding site, and an intermediate hinge region (Bauvois, 2012). Tidsiierahi
of metalloproteinases (TIMPs) bind to the pro-MMP domain to prevent MMP activatitbrir)
the catalytic domain, the zinc molecule ?Zis bound to a cysteine residue. However, when the
bond between zinc and cysteine gets disrupted (called the cysteine switch)Ehkeddomes
activated: a water molecule binds to zinc, and the pro-MMP domain becomes cleaved
autolytically, allowing the MMP to become enzymatically active (FigdS8joek-van Beurden

and Von den Hoff, 2005).
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Latent MMP form

l Activation

Intermediate active form

l Proteolysis

Cys">-SH

Active MMP form
Figure 8:Matrix Metalloproteinase Activatic. In its latent (zymogen) form, the z molecule
is bound to a cysteine residue at position 73. rlgaiivation, the zir-cysteine bond ge
disrupted and a water molecule binds with zincbsg&qguently, the p-domain gets cleaved al
degraded by other proteases, and the MMP becortieatac and capable of processes includ
the degradation of the extracellular me. Image from Bauvois, 2012.

Matrix metalloproteinases are also important imslssue rmodeling and repair (als
known asvound healing). Upon the onset of a wound, rophils are first to invade into tt
wound to help with the clot, which is the caus¢haf swelling often seen around normal wou
(Fig. 9A). A few days after the injury, most ottheutrophils have undergone apoptosis, v
macrophages—another typewaite blood ce—predominate around the edge of the repe
tissue, protecting the body from infection by invadpathogens. In the meantime, endoth:
cells like keratinocytemigrate into the clot, proliferating and helpinghvangiogenesis, ar
fibroblasts (cells of the dermis) proliferate angakgt new tissue of the extracellular ma

(called granular tissue). Keratinocytes proliferat the wound edge and migrate towards
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other to re-epithelialize the damaged skin area and close the wound (Fig. 9Bgk Arvee post
injury, the wound should be healed with granulation tissue, covered with a new epideris whi
myofibroblasts, replacing fibroblasts, aid in repairing the tissue beneath withloed vessel
formation and more wound matrix to allow the wound to heal completely (Fig. 9C) (\ewher

Grose, 2003).

KEY
Keratinocyte

! ®

Blood vessel

Dermis

Fibroblast

Blood clot
Neutrophil
Platelet

Muscle

| 0o mY

Macrophage

Wound matrix

-, Myofibroblast

Granulation
tissue

Figure 9: The Wound Healing Process. Wound healing is complex, involving blood clotting,
inflammation, and tissue remodeling and formation. The blood clot that forms intehediter
injury contains neutrophils and platelets (A). A few days after injury and clogfan (B), the
clot diminishes as granulation tissue is laid down in replacement, fibroblastgraitewvound
matrix, macrophages prevent invasion from unwanted pathogens, and new blood vessels|are
formed. After a few weeks (C), the clot has been filled and repaired by imggkatatinocytes,
with granulation tissue, myofibroblasts (replacing fibroblasts), wound matdxnew blood
vessels that continue to repair the tissue beneath keratinocytes until compi¢ihe wound
healing process. Image from Werner and Grose, 2003.
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Wound healing stimulates keratinocyte and fibroblast proliferation under normal
physiological conditions, helping with the synthesis and breakdown of extraceliatiax
proteins as well as aiding in the regulation of the immune response. This processiavolve
multitude of proteins and molecules and cross-talk between pathways assediatesel|
proliferation, inflammation, and tissue repair (Werner and Grose, 2003).ir0esdes are
released from basal lamina, whereby they dissolve the matrix via MMP ysaseol

Although it is typically a normal physiological response and process, wound hesating
become obscured when a significant gene in a key pathway is lost, like that ohTrpie2i
These genotypic differences between Tpi-@nd Tpl-2" cells can be observed experimentally
usingin vitro andin vivowound healing experiments. Mitomycin C is an antibiotic that is also
used at times in thie vitro wound assays because of its ability to inhibit cell replication.
Therefore, the assay compares only migration/mobility differences &etsanples as the
wound/scratch is repaired without having to consider cellular proliferation diffese

MMPs also play a pivotal role in the formation of new blood vessels both in normal and
cancerous conditions (Folguesal, 2004). In a cancerous state, MMPs promote tumor
progression by enhancing angiogenesis, disrupting local tissue architeqgberenit further
tumor growth, and breaking down the extracellular matrix to allow metastatmr cells to
invade and penetrate into other areas of the body (Shapiro, 1998). The gelatinasgsuiar pa
MMP-2 and MMP-9, gelatinase A and B, respectively) have shown to play crucsalndhe
invasion ability of cancerous cells.

By digesting gelatin—the denatured form of collagen—the gelatinasedbka to aid in
the degradation of the extracellular matrix. Consequently, MMP-2 and MMP-9 have &how

be up-regulated in numerous cancer types, both at early and at advanced, masigeant s

16



(Snoek-van Beurden and Von den Hoff, 2005). Elevated levels of MMP-2 and MMP-9 have
been seen in breast, brain, ovarian, pancreatic, colorectal, bladder, prostategecancers and
melanoma as well as in several leukemias and lymphomas (Bauvois, 2012). irsteayéie of
cancer, MMP-2 and MMP-9 can activate growth factors, help in evading apoptosislemse r
angiogenic factors (Folguerasal, 2004). In later stages of cancer, MMP-9 in particular can
influence cell behavior by activating major signaling pathways likec<BEand MAPK.

However, MMP-9 can also be stimulated by these same pathways, therehyimggqdthways
like cell growth, migration, invasion, inflammation, and angiogenesis and prirsatiing the
destruction of the extracellular matrix (Fig. 10). MMP-2 and MMP-9 @® adsociated with

tumor aggressiveness and poor patient prognosis at later stages ofBangers, 2012).

Growth factors/Receptors

ERK-1/2 P38 MAPK MNF-1B AP-1

MMP-S gene

MMP-3 protein

Extracellular Matrix

Figure 10: MMP-9 Activation Pathway. This schematic shows how MMP-9 isilstied by
growth factors and receptors, which activate MAPK/ERK/cell growth pathways. Thes
cascades contribute to transcription of the MMP-9 gene, mRNA, and subsequent protgn.| O
modified and in its active form, MMP-9 plays a pivotal role in degrading thacestlular matrix
as a potent protease.

[}

While the enzymatic activity of MMP-2 and MMP-9 can be inhibited by a one-to-one
complex with a TIMP, MMP-9 also forms a complex with another protein that pratects i

enzymatic activity: neutrophil gelatinase-associated lipocalin (NGAlipocalin-2—Lcn-2).
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Unlike TIMPs, whose higher expression has been shown to inhibit aggressive and invasive tum
cells, the overexpression of the MMP-9/lipocalin-2 complex has also been Imdeggendently

with inflammation-associated and invasive skin cancers €Laé 2008). However, the

enzymatic activity of MMP-9 is what is responsible for the degradation of theceltdar

matrix; lipocalin-2 only protects the enzymatic activity of MMP-9 whegytare in a complex

with one another.

Overproduction of MMP-2 and MMP-9 is associated with tissue destruction in cancers
related to chronic inflammation (Snoek-van Beurden and Von den Hoff, 2005). MMP-9 in
particular is activated by neutrophils—white blood cells present in inflaorgnahvironments—
and this activation aids with the degradation of the extracellular matagqdfet al, 2005).
MMP-2 is regulated by activated protein C (APC), which also stimulates kguitted|
proliferation and plays a role in tissue repair and extracellular matnrdeling through the
MAPK signaling pathway (Xuet al, 2004). In other studies, it has been shown that the MAPK
pathway plays a pivotal role in melanoma and SCC development (DeCicco-Skiahe?010;
Inamdaret al, 2010). However, it is unknown as to whether or not the loss of Tpl-2 leads to
higher incidence of skin tumors that have the potential to become invasive.

Unlike other enzymes, matrix metalloproteinases are not detected welltarmelot
analysis (Snoek-van Beurden and Von den Hoff, 2005). MMPs irreversibly lastethary
structure when they are boiled, which is a key step in western blotting beforpla salbaded
onto the polyacrylamide gel. Also, reducing agentsfifeercaptoethanol—which is used in
western blotting to separate multimeric proteins—are not desirable wigtmgttviMPs
because they break the disulphide bonds of MMPs in an irreversible manner, leading to

unpredictably varying migration characteristics of MMPs and TIMPs (SwaelBeurden and
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Von den Hoff, 2005). Instead of western blot analysis, then, the enzymatic esfiMMPs
and TIMPs are studied using zymography and reverse zymography, redpective

As gelatinases, MMP-2 and MMP-9 prefer to degrade gelatin. Thereforegiagmatic
activity is detected using gelatin as the substrate in zymography. Atatinkeytes secrete
MMPs as a way to help break down the extracellular matrix; thus, cell csltpegnatants
(conditioned media) from plated cells are the samples used in zymograpdgt @, 2004).
The cell culture supernatant samples electrophorese on a polyacrytghabataining sodium
dodecyl sulfate (SDS), which denatures/linearizes the proteins and gelatiraungle-voltage
current. This electric current in a running buffer allows the different MtdPsigrate at
constant rates that are inversely related to their molecular weigler rAfgration, the gel is
placed in renaturing buffer to allow the proteins to regain their tertiargtste and enzymatic
activity and then placed in developing buffer to allow the protease/MMP to dgyesbstrate,
gelatin. The gels are then stained with a blue stain and destained (withEBura@bafeStain
and de-ionized water, respectively), and the results are white bands on a bluededr Gands
are an indication of higher MMP enzymatic activity (Snoek-van Beurden and Vonadien H
2005).

Since zymography measures MMP enzymatic activity after denaturatioreaaturation,
it measures the MMP activity of all MMPs present in the sample, includingyasoves (which
are a higher molecular weight), MMPs of a particular family (likaehses), and
inhibitors/protectors to MMPs bound to them like lipocalin-2. Pro-MMP-2 and pro-MMP
have some enzymatic activity, but active MMP-2 and MMP-9 are the plagpasable for
extracellular matrix degradation. Therefore, because higher expressicive MMP-2 and

MMP-9 is associated with tumor invasiveness, these are the forms that wilbaeicdlar
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focus. However, the zymogens are also studied because they do have some eaezimiigtic
even though it is lower. Also, the MMP-9/lipocalin-2 complex has been associated
independently with a poor patient prognosis in previous research, but lipocalin-2 aelstpr
MMP-9 activity; the complex does not play a role in the degradation of thecektdar matrix
and lipocalin-2 has not been shown to be important by itselfé¢t.ak 2008). Another point
worth noting is that gelatin is a common substrate for MMPs, and as such MMP-18\vVavig
MMP-13 can also be detected in gelatin zymography, although their enzatiatity in
digesting and degrading gelatin is typically significantly less thahdf MMP-2 and MMP-9.
Because Tpl-2 is a tumor suppressor gene in mouse skin, unstimulated apd2pl-2
" primary keratinocytes are not cancerous. Therefore, in order to simulafiéettts of arin
vivo model, stimulators of Tpl-2 and NéB1 such as 12-O-tetradecanoylphorbol-13-acetate
(TPA) and H-Ras retrovirus infection (also known as a transduction) withantragpy of the
H-Ras oncogene are usednrvitro experiments to show genotypic differences. TPA is a tumor
promoter drug that activates the protein kinase C-alpha ¢Pg&hway. PCK is a
serine/threonine kinase and a member of the conventional/classical PK&deddth response
to several different stimuli. When activated, R{kanslocates from the cytosol to specialized
cellular compartments, activating cellular functions like proliferatiofieftiation, motility,
and inflammation (Nakashima, 2002). Upon activation from agonists like TPAg PKC
phosphorylates a variety of substrates including those associated with the B cascade.
Raf-1 (a MAP3K protein) becomes phosphorylated, and the phosphorylation cascade £ontinue
to MEK and ERK, which then translocates into the nucleus, phosphorylating and targeting

molecules for cell growth and cell survival (Fig. 11).
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Figure 11: TheéAgonist TPA and its General Activation Casc. The agonist TPA stimulat
PKCa via phosphorylation, which activates/phosphoryl&ef (which are MAP3Ks, activating
the ERK/MAPK cascade that ultimately leads to daligrowth and survival. Figure
modified from Nakashima, 200:

EyES

TPA enhances the expression differences betTpl-2"* and Tpl-2" primary
keratinocytes. OverexpressiohPKCo promotes cellular proliferation and leads to aa
aggressive phenotype involving tumorigenicity imsocell types. The activation of t
MAPK/ERK cascade via PKd&facilitates the indction of cyclindependent kinase (CDK)
initiate the cell cycle (Nakashima, 2002). TPAoalscreases MM-9 enzymatic activity an
expression. MMM induction via TPA is due to activated P&@nd the activated MAPK/M
kB1 pathways in treated cells, ctributing to their migration and invasion if thellsehave the
potential to be tumorigenic amyentuallymetastatic (Liret al, 2009).

