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ABSTRACT

Mutations, deletions, and epigenetic silencing of the cyclin-dependent kinase
inhibitor p16™“** are associated with several cancer types, but are more commonly
associated with familial melanoma predisposition and melanoma tumors. p16™"<**
functions as a tumor suppressor by negatively regulating the cell cycle, however severa
outstanding questions remain. It remains unclear why compromise of p16™<*
predisposes to melanoma over other cancers, and why several melanoma-associated
p16™ * mutations do not compromise CDK4-binding. This study describes a novel
function of p16™ ** in regulating intracellular oxidative stress independently of its role
in cell cycle inhibition, and analyzes these functions in several familial melanoma-
associated p16™** point mutants. | also demonstrate that, due in part to the pro-
oxidizing nature of melanogenesis, melanocytes have higher constitutive levels of
intracellular reactive oxygen species (ROS) than other cell types, suggesting why genetic

6N preferentially predisposes to melanoma

compromise of pl

This dissertation demonstrates that p16™<** was rapidly upregulated following
ultraviolet-irradiation and H>Ox-induced oxidative stress (Chapter 2). Depletion of
p16™K* increased ROS and oxidative DNA damage in severa cell types, which was
exacerbated by H,O,. Aberrant ROS levelsin Cdkn2a-deficient fibroblasts were elevated

relative to controls and normalized by expression of exogenous p16™¢**. Finally,

p16™ 4 mediated suppression of ROS could not be attributed to the potential effects of



p16 on cell cycle phase. | then constructed 12 different familial melanoma-associated
point mutants and anayzed their capacity to restore normal cell-cycle phase and ROS
levels in p16™ *-deficient fibroblasts (Chapter 3). Whereas wild-type p16™<** fully

INK4A
6

restored both functions, various pl mutants showed different abilities to normalize

ROS and cell cycle profiles. Different mutations were found to affect both, neither, or

only one of the functions of p16™<*

, indicating that these two regulatory functions can
be uncoupled. Structural analysis indicated that these distinct functions may be mediated
by distinct regions of the protein. Lastly, in norma melanocytes, inhibition of melanin
was sufficient to decrease levels of intracellular ROS to levels constitutively observed in
fibroblasts (Chapter 4), indicating that the unique process of melanin production may be
responsible for high basal levels of ROS and preferential susceptibility to oncogenic

transformation brought on by genetic compromise of p16'™<*A.
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CHAPTER 1

INTRODUCTION



Tumorigenesis Requires Several Enabling Characteristics

The transformation of normal tissue into neoplastic tumors is thoaghtlude a
progressive evolution involving the acquisition of several charactsristiat enable
normal cells to become tumorigenic, and eventually, migratory aidjmant. The six
original characteristics described as “hallmarks of cang¢ésthahan and Weinberg 2000)
included unregulated proliferative signaling, evasion from growgipiessors, resistance
from cell death, and enabling replicative immortality, inductionangiogenesis, and
activating invasion and metastasis. Recently, two more chasticeewere added that
are involved in the development of malignancy, reprogramming @fggnmetabolism
and evading immune destruction (Hanahan and Weinberg 2011). While andargt
the complexity of oncogenesis and the cross-talk existing betvieese various
characteristics is daunting, understanding its integral fadtoran organized and
systematic fashion can potentially lead to the developmeanboéd effective and targeted

therapies for different human malignancies.

Reactive Oxygen Species and Genomic I nstability

The development of cancer is greatly aided by an environmentsthahducive
to the acquisition of the aforementioned characteristics. Aacellular environment
that enables oncogenesis is one that promotes genomic instabsityation involving
the generation of numerous unrepaired random mutations to a cels Dhis genomic
instability can result in several different mutagenic outconmedding the inactivation
of tumor suppressor genes or the activation of oncogenes. One pdtattiathat can
lead to an environment of genomic instability is the presence adsexintracellular

reactive oxygen species (ROS) (Waris and Ahsan 2006).



Any metabolism of molecular oxygen has the potential to genB@t such as
the highly reactive hydroxyl radicaDH, singlet oxygertO,, superoxide radical & or
hydrogen peroxide #D, (Halliwell 1999). ROS are produced in all aerobic cells,
primarily during the natural process of mitochondrial respiration aamehormally tightly
regulated by biochemical antioxidants (Nohl et al. 2003). A constiytiow level of
intracellular ROS permits ROS intermediates to serve @sndemessengers in redox-
dependent signal transduction and to function in proliferation, cei @reest, and cell
death (Klein and Ackerman 2003, Scandalios 2002, Martindale and Holbrook Z0®2).
prevent the prolonged presence of high levels of intracellule8,R@élls possess several
antioxidant enzymes that convert highly reactive superoxide into ggdrperoxide,
such as mangenese superoxide dismutase (MnSOD) located inttiebamdria, and
Copper/Zinc superoxide dismutase (Cu/ZnSOD) located in the cytofl&smiger and
Fridovich 1973). Hydrogen peroxide itself can then lead to inaleaselative stress
within a cell through participation in the “Fenton reaction” or reaction with cappieon
ions to produce the much more reactive hydroxyl radical (Aruorah €089, Halliwell
and Gutteridge 1990, Halliwell and Gutteridge 1992, Halliwell 1993). dieyme
catalase therefore plays an important role in the decompositioydobgen peroxide to
water (Waris and Ahsan 2006). These enzymatic antioxidantnsyséee aided by
nonenzymatic antioxidants that function in the thiol/disulfide systeam as glutathione
(GSH) (Droge 2002, Misra et al 2009).

These ROS can potentially damage several different claséesellular
constituents. ROS can disrupt cellular membranes by direedgting with lipids

(Hunkar et al. 2002), can potentially cross-link ribonucleoprotiens (Wt Alam



1998), and may modify sulphhydryl groups in proteins (Knight 1995). The acatiomul
of oxidative stress-induced damage to lipids, proteins and DNpgraposed to be a
contributing factor in several classes of human disease, such eslewenerative,
cardiovascular, metabolic, and inflammatory pathologies (Vurusaradr 2012). More
specifically, ROS and organ damage contributes to Fanconi anennaic hepatitis,
cystic fibrosis, and numerous autoimmune diseases (Takeuchi and ditorir893,
Hagen et al. 1994, Shimoda et al. 1994, Waris et al. 2005). Oxidatass-gtduced
damage to DNA has now been widely accepted as a major contributioe onset of
cancer (Figure 1.1) (Ames 1983, Shimoda et al. 1994). This occureeasliaof DNA
damage that leads to heritable changes in all cells downstrietli® mutation event that
impact the functions of the hallmarks of cancer that are beliewebe crucial in the
etiology of cancer.

Oxidative stress can induce several types of DNA damage, sutie axidation
of both purines and pyrimidines, creation of alkali labile sites d@velopment of single
strand breaks (Breen and Murphy 1995, Wang et al. 1998, Dizdaroglu et aJ, 2002
(Cooke et al. 2003, Jaruga et al. 2004). DNA treated with ROS hdseglismbserved to
develop double tandem G&TT substitutions, sometime refered to as thymine dimers
(Reid and Loeb 1993). Some of these oxidative lesions have been shpassass
mutagenic properties, therefore oncogenesis can potentially fibltbey are not quickly
and correctly repaired (Waris and Ahsan 2006). Interestingly, thias been shown
that all four bases can potentially be modified by excessive, @@ modification of GC
base pairs has been shown to be much more mutagenic than AT asedgifcation

(Retel et al. 1993). Along those lines, the most common mutations in the p53 tumor
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Figure 1.1 Aberrant intracellular ROS can lead to cancer. While ROS is produced
during normal physiological and mitogenic processes, certaineapog events can
overwhelm the intracellular antioxidant system and create amoanvent conducive to
the damaging of different cellular constituents. If excesRi@S damages DNA to the
point of genomic instability, cancer may result.



suppressor gene are G to T transversions (Brash et al. 1991¢eidatisal. 1991, Harris
and Hollstein 1993). These observations have led the 8-hydroxydeoigigea8-OG)
lesion to be the most well-studied oxidative DNA lesion.