Additionally, TPA is used iiin vitro experiments becauseniimics the conditions use
in vivoto generate skin tuon formation. In two-stageskin carcinogenesis mo(, mouse skin

is initiated with the carcinogen1z-dimethylbenz-(a)anthracene (DMBAYhich causes jint

mutations in th&kas oncogene. TPA then promcthese Ras mutated skin cells to transfc
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into irreversibly-forming squamous carcinomas through chronic conditionsgfteeed
inflammation. Skin tumors begin to arise after approximately 12 weeks dependheysirain

of the mouse (DeCicco-Skinnet al, 2010). Even though TPA alone is insufficient to promote
skin tumor growthn vivo, it is used inn vitro models to mimic the inflammatory effects and
epidermal hyperplasia seanvivo (Furstenbergeet al, 1981).

H-Ras-infection involves the retrovirus infection of the mutant H-Ras oncogene.
Cultured cells that have the H-Ras infection have stimulated Ras/RaMeascades.
Considering that the mutant Ras oncogene is associated with approximattdycoéall
human cancers, H-Ras-infection is important to compare its effevtedrefpl-2’* and Tpl-2"
keratinocytes. Skin tumors associated with a mutation in the Ras oncogene cagmebeni
malignant and can be precursor lesions to SCC. Thus, H-Ras-infection camslpmtential
for cells to transform into malignant and eventually metastatic otexsodifier genetic
alterations, including mutations associated with the loss of Tpl-2 in mouse skar¢@@t al,
1987).

An in vitro conversion assay is used to study genotypic differences in developing
proliferative foci on cell culture plates. Foci are masses of aelisigg on top of each other
from cell colonies, indicative of normal cells converting into malignant ones. dhNgrsion is
difficult in primary cells like Tpl-2"* and Tpl-2"keratinocytes without genetic alterations like
mutated Ras, which is why H-Ras-infection is used in this experiment to aid inlnorma
keratinocytes transforming into malignant ones. When constitutivelyaéeti Ras is introduced
to these primary keratinocytes in cell culture, a small proportion can conteenbalignant
keratinocytes and survive, while other keratinocytes that do not incorporatelRitach and

undergo apoptosis (terminally differentiate) after calcium levelsadianincrease (Morgaet
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al., 1992). After keratinocytes are plated, low calcium levels are used in theforettiia first
2.5 weeks of the experiment to promote initial keratinocyte attachmerllesswproliferation;
high calcium levels in the media are then used for the duration of the experiméenttatst
cellular differentiation in keratinocytes that have constitutively a¢tas. The formation of
proliferative foci in media containing higher calcium concentrationswanic the cellular and
phenotypic changes seen for malignant conveision/o due to the mutated Ras oncogene.
Cells in a few other plates are exposed to a known carcinogghnylmtronitrosoguanidine
(MNNG), which could provide a second hit to the already H-Ras-infected kera@socyt
Therefore, keratinocytes in these MNNG-treated plates aretxp convert faster than those
cells that are only H-Ras-infected. Thsvitro experiment involving cultured keratinocytes
over the course of 12 weeks shows chemically induced focal neoplastic progretisgon at
cellular level (Morgaret al, 1992).

Another aspect of tumor invasion and metastasis is increased angiogdinesearen
vitro andin vivo experiments to show differences between genotypes in potential angiogenic
ability. In thein vitro assay, immortalized endothelial cells are plated on a gelled basement
membrane (called matrigel) and form capillary-like structures/tutlnalesd on the angiogenic
factors from the conditioned media samples that the endothelial cells teck \pitn. The
matrigel is a basement membrane extract obtained from a murine tumonoithates abundant
extracellular matrix (Arnaoutova and Kleinman, 2010). The endothelial celthab the
matrix, migrate toward one another, and form tubes over the course of 24 hours. The more
nodes/tubules that are formed are indicative of higher angiogenic abiise angiogenic

differences are due to varying angiogenic factors from cellirmuiupernatant samples.
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CHAPTER 2

OBJECTIVES AND SIGNIFICANCE

To assess whether keratinocytes from Tphilce have the potential to have higher

invasive and metastatic qualities than TPl-tice, | propose the following set of experiments.

Objective 1

To determine whether TplZZkeratinocytes have elevated expression of MMP-2 and
MMP-9 the following set of experiments will be conducted:
@) To identify differences in relative RNA expression of MMP-2 and MMP-9,

microarray and qPCR will be performed.

(b) To correlate gene expression differences with protein activity, zyanmegwill

be conducted.

Objective 2

To determine if Tpl-Z keratinocytes have increased migratory ability, malignant
conversion, and conditions for angiogenic ability, the following will be perdrm

(a) Migration will be assessed through wound healing/scratch assays.

(b) Potential metastatic characteristics will be analyzed through\dtro conversion

assay and a tubulogenesis assay.
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CHAPTER 3

MATERIALS AND METHODS

Chemicals, Reagents, and Instruments

The following were used within this study: ethyl alcohol (Warner-GraGampany,
Cockeysville, Maryland), Betadine (Express Medical Supply, Fenton, MissGibigo®
Dulbecco's Trypsin 0.25% (Invitrogen, Carlsbad, California), Dulbecco’s MiniEssential
Medium (S-MEM—LoCa, 0.05mM Caand supplementing it with Cadb make HiCa, 1.3mM
C&™) (Lonza, Walkersville, Maryland), FalcBh 100uM yellow cell strainer (BD Biosciences,
San Jose, California), Centrifuge 5415R (Eppendorf AG, Hamburg, Germany), Dusbecco’
Phosphate Buffered Saline (DPBS) (Invitrogen, Carlsbad, California), dihsetlgxide
(DMSO) (Thermo Scientific, Waltham, Massachusetts), collagenasehlitdn, Lakewood,
New Jersey), fibronectin (BD Biosciences, San Jose, California), 12-@l¢eanoylphorbol—
13—acetate (TPA) (Alexis Chemicals, San Diego, California), MAP3K8 arutyEvfector virus
(SAIC Frederick, Inc., Frederick, Maryland), Polybrene (Sigma, St. LMigsouri), Mitomycin
C (Sigma-Aldrich®, Saint Louis, Missouri), Methylnitronitrosoguanidine (NB) (Sigma, St.
Louis, Missouri), Zeiss Axiovert microscope (Thornwood, New York), Qiagen Rigek#
(Hilden, Germany), RNase-free DNase (Qiagen, Hilden, Germany), G&Wa™
Spectrophotometer (Uppsala, Sweden), GeneChip Mouse Genome 430 2.0 arrayst(ixffym
Santa Clara, California), GeneSpring 12.0 software (Agilent Technologiets, Clara,
California), Pierce BCA Protein Assay Reagents A and B (ThermorFRbekford, lllinois),
Multiskan FC microplate photometer (Thermo Fisher Scientific, Waltham,adlgsetts),
Mammalian Protein Extraction Reagent (M-PER) (Thermo Scientific, feoklllinois),

Bovine serum albumin (BSA) (Sigma, St. Louis, Missouri), (10% Zymogram gejeks

1.0mm, 12-well (Invitrogen, Carlsbad, California), 10X Tris-Glycine SDS RunnuiteB
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(Invitrogen, Carlsbad, California), 10X Zymogram Renaturing Buffer (lag&n, Carlsbad,
California), 10X Zymogram Developing Buffer (Invitrogen, Carlsbad, Cali&)r

SimplyBlue™ SafeStain (Invitrogen, Carlsbad, California), Fisherbrand* 96-Well non-Skirted
PCR Plate (Waltham, Massachusetts), Bio-Rad Optical Flat 8-Cas Gtercules, California),
SuperScript® Il Platinum® SYBR® Green One-Step qPCR Kit w/ROX (Invimdge
Carlsbad, California), InvitrogéMd Custom DNA Oligos (Carlsbad, California), 24-well
ImageLock™ plates (Essen Biosciences, Ann Arbor, Michigan), Essen Bicssifound
Maker (Ann Arbor, Michigan), Essen Instruments IncuCyte Live Cedigimg System (Ann
Arbor, Michigan), Eppendosp Dualfilter T.1.P.S® 0.1-10uL (Hamburg, Germany), Coulter
Counter ZBI (Coulter Corporation, Hialeah, Florida), Blatrigel™ Basement Membrane
Matrix (BD Biosciences, Franklin Lakes, New Jersey), Gibco® Dulbgddodified Eagle
Medium with 0.2% FBS with 100X Gibco® sodium pyruvate &ldtaMAX™ (Invitrogen,
Carlsbad, California), and Dulbecco’s Modified Eagle’s Medium (D-MEMa, Walkerville,

Maryland).

Animals
Tpl-2 wildtype (Tpl-2™) and knockout (Tpl-2) C57BL/6 mice were bred and
maintained at the NIH animal facility, Building 28, in Bethesda, Marylawithwing NIH
animal guidelines. All animal work was performed following NIH guidelines uadeapproved

animal protocol.

Newborn Mice Skin Removal

Since keratinocytes are believed to be the primary responder cell tyestdrthallin

vitro experiments used primary keratinocytes as the main cultured cells.
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To study genotypic differences between Tgi-and Tpl-2” mice for all of the
experiments related to this thesis, primary keratinocytes weredrizom 1-3 day old
newborn pups, following the protocol published by Lidttal, (2008). In brief, the pups were
placed in a 150-mm plate (separate plates for separate genotypeskeshbiifCQ
asphyxiation for 30 minutes, and then dishes were placed in wet ice for an ad@ibionialutes.
The pups were then washed once with Betadine and twice with 70% ethanol, 30 seconds each.
The tails and limbs were cut off, leaving a small stump to aid in the skinninggsto@he tails
were saved for genotype confirmation and stored at -80 °C. A dorsal longitudis@nmnas
then created from tail to snout. The skins were removed and flattened with the (darmyis
side down, in a 150-mm dish and floated in 0.25% trypsin witbtihylenediaminetetraacetic
acid (EDTA)—which inhibits MMP enzymatic activityThe skins were then incubated

overnight at 4°C.