If not efficiently repaired, the oxidative lesion 8-OG can erantil the cell
replicates its DNA, a time at which the replication DN&lymerases. andé frequently
mismatch 8-OG with Adenine (A), instead of the usual (and propggsine (C)
(Shibutani et al. 1991). As replication of the first strand procehds840G then gets
replaced by thymine (T) to properly match to the erroneous Aglarsubsequent round
of DNA replication. Therefore the net result of 8-OG persistingl DNA replication is
the aforementioned potentially highly mutagenic GC to AT transwerébavid and
Williams 1998). Also, high levels of intracellular oxidativeess may lead to a
nucleotide pool that contains high levels of 8-OG that may be in@gabinto DNA
during replication (Maki and Sekiguchi 1992). As expected, severarelitf cancers
commonly exhibit one or more of the following: constitutively highaoéllular ROS,
high percentages of cells that are positive for 8-OG oxidagggons, or genetic
compromise of hOGG1 (8-oxoguanine glycosylase 1), one of the enzymes resgdonsible
repairing the 8-OG lesion (Pashaei et al. 2008), Zyrek-Bett 2008). However, much
dispute remains in the field concerning whether this correlation is causative

Mammalian cells have evolved several mechanisms to deal withrélsence of
8-0G lesions, which underscores the hypothesis that this lesion psigegiaant risk to
the overall integrity of the genome (Cooke et al. 2003). The 8-@@uGs the substrate

for hOGGL1, which serves to free the 8-OG from double-stranded atésstusing a



glycolytic mechanism, and relying on an internal lysine res{@eteux and Radicella
2000, Bruner et al. 2000, David-Cordonnier et al. 2001). If the 8-OG lesiopairasl
with adenine through its misincorporation into nascent DNA, it isd@renantly
removed by the glycolytic activity of hOGG2 (Hazra et al. J998he adenine itself in
the mismatched 8-OG:A pair can be removed by the MutY homol@giél), which
then liberates the 8-OG base to once again attempt to cprreetr with a cytosine
(McGoldrick et al. 1995, Slupska et al. 1996). Nei-like glycosylAsgNEIL1) also
removes 8-OG from mismatches with adenine guanine, relyingnoamano-terminal
prolyl residue rather than an internal lysyl residue like hOGG1 (Hazala2002).
Elevated levels of 8-OG adducts have been measured in the fissueseveral
different malignancies, including breast cancer (Malins aaniEnot 1991, Nagashima
et al. 1995), melanoma (Meyskens et al. 2001), kidney (Okamoto et al. 199d),
(Vulimiri et al. 2000, Inoue et al. 1998) and hepatocellular carcind@chwarz et al.
2001). These elevated levels of oxidative damage are thought toifdg eneesult of a
tumor environment that is constitutively high in intracellular R@& law in antioxidant
enzyme production (Toyokuni et al. 1995). It has been observed that deveoallines
that produce high levels of intracellular,®, even in the absence of exogenous
stimulation, exhibit permanent activation of transcription factow their target genes.
This constitutively high level of ROS coupled with aberrant trapgson factor activity
may contribute to a strong selective pressure for cells teadbleserved in a cancerous
malignancy. However, to what the extent the formation of 8-8Bis is playing a
causative role in the development of cancer remains contested thue ezistence of

many pathologies that exhibit high levels of these oxidativerssihat do not involve



oncogenesis. The presence of high levels of oxidative DNA lesiopsbmdat least)
partially the result of well-established characteristics o€eanells and their intracellular
environments themselves, such as increased metabolic activity aedses rates of
DNA synthesis and cell division. More work will have to be doneébe out the details
of the formation of oxidative lesions on the initiation and progressiararcinogenesis.
However, it appears that oncogenesis may involve the positiveigelettcells with

constitutively high levels of intracellular ROS levels becausehef acquisition of

specific proliferative advantages and plasticity for malignant pregnes

Cell Cycle Regulation as an Oncogenic Checkpoint

The most fundamental trait involved with oncogenic transformatioriheés
capacity of tumor cells to chronically proliferate without sucbing to the normal
tumor-suppressive effects of cell cycle regulation. During abrgrowth and
development, the proliferative signals necessary for cell cyobgression and cell
division are carefully regulated through cell cycle checkpoimtsrder to assure proper
organismal development and tissue architecture. Regulation ofacgddliferation is
also imperative for continued DNA integrity and to ensure thathamations acquired in
the course of the pre-mitotic life of the cell are not propabaito further generations.
This unscheduled proliferation and propagation of potentially oncogenic choorabs
and genomic instability is to a large extent prevented byircgelpendent kinases
(CDKSs) and cyclins (Malumbres and Barbacid 2005).