Keratinocyte Preparation, Isolation, and Plating

The next day, the epidermises were carefully separated from the deusiisg forceps
and placed in a 50mL conical tube with approximately 15mL of HiCa media. kagtes are
sensitive to calcium levels. Thus, conditions for cellular differentiatigaire higher calcium
levels (HiCa media) whereas normal feeding media for keratinooyfiéepation and attachment
is at a lower concentration (LoCa media) (Liattal, 2008). The epidermises were minced
vigorously with scissors, pipetted up and down repeatedly and robustly for 1 minutedhiegi
keratinocytes separate from the strata cornea), filtered through a I@@givicell strainer set in
a 50mL conical tube, and centrifuged at 820-rpm at 4°C for 5 minutes. The mediapirated,
and the pelleted cells were then re-suspended in the corresponding amount of HiCa media

directly proportional to the original number of mouse skins.

27



Cells were plated fresh in 1:6 HiCa-LoCa media, which allowed for kergtesotmo
attach to their substrate (the bottom of the wells) and grow; depending on thenerpéhey
were plated by the following method: one mouse equivalent per 6-well plate, 2mLIpéwae
mouse equivalents per 24-well plate, ImL per well (unless mentioned otherwisag mouse
equivalent per 100-mm plate, 9-10mL per plate. Alternatively, keratinocytes csaoldeal
cryopreserved in 10% DMSO in liquid nitrogen. Cells that were formerly cryeqmwess and
restored were plated in 1:6 HiCa-LoCa media, one and a half mouse equivalents beitgiaye
2mL per well after each of the wells was coated with a collagen/fibtiamaccture with
optional incubation period. The cells were incubated and allowed to grow overnigh€ah36°
7% CQ. The media was changed the next day to LoCa media after the cellheekedfor
adequate growth and overall health. The media containing dead cells was asheatelis t
were washed with DPBS and then aspirated, and LoCa media was added in theag&ppropr
volume. Cells were then incubated overnight at 36°C in 7% J@is protocol was used for all
of the experiments relating to this thesis.

When cells were approximately 80% confluent (about 4-5 days after skinningjyehey
either left untreated, treated with TPA, H-Ras-infected, or MAP3K&:iateto compare

genotypic differences.

TPA Treatment, H-Ras-transduction, Mitomycin C and MNNG
Treatment, and MAP3K8 Overexpression

TPA stimulates keratinocytes through the Rifathway. To study genotypic
differences, TPA treatment was given at different time points (18 hours, 4 hwdidshaur) at a
concentration of 10ng/mL when the keratinocytes were 80% confluent. TPA copmsder
form and stocks (10mg/mL) were prepared in DMSO and stored at -20°C untifoeace.

TPA treatment was used for the microarray, gPCR, and zymography expsrime
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H-Ras-infection involves overexpression of the Ras oncogene via infectingltheitel
a defective retrovirus containing the H-Ras oncogene, which constitutivelgtas its pathway.
The H-Ras retrovirus is frozen and cryopreserved in liquid nitrogen until use, whdinein
warmed in a 37°C water bath until thawed. It was then added in a 1:4 dilution in LoGa medi
with 4pg/mL Polybrene, which helps with infection efficacy. The H-R@svieus contained 1
multiplicity of infection (MOI) in LoCa media. Old media was aspirated, 0.5nth@Wirus was
added to 1 well of a 6-well plate (350uL for a 24-well plate, ImL for 60-mm dishes, oro2mL t
100-mm plates) for one hour. After 1 hour, 1.5mL of additional LoCa media was added in each
well for a 6-well plate (150uL for a 24-well plate, 3mL for 60-mm dishes, or ®mLO0-mm
plates) and incubated for 24-72 hours at 36°C in 7% @nce finished, the media containing
Ras was collected (in the case of zymography and the tubulogenes)soasesayoved and
changed to fresh LoCa media. H-Ras-infection was used for zymographyyitie scratch
assay, thén vitro conversion assay, and timevitro tubulogenesis assay.

MAP3K8 overexpression temporarily restores MAP3K8 expression in ’Tpl-2
keratinocytes for then vitro scratch assay. Samples that were infected with the MAP3K8
adenovirus or empty vector adenovirus (a negative control) received 60 MOlIs (mtytadlic
infectious viral titers) per well of a 6-well plate containing approxitgat@0,000 cells (or
140,000 cells per well of a 24-well plate). 1mL of LoCa media for a 6-well fda@50uL for a
24-well plate) containing the virus was added for 1 hour. After the hour, 0.2mL of Lafia me
was added in wells of a 6-well plate (150uL for a 24-well plate) and incubatdepnadn the
cells overnight. 60 MOils is the standard for adenovirus infections. For adenovpasapion,
it was added into LoCa media with 4ug/mL Polybrene, and 1.2mL of the adenoviruddeds a

to wells in a 6-well plate (or 350puL into wells of a 24-well plate) for 1 hourerAfthour, an
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additional 200uL of fresh LoCa media was added to cells in a 6-well platel{(1BQ0oCa for a
24-well plate) and incubated at 36°C in 7% 0&ernight. The media containing the adenovirus
was aspirated and changed to fresh LoCa media the next day. MAP3K8 ov&giexpneas

used for then vitro scratch assay with primary (non-H-Ras-infected) keratinocytes.

The antibiotic Mitomycin C inhibits cell replication, thereby allowing omligration
differences to be compared between Tpt-@nd Tpl-2° primary keratinocytes for the vitro
scratch assay. Mitomycin C was prepared in deionized water and 1mg/mL stvekstaved at
4°C. Two hours prior to the start of the scratch assay, cells were treatéditwithycin C at a
concentration of 10pug/mL. Mitomycin C was only used inithatro scratch assay to inhibit
cell replication such that only migratory differences could be compared befipkafi* and
Tpl-2" keratinocytes.

MNNG is a known carcinogen used in thevitro conversion assay because it provided a
second ‘hit’ to aid in malignant cell conversion for 3 dishes from each genotygratirocytes
were treated with MNNG after H-Ras-infection and still in LoCalime MNNG was prepared
in ethanol at 0.2M. 25pL of stock MNNG was added to 25mL of LoCa media. 2mL of media
containing MNNG was added to 3 dishes of 18 dishes per genotype (final concentratjn 20u

for 1 hour and replaced by fresh LoCa media. The full protocol is described below.

RNA Extraction and Isolation

RNA extraction from Tpl-2*and Tpl-2" primary keratinocytes was used for microarray
chip preparation and for real-time polymerase chain reaction experimentsw&\extracted
after primary keratinocytes were initially plated in the 1:6 HiCa:Lo@diemand then changed to
LoCa media the next day. Keratinocytes could then be left untreated or tre&tédawd 4

hours of TPA treatment before the RNA was extracted and isolated.
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When ready, RNA was extracted, isolated, and purified from cultured primary
keratinocytes using Qiagen spin columns according to manufacturer’s imstsunsdthin the
RNeasy kit. Samples were also DNase-treated on the column to removeamycgeNA
contamination. Pure RNA was resuspended in RNase-free ultrapure water.oR®¢Atcations
were determined using tidanoVueSpectrophotometer and samples were stored at -80°C until

use.

Affymetrix Microarray Preparation and
Preliminary Data Filtering

A microarray experiment was performed to determine expression in the skififilom
2" and Tpl-2" mice and to identify novel genes that are highly differentially regiilagéween
genotypes when expression was compared. Twenty-four Affymetrix aniegochips were
ordered for twenty-four RNA samples corresponding to two genotypes {Tphal Tpl-2),
three treatments (0 hour, 1 hour, and 4 hour TPA treatments), and four replicatesealArit
was used to mimic the heightened inflammation and epidermal hyperplasia obsenmadan
studies. RNA from five mice per genotype were prepared initially, antindest replicates
for each genotype and treatment were chosen for the experiment, based on R&ratons
and QC reports performed by the National Cancer Institute in Frederick, MDndhograms
of RNA sample were sufficient for each chip array.

Each microarray chip for the twenty-four samples contains probesets (45,101 for
GeneChip Mouse Genome 430 2.0 microarray chips), which measure mRNA expression. Each
probe consists of a specific, target sequence for particular mMRNA. Each moberadists of a
perfect match (PM) sequence and a mismatch (MM) sequence, which aenatfjamne another
on the chip. The chosen sequence for each probe is determined by the 3’ end of thgttranscri

which is unique and specific in the genome for each mRNA. The MAS5 (GCOS) algositim
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used to transform the intensity on the chip to expression values used for analysis.isSNIAS
common normalization algorithm used for Affymetrix chips. It alleviatesmatch probes by
obtaining a robust average for the PM and MM sequences for each probe. It alswasrmal
each of the arrays independently, assuming that that the background noise dmpeacy be
different on other chips from the other samples.

GeneSpring 12.0 software was used for the microarray data analysis, and 45,101
features/probes were available for analysis initially. Each chip wdmmeentered, and all
probes were then filtered such that intensity values needed to be above 50 for all 24;sample
otherwise, it was considered background noise and removed. The remaining 18,741 features
were used for further analysis. The intensity values were then trandfasimg the binary
logarithm (log-transformation) to normalize intensity values. Binary logarithm isncomin
computer scientific, mathematic, and information theory applications.

After log-transformation, the four array replicates for each experiah group were
averaged, leaving two genotypes and three treatments, six groups total: O hourafiiRéntirel

hour TPA treatment, and 4 hour TPA treatment for the two genotypes—Tph#l Tpl-2".

Zymography Preparation and Protocol

To measure MMP-2 and MMP-9 enzymatic activity, zymography using 10% Tris-
Glycine gels containing 0.1% gelatin was used. Cell culture superndtentsddia from which
the cultured cells were grown in that contain protein factors secreted fratmkeytes) were
used for zymogram samples. These conditioned media samples were caltented f
keratinocytes that were untreated, H-Ras-infected, TPA treated for 18 twoboth H-Ras-
infected and TPA treated. Samples in 1.5-mL microcentrifuge tubessyeneat 13,200-rpm

for 10 minutes to pellet and remove the excess cells in the media.
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To measure the protein concentration of the cell culture supernatant, a BCiA Prote
Assay Kit was used (Thermo Fisher). The BCA protein assay usasdast curve to determine
protein concentration from the relationship between a sample’s absorbance-etint ahtolor
change and how much light can pass through the sample—and its total protein coonentrati
Samples were diluted 1:20 with Mammalian Protein Extraction Reagent ®)J-Fovine
serum albumin (BSA) served as a standard and was added to a 96-well plate in @iiocentr
that ranged from 0 to 2mg/mL. The plate was incubated for 30 minutes at 37°C anédhem re
a MultiSkan FC plate reader at a wavelength of 570nm. Samples were comparkhtaal s
curve.

18 micrograms of sample was loaded into each well of the gelatin gel, along with 2X
loading buffer. Serum-free media was used to bring the total volume of each satr#pé to
Loading buffer did not contaigrmercaptoethanol, which interferes with MMP activity. The gel
was placed in running buffer with SDS (which linearizes/denatures the pjot@ims gel was
electrophoresed by applying 125 volts for 90 minutes in Tris-Glycine/SDS running tauffe
provide a constant migration rate. Once finished, the gel cassette was crackedgeis were
placed in renaturing buffer within small boxes, shaking, for 30 minutes. Theniegdiuffer
guenches the SDS and allowed the MMPs to regain their tertiary structdreezymatic
activities. Next, the renaturing buffer was removed and developing solution was@adaed
minutes. After 30 minutes, fresh developing solution was placed on the zymogram gels
overnight. This step allowed the MMPs and their complexes to digest the geldwe gel.