The cell cycle is made up of four distinct phases. Thedhase is called Gap 1,
or the G1 phase. This phase is characterized by the calhsweg in size, and passing

through the G1 checkpoint, a mechanism by which the cell conflratsittis ready to



replicate its DNA. The next phase is the synthesis, or S, phéseh involves the
synthesis of replicated DNA. The Gap 2 or G2 phase follows, involvamginued
growth of the cell and the passing though the G2 checkpoint that etisatréise cell is
ready for division. The final phase is mitosis, or the M phasepeduring which cell
growth ceases and the majority of cellular energy is dbdct the precise division of
the cell, a careful process mediated by the metaphase checKpgwnprogression of a
cell through these phases is regulated by two classes ofutesecyclins and CDKs, the
discovery of which earned Leland H. Hartwell, R. Timothy Hunt, asa R1. Nurse the
2001 Nobel Prize in Physiology or Medicine (Lee and Nurse 1987) .

CDKs are relatively small proteins that contain little mibr@n a kinase domain,
and consistently weigh in the range of 30-40 kilodaltons (Lee and Nurse. 19B&}e
evolutionarily conserved proteins are found in all known eukaryotes, agr@shhgly
yeast can multiply when their CDK gene has been replaced bwthan gene (Lee and
Nurse 1987). For CDKs to impart their kinase activity and dzelecycle progression
they must bind to regulatory subunits called cyclins. Cyclins sasvéhe regulatory
subunit and CDKs as the catalytic subunit of the activated hetezodiSpecific cyclin-
CDK heterodimers then serve to activate or inactivate tapgeteins through
phosphorylation and act as cell cycle phase checkpoints to progresslthmto proper
entry into the next cell cycle phase. Cells regulate theitgoof individual CDK-cyclin
complexes through the controlled synthesis and degradation of spaa@hics during
different phases of the cell cycle, whereas CDKs are sg@deat relatively constant
levels, with most of their regulation being post translationgjufieé 1.2). CDKs are

primarily regulated by four different mechanisms: cyclin bugdiCDK-activating kinase
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(CAK) phosphorylation, inhibitory phosphorylation, and the binding of CDK inhibitory
proteins (CKIs) (Morgan 1995).

The ATP-binding site of CDKs lies in a cleft formed betwaanamino-terminal
lobe and a carboxy-terminal lobe (Morgan 1995). A flexible tireccalled a T-loop
blocks this cleft in the absence of cyclin binding, preventing ATP binairtge CDK.
When a cyclin is bound to a CDK, a conformational change affectsi-helices that
allows ATP binding and activation of the heterodimer (Morgan 1995). The
phosphorylation of a threonine adjacent to the active site is perfdipn€&@AK, and is
required for full CDK activation. Phosphorylation by CAK may ocbefore (as in
yeast) or after (mammalian cells) cyclin binding. Since GAKiot regulated by any
known cell-cycle pathways, the limiting step for CDK activatisrthought to be cyclin
binding (Morgan 1995). Various kinases also perform inhibitory phosphorylahon
tyrosine and threonine residues within CDKs, and unlike activatingppbogdation, this
level of regulation is essential for proper cell cycle regaiatOne inhibitory kinase,
Wee 1, phosphorylates a CDK tyrosine residue and is conserved aukaltyotes.
Vertebrate CDKs can have threonine and tyrosine phosphorylated by amembr
associated tyrosine/threonine protein kinase 1 (Mytl), while thes&ues are
dephosphorylated by members of the cell division cycle 25 (Cdcamiilyf of
phosphatases. Lastly, CDKs can be inhibited in response to toxiommental insults or
DNA damage through their binding to a class of proteins known amagtendent
kinase inhibitors (CKIs). In the presence of a sufficieaiynaging insult (most often
during the G1 phase), intracellular signals induce the upregulatiGiisfthat can bind

to either a CDK or a CDK-cyclin complex to inhibit the cell cycle until theaasult is
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CDK2
Cyclin E1, E2
CDK4/CDK®é CDK2
Cyclin D1, D2, D3 Cyclin A1, A2
CDK1