The next day, the gel was washed with deionized water three times for 10 michtes ea
SimplyBlue SafeStain was added to the gel for 1 hour, the gel was destdimei@ianized

water for 1 hour, and the gel was then ready to be photographed. The final gelewagibl
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white bands corresponding to MMPs and their complexes. The thicker the white bands, the more
concentrated the MMP protease was, representing higher enzymatity.aéimolecular

weight protein marker (Sharp, Invitrogen Corporation) and MMP-2 and MMP-9 positivelsont

on each gel ensured correct identification of MMP-2 and MMP-9 bands. Densitontatry w

ImageJ software was used to compare band intensities between samplesanpledl were

normalized to the untreated Tpi-2sample to look at relative enzymatic activity.

Real-time Polymerase Chain Reaction (QPCR)
Preparation and Protocol

Real-time polymerase chain reaction was used to determine MMP-2 aneOMdi&tive
expression. The RNA samples that were used for the real-time polyrmbeas@eaction
experiments were not the same as the samples from the microarray expéecause RNA
collected for the microarray experiment were from individual mice; REiples for the real-
time polymerase chain reaction experiments were collected fromniaaytes of several mice to
ensure higher RNA concentrations. RNA was extracted and isolated fromypkienatinocytes
that were untreated, or treated with 1 or 4 hours of TPA. 100ng of RNA was loaded into each
well of a 96-well plate. The gPCR reactions samples were preparediagdorthe
manufacturer’s instructions in a volume 50uL and triplicate wells contaliipg. each were
used per sample. The reaction mix contained the following ingredients: 2uL ofteeRplA,
2uL of 10uM primer (with forward and reverse primers, final concentration 200nib1 4G L
of reaction mix in water. Unused RNA samples were stored at -80°C. Thecspecifi
oligonucleotide primer sequences are provided:

Table 3: gPCR Primers for MMP-2, MMP-9, apdctin

Primer Forward Sequence Rever se Sequence
MMP-2  CCTTAAAAGTATGGAGCGACGTCA AGCGTTCCCATACTTTACGCG
MMP-9 ACCCTGTGTGTTCCCGTTCAT GATACTGGATGCCGTCTATGTCGT
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B-actin TGGAATCCTGTGGCATCCATGAAAC  TAAAACGCAGCTCAGTAACAGTCCG

Primer specificity was confirmed using Primer-BLAST; primers am&d parts of the
intron and exon. Each real-time PCR amplification cycle consisted of 95°C focdrtdseand

60°C for 30 seconds for 50 cycle-actin served as the housekeeping gene.

In vitro Scratch/wound Healing Assay
Preparation and Protocol

Thein vitro scratch assay was used to visualize keratinocyte migration differences.
Primary keratinocytes were isolated and plated in 1:6 HiCa:LoCa metlth@media was
changed to LoCa the following day. Keratinocytes were then grown until iljuent in 24-
well EssenimageLockplates, where two mouse equivalents for each genotype (two mouse
equivalents per 12 wells, 1mL per well) were initially plated. Some of thanargtes were H-
Ras-infected to stimulate migration. Mitomycin C, which inhibits cellicafibn, was also
added to respective wells at a final concentration of 10ug/mL two hours prinar $aratch.
When ready, the bottom of the plate was scraped with a pipette tip to createla/'sound
using the Wound Maker with four 0.1-10uL micropipette tips that simultaneouslya@atase
and reproducible wounds in all wells of the plate, 4 wells at a time (Netsadn2010). The
plate was then lined up with the A1 well in the Wound Maker, the tips were inserted onto the
Wound Maker manually, the apparatus was placed down with the 4 tips in the first column and
the plate was pushed gently back and forth. Resistance from the Wound Maker indicated whe
to stop moving the plate in one direction. In this way, the Wound Maker gently removed the
cells from the confluent monolayer. A defined area of the scratch/wound could Hzetua
under a microscope at 10X magnification.

After scratching, the media was aspirated and washed twice in LoCa tmedéevent

dislodged cells from settling and reattaching. Once the wells were wasHedf LoCa media

35



was added to each well and the plate was placed inside the In€U€ystem, which was stored

in a 36C incubator with 7% C® The IncuCyte system photographed the scratch in each of the
wells under phase-contrast microscopy every 4 hours, and measurements of titeoparaend
closure were determined by the IncuCyte system. Scratch assaylyyain for 48 hours and
plates were discarded after each run. The scratch assay looked abmiuljfegrences between
genotypes when the keratinocytes were untreated, treated with Mito@yyeihRas-infected,

and H-Ras-infected as well as treated with Mitomycin C.

In vitro Conversion Assay Preparation
and Protocol

To determine keratinocyte malignant conversion differences betwaetypges, then
vitro conversion assay was prepared and run as described by Morafi992). In brief,
primary keratinocytes were isolated and plated in 1:6 HiCa:LoCa medlimagia were changed
to LoCa the following day. 18 dishes were used for each genotype and keratinocgtpiateel
such that 0.3 mouse equivalents were plated in 60-mm plates in 3mL of media. Thegells gr
until they were 80% confluent, and all plates were H-Ras-infected in LeQarfor 48 hours.
The media was then changed to fresh LoCa media. Four days after thel @ntlodl-Ras-
infected media, 6 of the plates (3 dishes per genotype) were treated with N2RONKE, for 1
hour and the media was then changed to LoCa media. MNNG treatment was used to provide a
second ‘hit’ to aid in malignant conversion. Then, one week after H-Rasianfectd 4 days
after 3 dishes per genotype were treated with MNNG, cells from one M@d plate for
each genotype were trypsinized and counted using the Coulter Counter. This was done to
determine cell loss due to carcinogen treatment. Keratinocytes grexCanrbedia until one

week after the MNNG treatment (2.5 weeks into the experiment), when the madiafithe
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remaining dishes was changed to HiCa media for the duration of the experinaggfing the
media to fresh HiCa media twice a week.

Plate contamination did not start until 8 weeks into the experiment, which included 3
plates: two Tpl-Z plates and one Tpl*Z plate that was MNNG-treated. These dishes were
fixed and stained with rhodamine in 10% formalin, which helped identify proliferatore f
clustered cells that stained a darker pink in a light pink to clear background, avlia sign of
cellular malignant conversion. Rhodamine stains the actin in the cells, andridires cells
by cross-linking proteins. At 12 weeks, the rest of the keratinocytes innlaénreg dishes were
stained with rhodamine and fixed in 10% formalin such that the numbers of foci wee fiali

each genotype and compared.

In vitro Angiogenesis/tubulogenesis Assay
Preparation and Protocol

An in vitro tubulogenesis assay was carried out to examine potential angiogenyc abilit
The assay requires a gel basement-like membrane (matrigel), mhB®itl parental endothelial
cells (grown in 37 °C with 5% Cf) and cell culture supernatant samples. The conditioned
media was collected from keratinocytes that were untreated or H-Rasehf The
tubulogenesis protocol used is described by Arnaoutova and Kleinman (2010). Briefly
explained, the day before the assay, the 3B11 endothelial cells were seunath ist& MEM
with 0.2% fetal bovine serum (FBS). The matrigel is frozen until ready for use24Tiell
plate to be used for the assay and matrigel (once thawed) were kept on icexirAaialy
250uL of matrigel was added and dispersed evenly on each well, minimizing any bubble
formation. The plate was then placed in a 37°C with 5% i@€bator for 30 minutes. In the
meantime, the endothelial cells were detached with 2mL of trypsin; 10mL & b@dia was

added to deactivate the trypsin; the cells were filtered with a 100uMreatiestto prevent
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cellular aggregates; and cell count was determined using a Coulter Coiftéer30 minutes,

the matrigel solidified, forming a substrate that mimics the basement isxeentira cell. 300uL
of cell culture supernatant—from Tpl’-'%lnd TpI-Z’+ keratinocytes that were either untreated or
H-Ras-infected—was mixed with 80,000 3B11 endothelial cells and layered on top of the
matrigel (separate wells per treatment). The plate was placed in thevB@ %% CQ

incubator overnight.

The next day, the endothelial cells were viewed under a Zeiss Axiovadstope (10X
objective) to look for tube formation from the endothelial cells, which depended on what
angiogenic factors were secreted from keratinocytes in their conditioned. niddd number of
nodes was then compared between samples. More nodes/tubes that formed in avaall wer

indication of potential higher angiogenic ability of Tpl*2and Tpl-2" keratinocytes.

Microarray Data Analysis

After filtering, binary log transformation, and array replicate measraging, expression
differences were compared. Heatmaps and tables of fold change expressiased. A
heatmap was then created for MMP-2, MMP-3, MMP-9, the four TIMPs, and lipocalin-2.
Tables of fold change differences were produced to show genes that wereasiggifip- or
down-regulated based on genotypic differences. A fold change greater tharc@nsaered
significant. A fold change table that compared expression values of Tipl-Ppl-2"* was
created using three fold change ratios for each of the three TPA treatments
KO Oh/WT Oh KO 1h/WT 1h KO 4h/WT 4h

Heatmaps generated by GeneSpring showed up-regulation in red, downigagalat
blue, and no expression change in yellow. Brighter coloration corresponded to higher/lower

regulation.
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gqPCR Data Analysis

MMP-2 and MMP-9 relative expression levels were determined with Ct valuesthsing
Pfaffl method as previously described in Pfaffl, 2001. Ct values were normalizebesat
actin, and relative expression differences were calculated compelatige expression
differences between Tpl“2 and Tpl-2” samples. A sample calculation for relative expression
of a wildtype sample is provided:
Relative Expression WT =(5HK0)—Ct(beta actin)] - [CtWT)—Ci(beta actin)
Relative expression was normalized to the relative expression of thé" Tsa@iple with no
TPA treatment. Relative expression was then graphed with standard deviatidraes
calculated in Microsoft Excel. A two-sample t-test using experimeipétates was used to

determine level of significance.

Scratch Assay Data Analysis using IncuCyte

Percent wound closure measurements for each treatment were copied into Microsof
Excel, and graphs with standard deviation error bars were created for eatieirteand
genotype to show migratory genotypic differences when keratinocytes wezatadirtreated
with Mitomycin C (inhibiting cell replication), H-Ras-infected (stiratihg keratinocyte

migration), or H-Ras-infected while also treated with Mitomycin C.

In vitro Conversion Assay Data Analysis

The analysis involved identifying and tallying the number of proliferativedodi
comparing between genotypes once the keratinocytes were stained withireodadfixed in
10% formalin. Rhodamine stains the actin in the cells, and formalin fixedgeat®ss-linking
proteins. Conversion ability was also viewed by the total number of foci foigeaciype

compared to the number of experimental dishes, which served as replicates.
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CHAPTER 4

RESULTS

The goal of Objective 1 was determining whether Tpkératinocytes have elevated

MMP-2 and MMP-9 expression and enzymatic activity.

Microarray

Global Results and Initial Filtering for Significant Gene
Comparison between Genotypes Associated
with TPA Treatment

The Affymetrix chips contain 45,101 probes, and this experiment consisted of 24
samples: two genotypes (Tpit2and Tpl-2"), three treatments (0 hour TPA, 1 hour TPA, and 4
hour TPA), and four replicates. TPA was used to mimic the inflammation and epiderm
hyperplasia seen in vivo studies (Furstenberget al, 1981). When the results from each of
the chips were converted into intensity values, Affymetrix used their own thigoior data
normalization within each chip, MASS5, which converted expression seen on the chip into
intensity values used for analysis in GeneSpring 12.0 software. Thesstint@lues were
median-centered and log-transformed (Fig. 12A).