Cyclin B1, B2, B3
Cyclin A

Figure 1.2 Simplified representation of the cell cycle. A typical (somatic) cell cycle,
which is divided into four sequential phases; 6, G and M. Shapes outside the cycle
indicate increase and reduction of corresponding CDK/cyclin activity.
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alleviated. Animal cells contain two CKI families: the Ciggkkamily and the INK4
family (Sherr and Roberts 1999). Members of the INK4 family, ssch15, p18<*4,
pl18, and p19 specifically inhibit the activity of CDK4 and CDK®6, wher€asKip
members, such as, p21, p27, and p57 inhibit a wider spectrum of cyckhe@bplexes
(el-Deiry et al. 1993, Gu et al. 1993, Harper et al. 1993, Polyak £994). One of the

INK4 proteins of particular interest to cancer researchgr$@5<**

, as it is important in
mediating a late G1 cell cycle checkpoint and is deleted, sdemecemutated in many
forms of cancer, including melanoma. Germline mutations if"\p6are also, for
reasons that remain unclear, associated with a familial digposo melanoma and
pancreatic cancer.

The p18'“® _Retinoblastoma (Rb) pathway is an important regulator of the
G1/S transition. Under normal growth conditions, Cyclin-dependent k#i&dginds to
cyclin D and hyperphosphorylates Rb. While in a hypophosphorylatesl &bt is
associated with transcription factor E2F1, keeping it inactivé thereby preventing
transcription of E2F1 target genes necessary for transition int8 fhigase of the cell
cycle. Rb also regulates g18” expression through a negative feedback loop.
CDK4/6-mediated hyperphosphorylation of Rb leads to increaset“ff1@xpression.
This increased p18“* expression in turn leads to the inhibition of any further
hyperphosphorylation of Rb, thereby decreasing™1s expression. Interestingly,
despite the existence of this feedback loop the expression 8f¥1Bas been observed

to not dramatically change during the cell cycle to correldth the phosphorylation

status of Rb (Hara et al. 1996).
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Another way by which p18“* provides a barrier to the emergence of
tumorigenic cells is by inducing senescence. The senescenisstagiarded as involving
a permanent growth arrest but cells still remain metabolicafitive and stable.
Senescence was first described upon observing the lifespan of himmwdotaits in cell
culture, but is now regarded as a more common response to certas) dorsiress.
Common characteristics of senescence include expression of esmeesssociatefl-
galactosidase activity, the appearance of senescenceadsddeeterochromatic foci, and
an enlarged and flattened appearance of the cytoplasm (Gil aard P@06). Studies in
human fibroblasts revealed that in this system the main triggbedtart of senescence
was the erosion of telomeres that continues with every cell @ivigindy et al. 1997).
Eventually this shortening is interpreted as DNA damage,cyele arrest is triggered,

and the p18*4

pathway is one of several pathways that is activated. iglesadenced
by the observation that in many cell lines, P4%" expression increases with passage
number (Zindy et al. 1997), whereas it has proven very difficultdtect during
embryogenesis in vivo (McKeller et al. 2002, (Krishnamurthy e2@04, Zindy et al.
2003, Kim et al. 2006). Also, many immortalized cell lines show nd'f6expression

due to methylation of its promoter (Ruas and Peters 1998, Sharpless and DePinho 1999).