Background noise on the chips was also considered. Before the data was median-
centered and log-transformed, raw intensity values ranged from approyimh#bel 6,000;
smaller intensity values suggest low/no expression. Affymetrix conslemossibility of
background noise at low intensity values (around 50). Therefore, if a probe had lowyintensi
values across all chip arrays (50 or below), the probe was considered irrelefaant to t
experiment and removed from the dataset. This filter was substantial, rer26y86§ probes
and leaving 18,741 probes for further analysis. Experimental group replicatet@ensdan-

averaged (Fig. 12B).
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Figure 12: Boxwhisker Plot and Profile Plot of Experimental Gre| Normalize(, Log-
Transformed, and Media@entere. Four replicates were used for each group; &t ahrays
appear relatively similar in shape, centered ab@firming sample and replicate consiste

(A). The profile plot shows experimental groupter replicate arrays weraear-averaged, alsg
showing uniformity (B).Probes in red are -regulated, probes in blue are dc-regulated, and
probes in yellow or neither uggulated or dow-regulated, based on Knockout O h
expression. Image generafeaim GeneSpring softwal

After replicates were gar-averaged, an MAot was created between tof the
experimental groups. An MAlot is a graphical way to compare normalized gexgressior
between two groups in single channel arrays lik o the Affymetrix chips used for thi
experiment. In the graph, log differeis of two samples are plotted on thexis against th
values’ average (Pevsner, 2009). In this waygdtta is centered on th-axis, conveying
consistency between experimenteoups, with more up-regulated or dowegulated genes o
of the x-axis (Fig. 13). Ithe data ws not consistent between the two groups, the vatuige

MA-plot would be curved or off the center of th-axis.
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Samplel - Sample2
[l

Samplel + Sample2)/2

Sample 1 :[Wildtype, 0 hour] v:

Sample 2 :[KnockoutJ 0 hour] -

Figure 13: MA-Plot Comparing WT Oh (Sample 1) and KO Oh (Sample 2). An MA-plotsshow
experimental precision between groups by comparing other experimental tpy@aeh other

based on their expression. Probes in red are up-regulated, probes in blue are datedreg
and probes in yellow or neither up-regulated or down-regulated, based on Knockout 0 hour
expression. Image generated from GeneSpring software.

The samples for this MA-plot are the two genotypes, KO (Tpléhd WT (Tpl-2) at
basal level (0 hour TPA treatment). As can be seen, the data values aaflygemetered on the
X-axis, suggesting data precision between experimental groups. The probes ia Huera
regulated genes, red probes show up-regulation, and yellow probes are neitireprdgy
regulated in respect to Knockout 0 hour samples. Other MA-plots that compare other
experimental groups also have the same shape.

The remaining data could be filtered further. On a global scale, the datapsred
using fold change ratios corresponding to effects between genotypes witineBAent

consideration.
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Fold changenalysis compared expression betv genotypes, Tpl-2" and Tp-2", with
the same TPA treatments. Faldange expression was calculated using the follpwatios
KO Oh/WT Oh KO 1h /WT 1h KO 4h/WT 4h
If a probe had a fold change of two or higher- or downfegulated) for at least one of the th
ratios, it was kept in the dataset; any probedichhot have a fold change of two or higher \
removed. Differential regulation of a fol change of two or higher was chosen based on ge
acceptance in literaturddowever, there is a caveat when choosing how meichchange
difference is necessary to be considered signififor a datasetbecause with this filter, a gel
that may not b important to the study at hand could be keptlendmother gene whose fc
change values are close to 2 but domake the cutoff is removed.

A heatmap was then generated from the remainir@/.genegprobes (Fig. 14) Genes
were clustered such that those that were moreasimilexpression across experimental grc
were clusteretbgether on the heatr. A dendogram also showegene expression relatedn.
The experimentajroups were also clusterusing unsupervised émnarchical clustering based
centroid distance, related to thleared expressicof experimental groups based on fold cha
from the three ratiothat corresponded to genotypic differer. As can be seen, the genoty

share similar expression withamaother and therefore i clustered together.

Color range

w]l
.
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Figure 14.Global Heatmap of Differential Expression between@ype usin¢ Fold Change
Filter 2for the Three Ratios that Comparexpression between Genotypesass TPA
Treatments. The genes are atustlby similarity across experimental groups. A dendog
showsgene expression relatedn. Experimental groups are clustered using unsiugest
hierarchical clusterinffom shared expressi. Based on logransformation and medi-
centering, genes iblue are dow-regulated, genes in red are rggulated, and genes in yellc
are neither down- or ugegulate.. As is seen in the profile plot (Fig. 12B), mgshes ar:
within the range3 and 3. However only a select few genes are rntbtnthis rang and they
appeaias the brightest blue and red, respect. Image generated from GeneSpring softwa

MMP-2, MMP-3, MMP-9, Lipocalin-2, and TIMPs: MMP-9
is Upsegulated in Tf-2” Samples, while TIMP-2 is
Down-regulated with TPA Treatment

Since tlis experiment focuses on tpotential of keratinocytes from Tl mice to
become metastatit,is important to see how key genes associated twinor invasiordiffer
between genotypemd how this expression changes with TPA treatmin particular,higher
MMP-2 and MMP-9 activitycorrelatss with higher metastasis cancerous cell typ; MMP-3
has been shown to play a protective role againsstesis; higher expressionthe MMP-
9/lipocalin-2 complex ismindependel sign of poor ptient prognosis; and TIMPs inhibit MV
enzymatic activityand are therefore protective aga cell invasion Bauvois, 2012; McCawle
et al, 2008; Leeet al, 2008; Folgueraet al, 2004) The heatmap below (Figs) shows these
genes of interest todedr without anyfold change filtering/et genes are clustei by similar

expression 19 genes are present, including splice vari

Mmp2
Timp2
Timp2
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Figure 15: Heatmap of MMR; MMP-3, MMP-9, Lipocalin-2, and the TIMPsThe data i
unfiltered, genes are clustered by similarity asr@sperimental groups, and the dendog
shows expression relatedne&ased on lo-transformation and mediarentering, genes in blt
are downregulated, genes in red are-regulated, andenes in yellow are neither do- or up-
regulated.Image generated from GeneSpring softwz

These particular genes of interand their splice variantsere subsequently filtere
using the ratios from abow®rresponding to expression differencetween genotypes and hc
they compare with TP&eatmer. Genes witlihat were differentially regulated la fold
change greater thanf@ any of tle three ratios were considered significamtl were kept in th
dataset. The new heatmap skdhese 5 significant genes that correspongetatypic

differences eross TPA treatme (Fig. 16).

Mmp9

Mmp9
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Timp2 Color range
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KOOh KO1lh KO4h WTOh WT1lh WT4h

Figure 16 Heatmaps of Significant Genbased on Genotypiifferences from the 3 Fol
Change Ratios for TPAreatmer. The original 19 genes were filtered down to beag
associated with genotypic differenccompared across TPA treatment. Dendograms shog
expression relatednesBased on lo-transformation and mediarentering, genes in blue ¢
down-regulated, @nes in red are -regulated, and genes in yellow are neither ¢- or up-
regulated.Image generated from GeneSpring softwz

EyES

Both splice variants dfIMP-9 are up-regulated in Tpl‘2compared to T|-2"* at basal
level and are also ugegulated with TPA treatment, consistent with poegi studies showir
MMP-9 activation via TPAstimulatior (Lin et al, 2009). Lipocalin-2appears to be -
regulated in Tpl-2* andbecomes mo up-regulated with TPA treatmenHowever, its comple

with MMP-9 is what is associated with aggressive skin catypes, not the gene by its. This
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gene may have other associations with Tpl-2 other than its complex with MNTR®-2
appears to become down-regulated with TPA treatment. Taken together, MMiR@ulgiion
and TIMP-2 down-regulation coincide with each other since TIMPs inhibit MMRitgctilf
TIMP-2 is down-regulated, it can allow for higher MMP-9 expression.

Table 4 presents fold change expression ratio values for the significastlggsed on
genotypic differences across TPA treatment. The significant fold cliatige are in bold. Both
splice variants of MMP-9 are up-regulated at basal level in Tphﬁwever, they both show a
decreasing trend with subsequent TPA treatment, while lipocalin-2 is dmufated in Tpl-Z2
for 1 and 4 hour TPA treatments. Previous studies have shown that TPA activates MMP-9, and
as such, TPA may activate MMP-9 in Tﬁf—?to a greater degree than Tﬂ[—,zwhich could
explain this trend, especially considering that the heatmap shows MMP-gulatien in both
genotypes with subsequent TPA treatment. Longer TPA stimulation may bsargdes
support this suggestion. Also, as mentioned before, lipocalin-2 alone may be adssitfat
Tpl-2 in other pathways, but its complex with MMP-9 is what is associated witbssyee skin
cancer types. The association between lipocalin-2 by itself and Tpl-2 shcandrieed
further.

Table 4: Significant Genes based on Genotypic Differences

Gene KOO/WTO KO1TYWT1 KO4/WT4
Mmp9 3.75 up 258 up 1.42 up
Mmp9 2.70 up 1.47 up -1.13 down
Timp4 -1.39 down -2.17 down 1.16 up
Timp2 -1.29 down -1.42 down -2.31 down
Lcn2 -1.39 down -3.14 down -3.04 down

Another point worth mentioning is how MMP-2 is not present in the list of significant
genes due to genotypic differential expression. MMP-2 is expressed avé&dsvifeboth

genotypes in the microarray; however, it is up-regulated by 1.86-fold in"Taft€ 4 hours of
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TPA treatment, which explains v it was not included in the list of genes thate
differentially regulated by a fold change of 2 aghrer Also, there are other MMPs that m
have significant fold change differences betweergges, but we chose MM2 and MMP-9
to study for thistiesis since their i-regulation is closely associated with cell aggressess an

metastasis.

Rea-time Polymerase Chain Reaction
for MMP-2 and MMP-9

Realtime polymerase chain reeon is a way to confirm gerexpression difference

+/+

between genotypeseen in the microarray experiment betweer-2""* and Tpt2” in mouse

skin. Since MMP-2 and MMP-are u}-regulated in invasive cell types, itatsoimportant to

+/+

study their relative expression in -2"* and Tpl-2" keratinocyte RNAn a qPCR experimer
when expression is normalized to the unstimulatedTPA treatmeniTpl-2""* RNA sampl..
Shown below,lie gPCR results show -regulation of MMP-2 in Tpl-Z at basal levethat
increases with subsequent TPA treatment (F7A). MMP-9 is alscsignificantly up-regulated

in Tpl-2” (Fig. 17B). All t-testresults are at the< 0.01 level.
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1000 - 8.79 100.00 - 90.03
€ 000 - ks £ 9000 - sk
-g 800 - 'g%é -% 8000 - 73.92 “%\
8 700 546 i 8 7000 e %X«
8 600 - 1.85 g%%@%: §§§§§§ g 6000 - g@é& é@%
I I BEE- EE EE
F B O RER N B B
& 100 j -;Wé E%%g & 1000 - ]_0 e ogq,ccccc EE";CCCC
o %OOOO R 0o :
ORh TPA 1h TPA 4h TPA Oh TPA 1h TPA 4h TPA
A Treatment B Treatment

47




Figure 17: Real-tim@olymerase Chain React Results for MMP2 (A) and MMF-9 (B). All
expression is normalized to tfiel-2"* sample that was not treated with TPMMP-2 is
significantly up-regulated in TE2" and this ugregulation increases with subsequent T
treatment, a similar trend that was seen in thegarcay. MMIF-9 is also significantly L-
regulated in Tpl-Z. Standardieviationerror bars are also showAll results are at the [ 0.01
level.