Biology of Melanocytes and the Danger of Melanoma
As the largest organ of the human body, the skin is under constant borabardm
of internal and external stimuli and therefore serves an inperale as a barrier against
microbial, chemical and physical exposures that could harm the {@ostin and
Hearing 2007). In observing nature one can see the wide ardiffevent colors and

patterns that most species have evolved, a result of the modulatios diStribution of
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pigments throughout the body. These different pigmentation patterms several
purposes including heat regulation, camouflage, and cosmetic variairormdte
acquisition. However from an oncological standpoint the most integegse of these
pigments is for the defense against ultraviolet radiation (UY®Ystin and Hearing
2007). In humans, melanocytes produce melanin and subsequently pass tiné ipigme
their dendrites and distribute it to keratinocytes. The melaninsféoayps” that shield
the keratinocytes’ nuclei from the UVR, reducing the overall le?&NA damage to the
epidermis though the conversion of UVR to relatively harmless &eergy (Fitzpatrick
and Breathnach 1963).

Melanocytes are highly specialized cells that produce the chiyninert and
stable pigment melanin in membrane-bound organelles called melamsor®ne
melanocyte may be in contact with an average of 40 keratinocyessvilendrites to
pass on these melanosomes, and this melanocyte-keratinocyte unit is ksoan
“epidermal melanin unit” (Fitzpatrick and Breathnach 1963). Melamrscaiso reside in
the middle layer (uvea) of the eye (Barden and Levine 1983), the ian@viarkert and
Silvers 1956), meninges (Mintz 1971), bones (Nichols et al. 1988), and(hkariault
and Hurley 1970). Melanocytes are derived from the neural crésthwluring the
second month of embryonic life forms the melanocyte precursorsrkasunelanoblasts.
Melanoblasts migrate through the mesenchyme and reach their sdege(Boissy and
Nordlund 1997). This migration and survival is contingent upon interactiomsedet
extracellular ligands and their corresponding receptors on thecswf the melanoblasts.
For example, melanoblasts and melanocytes harbor the cell suefasqgor KIT that

binds to steel factor (formerly known as mast cell growth fa&thir ligand, and/or stem
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cell factor (SCF). At least one type of human piebaldisnaised by a mutation in the
KIT gene, which results in a dysfunctional KIT receptor that etshibidecreased ability
to bind steel factor (Bolognia 1999). After the melanoblasts rb@thdestinations, they
differentiate into melanocytes and become established at epiedemadl junction sites
as early as the sixth month of fetal life (Costin and Hearing 2007).

One way through which melanocytes produce the pigment melamnaesponse
to DNA damage that has occurred from exposure to UVB radiakaedfnann and
Gilchrest 1987). Melanin pigments derive from tyrosine, and occur coosimonly in
the form of black-brown eumelanin, as well as the less commohrogei form called
pheomelanin. Eumelanin occurs in two forms, black eumelanin and browelagum
and both consist of a polymer of dihydroxyindole carboxylic aciu$ their reduced
forms (Raper 1927). A small amount of black melanin in the abse#nather pigments
gives hair a grey color, whereas a small amount of brown eumefatire iabsence of
other pigments causes blonde hair. Pheomelanin forms as a polynogsteine-
containing benzothiazine units, and is responsible for the red-hair phenotype.

Melanin proves to be an excellent photoprotectant because it absorbs UV
radiation and dissipates 99.9% of its energy as harmless heaghthaoprocess called
“ultrafast internal conversion”. This energy conversion is respta$or the protection
against UV-induced skin cancer, including melanoma. Epidemiologiadlest have
shown less skin cancer in individuals with higher levels of consgtytigment and/or
who tan well (Kollias et al. 1991, Weinstock 1993), although these sttalled to
account for other factors important for development of skin cancarasisensitivity to

oxidative stress (Sander et al. 2004), sensitivity to UV-inducedumosuppression
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(Kelly et al. 2000), and capacity to repair DNA photodamage (Giltlares Eller 1999,
Sheehan et al. 2002).

Despite its classical view as a pure photoprotectant, sevedieéstargue that
some intermediates in the melanin biosynthesis pathway can bduhd&kipp and
Young 1999, Kvam and Tyrrell 1999, Kvam and Dahle 2004). Melanin itselfezant r
with DNA and cause single-strand breaks (Marrot et al. 1999), and pcoduce
intracellular ROS upon exposure to UVA radiation (Korytowski etl8B7). The fact
that certain intermediate products of melanin biogenesis, sudhydroxyindole have
been detected in plasma and urine indicate that the highly kpetimelanosome has a
propensity to leak or rupture (Agar and Young 2005). The tyrosinasdoreaan
produce quinones that have been found to mediate cell death at supmlagioa levels
(Menon et al. 1983). There is a great deal of current reseas@lved in learning more
about the nature of melanin as a proverbial double-edged sword; @npigrearly
ubiquitous in nature and evolutionarily important for the photoprotection of mdyntkie
biogenesis of which exposes cells to toxic intermediates #maincluce oxidative stress,
DNA damage, and genomic instability.

Melanoma is the uncontrolled proliferation of the melanocytes, aaed cell
whose primary role is the production of melanin. Melanoma is thé agggsessive form
of skin cancer, being more metastatic than most solid tumoragitthe capability of
becoming metastatic at a thickness as little as 1 mm), are thibirate of many cancers
has either decreased or leveled off in recent years, melan@muaence continues to

increase. Many countries have observed a doubling in the rateafon® in the last 20
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years, and a person in the United States of America is nowagstl to have a 1 in 55
lifetime chance of developing this insidious disease (Gray-Schopfer et a). 2007

The problem of the increased rate of melanoma is compounded bgcthbat
there exist very few options for therapeutic intervention for theastetic form of the
disease. Distant metastases cause virtually all deattrs rfrelanoma, and melanoma
seems especially prone to quickly spread, a problem compounde@ Ibgcththat the
only way to prevent metastases is through surgical excisioneobriginal tumor, and
many patients are not seen by a physician until the primaipnlehas already
metastasized.

Although the early diagnoses and surgical resection of lodatzeaneous tumors
usually cures melanoma, the original lesion has a tendency to ygpadress to an
invasive state and metastasize to the lungs, liver and braitig@aset et al. 2005,
Buzaid 2004, Danson and Lorigan 2005). At this point, patients genbkealéy a five-
year survival rate of less than 10%, with a mean survival tintetofl2 months, and are
commonly presented with a treatment plan that is only palli&fisao et al. 2004, Gray-
Schopfer et al. 2007, Balch et al. 2001, Francken et al. 2005, Bastiatahe2@05).
Patients with distant metastases respond poorly to the stanelrdents with alkylating
or cytotoxic agents, which usually results in drug resistancéanoma relapse, and
eventual death (Comis 1976, Hill et al. 1979, Tawbi and Buch 2010). Thetitraaee
at which this disease progresses underscores the urgeniog ireld to identify and
functionally characterize the molecular events that initiaeancogenic transformation
of melanocytes into melanoma cells, and to identify pertinent gemstnts that

predispose individuals to develop this disease.
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Development of Melanoma

Melanoma commonly commences with the clinical presentation of berign
dysplastic nevi that have presented with some abnormalityfaeddy the “ABCDE”
criteria. (Asymmetry, irregular Border, uneven Color, Diametgreater than
approximately 6 millimeters, and recent change or Evolution). Pethapfactor the
most indicative in oncogenic transformation is any recent evolatican nevus, which
includes a progression into the radial growth phase. Radial growate pé typified by
the lateral expansion of a nevus, while remaining localized topikerenis (Ghosh and
Chin 2009). The melanocytes then may become growth factor and agehor
independent and invade into the upper epidermis, as well as into theés dmrcth
subcutaneous tissue (Ghosh and Chin 2009). This stage of progression nsasnthe
vertical growth phase, and the thickness of this vertical growd#pmted as the Breslow
thickness (Balch et al. 2001). The Breslow thickness is milyreegarded as the most
important marker for prognosis. A high Breslow thickness indicates a high ptydensi
the lesion to become metastatic, first spreading to regional Iyogdss and then to distal
sites (Ghosh and Chin 2009).