Zymography

Gelatin zymography detects MI-2 and MMP9 enzymatic activity due to their ability
digest gelatinthe denatured form of collac. Zymography measures total enzymatic activit
MMP-2 and MMP-9, includin@ctive enzymes, p-enzymes (zymogens), aMMP complexes
with inhibitors and protectors liklipocalin-2(Hu and Beeton, 2010). Cell culture supernat
(also called conditioneahedia samplecare the samples used in zymography bec
keratinocytes secrete MMPs into the mecKeratinocytes are isolated from pug-3 days old
and plated in 1:6 HiCa:LoCa media, and the mare changetb LoCa the following day
Once the keratiocytes are 80% confluent, they weither untreated, H-Rasfaetied, TPA
treatedovernight (approximately 18 hou, or H-Ras-infected and TPA treatedl of which was
in LoCa media (Fig. 18) When ready, the conditioned mesamples wereollected ad ready
to be used for gelatin zymograf, loading the same amount of sample in eact. Shown

below are the results for MMP-and MMF-9 total enzymatic activity.

MMP-9/Lipocalin-2

Pro-MMP-9 (top)

MMP-9 (bottom)

Pro-MMP-2 (top)
MMP-2 (bottom)
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Figure 18: Gelatin Zymography with Untreated, H-Ras, TPA, and H-Rh$RA Samples.
Lane T WT Control; Lane 2WT Ras;_Lane 3WT TPA,; Lane 4WT Ras+ TPA; Lane:XKO
Control; Lane 6KO Ras; Lane 7KO TPA; Lane 8 KO Ras+ TPA; Lane :9VIMP-2 positive
control; Lane 10MMP-9 positive control. Only bands corresponding to the MMP-9/lipocalin-2
complex and zymogens for MMP-2 and MMP-9 are present.

The band at 125-kDa is the MMP-9/lipocalin-2 complex; the band for pro-MMP-9 is at
92-kDa; the band for active MMP-9 is at 85-kDa; the band for pro-MMP-2 is at 72-kD&ha
band for active MMP-2 is at 65-kDa (Yanhal, 2001). The highest enzymatic activity for the
MMP-9/lipocalin-2 complex is from the Tp<2H-Ras and TPA-treated sample. Also, pro-
MMP-9 is higher in Tpl-Z, especially in the TPA and Ras+ TPA samples. These results
coincide with TPA treatment and MMP-9 activation (kinal, 2009). The band corresponding
to pro-MMP-2 is highest in Tpl“2samples. Densitometry was performed on this zymogram
using ImageJ, where band intensities are normalized to the untreated" €phditioned media

sample, and the results are presented below:

Table 5: Gelatin Zymography Densitometry Results

Sample MMP-9/lipocalin-2  Pro-MMP-9 Pro-MMP-2
WT C 1.00 1.00 1.00
WT Ras 1.46 1.53 0.67
WT TPA 0.73 1.09 0.62
WT Ras+ TPA 1.40 2.41 1.09
KOC 0.52 1.80 1.28
KO Ras 0.55 2.91 1.34
KO TPA 1.18 3.97 1.35
KO Ras+TPA 48.76 6.91 1.50

From the densitometry results, there are few enzymatic activityehifes between
samples corresponding to the MMP-9/lipocalin-2 complex, except for the K& R4
sample, which is dramatically higher than the rest of the samples. Thedraegponding to
pro-MMP-9 is higher in the Ras samples as well as the KO TPA sample, butnihle sath the

highest pro-MMP-9 enzymatic activity is the KO Ras + TPA sample.pfieMMP-2, little
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difference is detected, even though the Tplsamples are slightly higher in enzymatic activity
than the Tpl-2*. However, the difference is not as drastic as was seen in the sampieg tela

MMP-9, such as its zymogen and complex with lipocalin-2.

A point worth noting from the zymogram and from the densitometry results is the
absence of active MMP-2 and MMP-9 bands. Their zymogens show enzymaity,dmtity
active MMPs are what are responsible for degrading the extracellatex m invasive cancers
(Snoek-van Beurden and Von den Hoff, 2005). Pro-forms could be an indicator of how much
active MMP activity is possible once MMP-2 and MMP-9 do become fully activated i
aggressive cell types. Thus, from the results shown, Tphthples, especially with the
overexpression of the Ras oncogene and with TPA stimulation, have potential for high MMP-2

and MMP-9 enzymatic activity.

The goal of Objective 2 was determining if TpiH2eratinocytes have the potential for

increased migratory ability, higher malignant conversion, and bettgogenic ability.

In vitro Wound Healing/scratch Assay

Scratch assays are a way of assessing cell migration ratey thisimssay, we compared
migration differences in Tpl*Z and Tpl-2" keratinocytes while they migrated towards each
other to close the scratch/wound. As previously described, keratinocytesalated and
plated in 1:6 HiCa:LoCa media and the media was changed to LoCa media thantptay.
When the keratinocytes were confluent, they were either untreated, tneghtdditomycin C
(which inhibits cell replication), H-Ras-infected, or H-Ras-infeeed Mitomycin C treated
(Fig. 19A-D). Some cells were H-Ras-infected, which constitutively desvwhe Ras oncogene

and stimulates migratory pathways (Inametaal, 2010). The antibiotic Mitomycin C was used
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so that ly inhibiting proliferation we can be sure that amyund closure is due strictly to ¢

movement and natue to an increase in cell numl The results of the scratch assay

presented below.
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Figure 19: ScratcAssay Summar. Migration of Tpl-2’*and Tpl-2" keratinocytes wa
compared under untreated (A) eMitomycin C treated (B), H-Ras-infecte@) and H-Ras-
infected and Mitomycin C treated (D) conditi. Panels A and B sholow little primary
keratinocytes migrate without the constitutivelyieated Ras oncogene, seen in Panels C an
Instead, TpI-Z‘ keratinocytes that have MAP3K8 restored in themratggthe fastest of tt
primary keratinocytes. H-Rasfected keratinocytes show few migratory differenbetweel
genotypes until cell replication is inhibited witkitomycin C, which then shows T2t
keratinocytes migrating drastically faster, closing scratch within 48 hours, while -2
keratinocytes close the scratch by only half ashmugtandard deviation error bars are

shown.
While there are few differences between primary-2"* and Tpl-2" keratinocyte, Tpl-

2" keratinocytes migrate the fastest, however, wherPBIK8 is restored These primary cell
do not migrate quickly on the why, though since they are only able to close the scratcless
than 60% in 48 hours (Fig. 19B). H-Ras-infected Tpl-2" and Tpl-2" keratinocyte do not

have different migratory rateslowever,when cell replication is inhibitegith Mitomycin C
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treatment, H-Ras-infected TplZ2keratinocytes migrate dramaticallgster, closing thscratch
in 48 hours, while Tpl-2 keratinocytes have only closed thratchby half as mucl(Fig. 19C-
D and Fig. 20). Because Tpl-M-Ras-infected keratinocytesigrate at the same rate a-Ras-
infected Tpl-2’* keratinocytes until their cell recation is inhibited, it could be suggested 1
Tpl-2"" H-Rasinfected keratinocytes have a faster cell cyclewkler, this should be validat

with other experiments.

Figure 20: MigratiorDifferences oH-Ras-infected Keratinocytes wiell Replicatior
Inhibitor Mitomycin C This time lapsipanel confirms the migratodifferences betweeH-
Ras-infected Tpl-2" (left panels) and T-2" (right panels) keratinocyteshen cell replication i
inhibited. H-Ras-infected Tpl*Z keratinaytes are able to close the scratch within nesl
hours, while H-Ras-infected T keratinocytes have only closed the scratch bydmthuch.
Images taken by Essen Instruments IncuCyte LivéI@elging System at 10X magnificatic

The image shows th@pl-2"* H-Rasinfected keratinocytes that are treated with the
replication inhibitor, Mtomycin C, close the scratch more rapidly than H-ResetedTpl-27
keratinocytes. In fact, these TpI™* keratinocytes are able to nearly close thund within 36

hours, faster than any otheample and tre¢ment.
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In vitro Malignant Conversion Assay

The conversion assay compares the potential ability of Théd Tpl-2" keratinocytes
to convert into a malignant phenotype (i.e. form a pseudo-tumorlikerstéteo). This cellular
conversion to malignancy could then later transform into aggressive and tietadtdéypes. In
this assay, keratinocytes are isolated and plated as previously destriib@diCa: LoCa media
in 60-mm dishes, and the media are changed to LoCa the next day. To startetber8 w
experimental dishes per genotype, and 3 of these dishes were used for MNM@rire&nce
the keratinocytes are 80% confluent, they are infected with the Ras oncogmna defective
retrovirus in LoCa media. Those keratinocytes that do not take up the mutantd®asathet
undergo apoptosis when the media is changed (still in LoCa media), while #iairgn-Ras-
infected keratinocytes continue to grow and proliferate. Then, 2.5 weeks intgp#rarent, the
media is changed to HiCa media, which allows surviving H-Ras-infectedncages to
differentiate with potential for converting into malignant cells (Yusipal, 1989). After 7-12
weeks (depending on mouse background), Tfiladd Tpl-2" dishes are stained with rhodamine
in 10% formalin, looking for foci formation, which are the sign of cellular malignanc
Rhodamine stains the actin in the cells, and formalin fixes cells by cnégsgliproteins. The
more foci that form in the dishes, the better that genotype could be at potetalgrting into

malignant cell types. The results of the assay are presented below:

Table 6: Conversion Assay Results

Sample Number of Foci Conversion Ability
after 12 Weeks

Tpl-2"* 0 0 of 15 plates

Tpl-2" 7 7 of 15 plates

These results show a higher potential conversion rate for Tpétinocytes than Tpl-

2" keratinocytes when keratinocytes have the Ras oncogene constitutiixedyeaict
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Thecells within the centers foci on Tpl-2" dishes also haveettular morphology
unlike other keratinocytethat are not associated with f (Fig. 21Q. While normal cell
exhibit contact inhibition and have normal keratyie morphology (Fig. ZzA), the cells
growing n the center of the foc show no contact inhibition (Fig. 21Q)rowing aroun@and

even on top of one another, cheteristic of tumorous cel

/ KO \Nithih the center of focus KO dish-with focus
s 2id 1x ) -
(W " \

Figure 21: Keratinocyt€ellular Morphologyand Conversion Assay Dishes after Rhoda
Staining. In dishes without any foci, which do not stain pahke to even cell dispersal in t
dishes (B), TpR+/+ keratinocyte are spread out evenly and exhibit contact inhibi{see the
blue arrow inA). However, a Tf-2" dish with a focus groimg in it stains as a spot of pil
(black arrow inD), which are the converted cells growing withingg proximity of one anothe
Under the microscope, these T cells not only have different morphology than celts
associated with a focus, biiety also exhibit no contact inhibition, growing top of each othe
seen within the center of the fociblue arrow in C). Imagesf the keratinocytes ataken from
a Zeiss Axioplan Il microscops 5X magnificatior

As is shown in the figure abovthere are cellular morphologlfferences between ce
that are seen in the center of fbeus and cells that are not associated wiihcas; they even

stain differently. Keratinocytehat are not associated with a foare not seen well with tr
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naked eye when they are stained with the pink dye rhodamine because they esediespenly
(Fig. 21B). However, a focus appears as a pink spot on the dish from the cells dogsthgr

in one area on Tpl2dishes (Fig. 21D).

The results from the MNNG plates were not as expected. In addition to-k{Retson
3 dishes from each genotype were also treated with the carcinogen MNN@ sivbidd have
provided a second ‘hit’ to the cells that already have the Ras oncogene conlstiaativated.
Therefore, these dishes were thought to have had more foci form in them sincadhey
additional genetic alterations (from treatment with the carcinogen) thaa distges that were

only H-Ras-infected. Instead, however, no foci formed in dishes from eithetype.

In vitro Tubulogenesis Assay

Thein vitro tubulogenesis assay shows the ability of cells to form tubes on a basement
membrane, which can simulate potential angiogenic conditioviso. Immortal 3B11
endothelial cells (known for their high replicative ability) are plateth wonditioned media
samples and grow on a basement membrane-like gel. The same number of 383 plzdtd
(80,000) to ensure consistency between samples. Keratinocytes from the condigdreed m
samples are isolated and plated in 1.6 HiCa:LoCa media and changed to ¢di@dha next
day. Once the cells are 80% confluent they are either untreated or Hi&aed, which can
stimulate pathways associated with angiogenic factors (Ratestahy2012). The cell culture
supernatant samples are collected because keratinocytes segiggeran factors into the
media. Thus, in this assay the more tubes that form in a sample are an iompb€aigher
angiogenic ability based on the conditions that keratinocytes grow and survive smassay is
important because higher angiogenesis is another characteristic oferaad metastatic cell

types (Massoet al, 2005). As is shown in Figure 22, Tpf-2onditioned media samples enable
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endothelial cells to form nodules and networksubktformatiorin the matrigemore readily

than Tpl-2"* conditioned media samp.

Figure 22: Tubulogenesissay Resul. 80,000 3B11 endothelial cells are plated in each
with the same amount of conditioned media to ensxperimental consistencWhile Tpl-2"*
conditioned medigamples show no tube formation (only small nodiié¢ke H-Ras-infected
well) (A and B),more nodules fori in the untreated Tpl“2conditioned mediaample (C; a
large network formed in the Racinfected Tpl-2”sample, of which only a portion of it
shown (D). A representative node is shc by the yellow arrow in Panel Amages<are taken
from a Zeiss Axioplan limicroscope at X magnification.

The figure above shows ora part of the network from the H-Radected Tp-2"
conditioned media sample.igdare 23, below, shows the full blood vesseftwork. Thes:
networks are frommages taken by the microscope at 10X and piecedtitegto show the enti

network, which ¢ especially necessary for th-Rasinfected conditioned media sampl
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Figure 23: FulBlood Vessel Networks made by 3B11 Cells from Cboded Media Sampl.
Only a few branches are seen in the-2"* samples, even with H-Rasfection. However
while the untreated Tpl2conditioned media sample shows a small network B&1 cells
the H-Ras-infected Tpl“2conditions enabled the 3B11 cells to fia large blood vess
network with itself overnight. Individual paneleeamages taken at 10X, and the images f
each sample are panels that haeen pieced together to show entisgworks.

The number of nodésibes that form in each of the samples was &deed. As Figures

22 and 23 shoythe 3B11 cells growing in T-2” conditioned media shothe potential fo

higher angiogenic ability than the cells in the-2""* conditioned media. The quantitative d

is presented:

Table 7: Quantitativd ubulogenesis Assay Resi

Conditioned Media Number of Branch

Sample Sites
WT Control 3
WT Ras 5
KO Control 7
KO Ras 81
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As is seen in Figures 22 and 23 as well as in Table 7, potential angiogétyasabi
greater in Tpl-Z conditions than in Tpl-2" conditions, especially involving the Ras oncogene.
When this assay is repeated this same trend is observed, but the numidezs ahtl nodes that

form vary.
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CHAPTER 5

DISCUSSION

Tpl-2 is a serine/threonine protein kinase that acts as a tumor suppressoise skin.

Its absence leads to NdB1 and its downstream targets like Erk becoming constitutively active.
This activation leads to a physiological response, such as chronic inflamntiaditinas been
linked to the promotion of skin tumorigenesis due to constitutive activation. In previous
research, it was found that Tpl-2nice have significantly more skin tumor formation and higher
inflammation levels than Tpl*2 mice (DeCicco-Skinneet al, 2010). Both the increase in cell
cycle and the inflammatory environment associated with this loss promojigedeleonditions

for skin tumorigenesis (Colottt al, 2009).

Even though TplZ mice have a higher incidence of squamous skin tumor formation, it is
unknown as to whether or not these tumors have potential for invasiveness and mefstasis
this thesis studied the metastatic potential of Tiratinocytes compared to keratinocytes from
normal skin. Expression levels of MMP-2 and MMP-9 were considered since théRe i
particular are associated with aggressive cell types as well as pieot paognosis (Bauvois,
2012). Additionally, migration, malignant cell conversion, and angiogenesisalgerexamined
considering that invasive cell types migrate faster, have highermaatigonversion, and are
associated with enhanced induction of angiogenesis (Inaghdhr2010; Morgaret al, 1992;

Massoret al, 2005).

Genes Associated with Cellular Invasiveness like MMP-2
and MMP-9 are Up-regulated at the RNA Level
in Tp|-2"' Mouse Keratinocytes

Matrix metalloproteinases degrade the basement membrane, which segalfattom

underlying connective tissue and blood vessels. It has been well documented that invasi
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cancerous cells have increased MMP activity, allowing them to enter the béamdsind
metastasize to other tissues (Folguetaa., 2004). The gelatinases MMP-2 and MMP-9 have
been shown to play crucial roles in the ability of cancerous cells to invade aad &pother
parts of the body. MMP-2 and MMP-9 can digest gelatin, which is the denatured form of
collagen; thereby, they can aid in extracellular matrix degradationr{giBeeton, 2010).
Consequently, MMP-2 and MMP-9 have been shown to be up-regulated in numerous cancer
types, especially at malignant stages (Snoek-van Beurden and Von den Hoff, 2@88%e In
later cancerous stages, MMP-9 can influence cell behavior by activedjog srgnaling
pathways like NReB and MAPK (Linet al, 2009). However, MMP-9 can also be stimulated by
these same pathways in a positive feedback manner, thereby regulating paitkevesi|
growth, migration, invasion, inflammation, and angiogenesis and primarilingathe
destruction of the extracellular matrix (Massral, 2005).

The microarray, qPCR, and zymogram results show higher levels of MMP-9 # Tpl-
samples. The microarray results show higher MMP-9 expression at basal [€peR6f
compared to Tpl-2*, but both genotypes have up-regulated MMP-9 levels with subsequent TPA
stimulation. TPA is known to activate MMP-9, which could account for the decre&sd i
change results when comparing Tﬁl-iz) TpI-Z”+ MMP-9 expression with subsequent TPA
treatment. However, qPCR results show significantly higher MMP-9 expmeissTpl-2- RNA
at basal level and with TPA. Taken together, MMP-9 up-regulation in Tjg-2onfirmed in
both microarray and gPCR experiments.

The results from the zymogram show higher pro-MMP-9 levels in TRIA,
especially with TPA treatment and H-Ras infection. However, the band momdiag to active

MMP-9 is not present, and active MMP-9 is responsible for degrading the duteaaeatrix in
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invasive cancers (Liet al, 2009). Pro-forms could be an indicator of how much active MMP
activity is possible once MMP-9 is fully activated in aggressive gedid. Thus, from the results
shown, TpI-Z‘ samples, especially with the overexpression of the Ras oncogene and with TPA
stimulation, have potential for high MMP-9 enzymatic activity.

Lipocalin-2 results, both from the microarray and from zymography whisren a
complex with MMP-9 are different than expected. Lipocalin-2 is down-regulatie i
microarray with TPA treatment in the Tpl-zamples by 3-fold. Lipocalin-2 alone may be
associated with Tpl-2 in other pathways, but its complex with MMP-9 is whatasiated with
aggressive skin cancer types, which could explain this discrepancy of why it igelgwated
in the Tpl-2” especially after TPA treatment. In the zymogram, the MMP-9/lipp@atiomplex
is not drastically different between genotypes except for the conditioned saadple from
TPA-treated and H-Ras infected Tpf-Reratinocytes, in which the densitometry results show an
almost 50-fold increase between the TPA and Ras Tghinple and Tpl-2* control (untreated)
sample. From these results, the association between lipocalin-2 and Tpl-2 shexddhbeed
further, especially considering that only the up-regulation of the MMP-9dipe2 complex is
associated with several skin cancers (eeal, 2008).

MMP-2 did not show up as a significant gene in the microarray data when comparing
expression between genotypes with TPA treatment groups. However, MMP-ggulgted in
Tpl-27 with 4 hours of TPA, but it was not included in the heatmap and table because it did not
meet the fold change of 2 cutoff. This trend of increasing MMP-2 with TPA stionulaas
also seen in the qPCR results such that MMP-2 was almost 10-fold higher in the 4 hour TPA

Tpl-2” RNA sample compared to the untreated THI-RNA sample. MMP-2 relative
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expression to untreated TpI“2RNA was significantly higher in all of the Tpltzamples, both
untreated and treated with TPA.

Similar to the MMP-9 zymogram results, no active MMP-2 activity wasatied but pro-
MMP-2 activity was. However, from the densitometry results there kiteedifferences in

pro-MMP-2 activity from all of the conditioned media samples.

Tpl-2” Keratinocytes May Migrate Slower when Cell Replication is
Inhibited, but their Higher Conversion Rate and Higher
Tube Formation with Mutated Ras Suggest
Potential for Aggressiveness and
Metastasis in Mouse Skin

Migration ability, malignant cell conversion rate, and angiogenidtyhile all
characteristics that can differentiate between normal and invasivepeslwhen taken together.
Wound healing is a physiologically important process involving a multitude of protans a
molecules as well as cross-talk between pathways associated Wtotfdration,
inflammation, and tissue repair (Werner and Grose, 2003). Keratinocytessasedefrom the
basal lamina, whereby they dissolve the extracellular matrix videNdkdteolysis. However, in
cancerous states cell proliferation, inflammatory, and tissue repairggatlingcome
dysregulated. In thie vitro wound healing assay, an artificial gap (a scratch) is created on the
confluent monolayer, and cells on the edge of the new gap migrate into tick scrtd it closes.
Some samples are treated with the replication inhibitor Mitomycin C, such tahmrhtory
differences are observed, while other keratinocyte samples are ned tnetit Mitomycin C,
allowing cell proliferation to be taken in consideration with migratory diffeendn essence,
the assay explores cell migration through interaction with the extrarathaitrixin vitro

(Nelsonet al, 2010).
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In the scratch assay, Tpr’Zkeratinocytes migrated faster than Tﬁ]-@eratinocytes
when they were H-Ras-infected. While untreated keratinocytes migtavdg,saking several
days to close the scratch and showing little genotypic differences; Tigatinocytes whose
MAP3K8 was restored migrated the fastest both with and without Mitomycin tthera
When keratinocytes were H-Ras-infected with the Ras oncogene and treat&titarinycin C,
the migratory differences between genotypes were dramaticdkyetif. However, when these
H-Ras-infected keratinocytes were not treated with the cell replicatndbitor, TpI-2”+ and
Tpl-2” keratinocytes migrated at the same rate and were able to close the iscA&hours.
From previous studies in other laboratories, it has been shown that Tpl-2 promotegregibmi
mostly through ERK activation (Hatziapostoleual, 2011). Thus, it makes sense that TPi-2
keratinocytes migrate much faster than Tplk&ratinocytes when cell replication is inhibited
considering that Ras activates the MAPK/ERK pathways; without Tpl-2, thg'Tpl
keratinocytes may use other migratory pathways. This clear differetive results between H-
Ras-infected keratinocytes that were treated with Mitomycin C and thatseere not treated
with Mitomycin C may also suggest that the tumors that form and may lataestasize due to
the loss of Tpl-2 become invasive due to a faster cell cycle rather than betaugeatory
explanations.

Cell conversion is the ability of a cell to transform into a malignantyed, twhich can
later become invasive. Therefore, malignant conversion is an importanttehat@acao study
when differentiating between aggressive and non-aggressive cell typesiaascaAnn vitro
conversion assay compared conversion differences betweer Tah@ Tpl-2” keratinocytes
that have the Ras oncogene constitutively activated by observing the development of foci

formation (or lack thereof) on cell culture plates. Foci are an indication ofahogtihs
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converting into malignant ones (Morganal, 1992). This conversion will not occur in primary
cells like Tpl-2"* and Tpl-2" keratinocytes unless they acquire other mutations like Ras, which
is why all surviving keratinocytes had the Ras oncogene constitutivehatact. \When the
keratinocytes were infected with the Ras oncogene using a defectoxertes, cells that did not
incorporate Ras detached and terminally differentiated when media weagedhfeom LoCa to
HiCa after 2.5 weeks into the experiment. A small proportion of persistirggticat

incorporated Ras could convert into malignant cells and produce proliferativd foese
malignant keratinocytes could then later transform into aggressive andatietaals. Thus,

the production of proliferative foci can simulate the cellular and phenotypic ehaegn in
malignant conversioim vivo due to the mutated Ras oncogene as well as the absence of Tpl-2 in
mouse skin (Morgaet al, 1992). In this conversion assay, TplHeratinocytes produced more
foci than Tpl-2’* keratinocytes, which did not produce any foci in the experimental dishes.
Thus, TpI-2" keratinocytes have better ability to convert to a malignant phenotype aftex Ras
mutated and constitutively activated.

Samples that received MNNG treatment did not work as planned. It was thoughéthat
keratinocytes that were already H-Ras-infected could convert falségr given a second ‘hit’
from the carcinogen MNNG. Therefore, these dishes were thought to have had miorefoc
in them since they had additional genetic alterations (from treatm#mth&i carcinogen) than
those dishes that were only H-Ras-infected. 3 dishes from each genotypeeatect with this
carcinogen, and instead of forming more foci than the other experimental dishesf sbene
Tpl-2'"* dishes that received MNNG started to form foci, while only a few Tpkeratinocytes
survived with the MNNG treatment. A cell viability assay may have beenlusefetermine if

MNNG ended up being toxic to the Tpl-2nd not Tpl-2* keratinocytes. At the end of the

64



experiment and when all MNNG dishes were stained, though, no foci had actualyfm the
Tpl-2"* dishes, and very few TplXkeratinocytes who received the MNNG treatment were able
to survive.

Increased/sustained angiogenesis is another characteristic dfsaggeell types. In the
in vitro tubulogenesis assay, immortal endothelial cells attach to the mateyeligrate toward
one another, forming tubes (similar to blood vessels) over 24 hours depending on their media
conditions from the conditioned media samples that could contain varying angiogémis. fa
The next day, the wells are viewed under the microscope; the more branchekAtfmesn are
indicative of conditions for higher angiogenic ability (Arnaoutova and Klemi2@10). These
angiogenic differences are due to varying conditioned media from™ '@l Tpl-2~
keratinocytes. These cell culture supernatants will have different anadenizymes and
growth factors, including varying MMP levels. MMPs have been shown to play alpmetan
the formation of new blood vessels, especially in cancerous conditions (Folguakag004).
From the experimental results, it is clear that Tble@nditions enable angiogenic ability better
than Tpl-2"* conditions, especially in the H-Ras-infected conditioned media samplemplela
where keratinocytes were treated with TPA have yet to be tested, whidrsbow promising
results. However, especially considering the link between Tpiaanles, MMP-9 up-
regulation, higher conversion rates, and better angiogenic potential, it seasisl@ldnat skin
tumorigenesis due to the loss of Tpl-2 could have aggressive, invasive, and rogiattatial
with other genetic mutations involved, such as the constitutive-activation of the Rggsmo&co

At basal level, there are genotypic differences between il Tpl-2~ samples, but
loss of Tpl-2 does not seem to show a more aggressive phenotype without stimulating the

primary keratinocytes through TPA treatment or H-Ras-infection. Theskssuggest that in
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mouse skina number of genetic changes in addition tc-2 loss arenecessary for a
aggressive cellular phenotyfRRatushnyet al, 2012). Thus, mouskin cells that have loTpl-
2 need other mutations or changes to occur betmie isvasiveness and metastasis. Howe
these results are important in ling malignancy and metastasisd the tumor suppressor -2
in mouse skin.These results potentially could be translee to humansassociatin the loss of
MAP3K8 in human skin witlhaving the potential to be aggressive and metasiégr othe

genetic alterationske the mutated Ras oncogt.

Future Experiments and Directions

There are many followp experiments arfuture directionghat can be associated w
these resultsThe experimental results from this thesis sugiped theskintumors that forn
due to the loss of Tpl-2 in mideve the potential to be aggressive, invasive nagtéstatic
even though othenutations and changes inecessary as wellThus, there are mai
subsequent directions to explore this associati@ven greater depth.

This thesis focused on only a few MMPs that are@ased with cell aggrisiveness and
metastasis: MMP-2 and MM®- Howeverthere were other MMPs that were higher in-2"
samples than Tpl*Z samplesn the microarra. Using the three fold change ratios to comy
genotypic differenceacross the three TPA treatments, Figi4 shows the heatm generated
for thesegenes that were most differentially regulaiwhosefold change was greater than 5

at least one ahe corresponding ratios, resulting in only 87 g.

——

—
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Figure 24: Heatmap with the Most Significant Genes Based on GenotyfaceDides Across
TPA Treatments. Genes in this heatmap had a fold change ratio of 5 or highersh @tdeaf
the three fold change ratios that compared expression between genotgpes.n®re similar tc
each other across experimental groups are clustered together, and a dendogsaexpressior
relatedness. Unsupervised hierarchical clustering grouped the expatisaanples together
that had shared expression. Based on log-transformation and median-cegés@sgn blue ar
down-regulated, genes in red are up-regulated, and genes in yellow aee deitn- or up-
regulated. Image generated from GeneSpring software.

1%

One MMP in particular that was included in this heatmap was MMP-1. It was up
regulated by over 7-fold in Tpl?2at basal level compared to Tpl-2 Thus, MMP-1 may be
important to study, especially if it relates to NB-and MAPK pathways in relation to the loss of
Tpl-2 in mouse skin.

Similarly, as was shown in the Results section, TIMP-2 and TIMP-4 were-down
regulated in Tpl-Z samples by at least 2-fold. Since TIMPs inhibit MMP activity, the net
balance between MMPs and TIMPs may be disrupted considering the TIMP dpviatiosn
and MMP up-regulation, which is also responsible for the control of the degradation of the
extracellular matrix (Folgueras al, 2004). Therefore, another experimental direction could be
looking at the association between the loss of Tpl-2 in mouse keratinocytes aRd TIM
expression. Since they are a different family of enzymes than MMPs,idieteicT IMP
enzymatic activity would use reverse zymography or gPCR.

Another direction that shows promise from this thesis is the role of MMP-2 in cell
malignant conversion. Even though MMP-2 was not found to be statistically differeagh
microarray analysis, it was significantly up-regulated in RNA samphalyzed by qPCR.
Additionally, we recently ran a zymogram using conditioned media samplesheamvitro
conversion assay. We found that supernatants from T geBatinocytes produced drastically

higher MMP-2 enzymatic activity than supernatants from Tfle2lls despite the fact that total
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protein levels were normalized between treatmemtigs(Fig. 25). Active MMP-2 and MMP-9

activity was also detected.

Figure 25: Gelatiymography with Conversion Assay Sam|. Lane 1 WT Cweek 8;_Lane
2: WT C week 12; Lane:XO Cweek 8;_Lane 4KO C week 12; Lane:3VIMP-2 positive
control; Lane 6 MMP-9 positivecontrol This zymogram shows both zymogens and a
MMP-2 and MMP9, even though the active MMPs appear faint. &ngdst difference in th
zymogram is in pro-MMR2 levels, especially in the KO 12 week conversiamgle, where
focus was apparent.

The esults from this zymogram shdittle differencesbetween cell culture supernat
samples from dishes withofatci formation from both genotypes. Howe:the Tp-2" dish
with the earliestorming focus of the experiment has lower-MMP-9 and higheactive MMP-
9 activity as well as higher prand active MMI-2 activity. This sample is the first sample
reveal such stark MMR-difference as well as show active MMP-2 and MMP-The
densitometry resultsom ImageJ are presented bel

Table 8: Conversion Gelatifiymogregphy Densitometry Results

Sample MMP-9/lipocalin-2  Pro-MMP-9 Pro-MMP-2 MMP-9 MMP-2
WT C week 8 1.00 1.00 1.00 1.00 1.00
WT C week 12 1.40 1.10 1.42 3.83 2.46
KO C week 8 0.87 1.44 1.80 2.31 4.17
KO C week 12 0.10 0.23 3.76 53.0¢ 5.81

The zymogram and densitometry results show bandsctove MMF-2 and MMEF-9,

+/+

even though they are slighthe MMP-9/lipocalin-2 activity is higher in thépl-2™" samples,

which may account for the higher |- and active MMP-9 enzymatic activitctive MMP-9
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activity increased the longer the conversion assay continued, and by week 12:2te T
conversion assay sample was much higher than the"Tanple from week 8. Also, both
pro-MMP-2 and MMP-2 are higher in the Tpl-8amples, especially after the focus formed in
the dish (after week 8). Therefore, it is worth examining the associatwadreMMP-2 and
cellular malignancy related to the loss of Tpl-2 in mouse keratinocytes tkeegh MMP-9
may be important in earlier skin cancer stages, MMP-2 may be a more impdatgartat
malignant and even later stages.

Yet another experimental direction could be examining some these genotypendiée
seen in this thesis using anvivomodel. Both the scratch assay and tubulogenesis assay have
in vivo-associated experiment vivowound healing could be a great way to compare
genotypic differences in the ability to close and fully heal a standardized amskps@und in
mice. Similarly, the matrigel can be used witlvivo models by creating a plug on the backs of
mice and comparing tube formation between Tpladd Tpl-2"* mice. Then vivoandin vitro
tubulogenesis assays could also study VEGF content in cell culture media to sappbypig

differences in potential angiogenic ability.
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CHAPTER 6

CONCLUSIONS

Skin cancer is the most prevalent cancer in the United States; as suchpdrisminto
examine mutations and changes involved that lead to tumorigenesis, cell maljgmahcy
metastasis. The purpose of my thesis was to study the aggressive, invasivetaastatin
potential of squamous skin tumors associated with the loss of Tpl-2 in mice. Preveausires
has shown that while Tpl-2 is seen as a oncogene in humerous cancer types—where its
overexpression has been linked to breast cancer, lung cancer, prostate ndremmea
lymphomas—its absence has been shown to increase tumorigenicity in mouse skin. Ehe result
from my thesis revealed that these skin tumors may also have metastatitapotith other
genetic alterations, such as mutant Ras. Upon stimulation with TPA dianfedth the Ras
oncogene (which frequently is mutated during skin tumorigenesis), Teatinocytes have
higher MMP-9 expression at the RNA level, a possible faster cell cycle rmgtignancy
conversion rates, and more potential angiogenic conditions thari"Tkétinocytes. Taken
together, the skin tumors associated with the loss of Tpl-2 have the potentiainoelbaeasive.
However, like other tumor suppressors, other mutations and genetic changes ssarp&edore

this metastatic potential is realized.
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