The tendency for a localized lesion to rapidly become invasivesprehd to
distant sites necessitates the earliest possible identificaind eradication of a
potentially cancerous lesion. A diagnosis of melanoma usually ®lkveh imaging
procedures as X-ray analysis, computed tomography, positron emmsiography, and
magnetic resonance imaging (Algazi et al. 2010, Patnara. €2011). Moreover,
biopsied tumor samples can be immunohistochemically stained with knelamauaytic

markers to improve the accuracy of the diagnosis. Such markéusleéng-100 and
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melanoma-associated antigen recognized by T-cells (MARTalgp known as
melanocyte antigen (Melan-A) (Nonaka et al. 2008, Mahmood et &, Bih-Izhak et
al. 1994). Melanoma can also be more accurately identified usingndmeclonal
antibody gp100 that is highly sensitive and specific for melanamé,does not cross-
react with normal melanocytes, carcinomas or sarcomas; Hosaclinicians to
diagnose even very poorly differentiated melanoma subtypes (Mahetoal. 2002,
Gown et al. 1986). Despite the benefit of these markers, tixée few clinically
validated markers for melanoma stem cells for early, noninvadetection of the
disease. It is therefore of great interest to continue tawvkscand validate biomarkers

consistent with melanoma initiation (Mimeault and Batra 2012).

TargetsInvolved in Melanomagenesisfor Therapeutical I ntervention

The dismal response rates achieved while treating metasia@ignant melanoma
reaffirm the need for continued investigation into the complex and unigunaliag
networks that are altered in this disease. The pace oficieligcovery and pathway
elucidation has increased exponentially since RAS was discoasrén first melanoma
oncogene in 1984 (Albino et al. 1984). The discovery of RAS in this contaxt
achieved through the rather laborious efforts of functional and pogitcoaing.
However, recent years have ushered in the use of microarraysignthifoughput
sequencing, aided by the Human Genome Project (Hocker et al. 208&htifying
specific genetic subsets of melanoma has and will continueaw &k more accurate
diagnosis and selection of specific therapeutic interventions nidividual patients.
Examples of such altered pathways present in melanoma that heactedt and will

continue to attract attention as putative therapeutic targetthar® AS-RAF-MAPK-
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ERK signaling cascade (which can be further divided into tA8-RAF-MAPK-ERK
signaling cascade and the PI3K-AKT-mTOR cascade) and GB&NZ2A/Cyclin

D/CDKA4/6 network.

The RAS-RAF-MAPK Signaling Cascade Is Altered and
Activated in up to 90% of Melanomas

As is the case for many cancers, melanocyte transformationnieianoma
involves alterations of the specific signaling pathways involved in aloroell
differentiation, survival, and proliferation. Melanocytes utilibe ttcomplicated RAS
signaling network to achieve these ends (Figure 1.3). In 1984, transfonmoitations in
RAS (specifically neuroblastoma ras viral oncogene homolog NRW&e first
identified in human melanoma cell lines (Albino et al. 1984), and subsesgtushes
have identified activating NRAS mutations in 26% of sporadic melasdidocker et al.
2008).

An aberrant activation of the RAS pathway is common to manyecapges, and
recent technological advances have allowed the more spatsintification of very
prominent, shared mutations. One such advance has been the descrijtgopadifiways
of all relevant kinases involved in human cancer development, and the dampif
these data into the kinome. This kinome revealed that approxind@@yof pathogenic
changes IBRAF are found in a single codon of its kinase domain, and that this same
codon is affected in many cancers, including melanoma (Davies 20@2). This
mutation is a 1799 T>A transition that results in a V60OE amino duahge that

activates this mitogenic pathway. Subsequent analysis have identifiedRinis\BG00E
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mutation as the most commonly mutated gene in melanoma, found tetsel aft 80%
of short-term melanoma cultures and 66% of uncultured melanoma. Thesnktof
these NRAS and BRAF mutations is a high constitutive activit¢RK, which can in
turn lead to increased proliferation, invasiveness, angiogenesimetadtasis (Cohen et

al. 2002, Davies et al. 2002, Herlyn and Satyamoorthy 1996, Nikolaev et al. 2012).

Melanoma Progression Is Promoted Through the PI3K -
AKT-PTEN Pathway

Another direct target of activated RAS that become constitytativated is the
phosphatidylinositol 3-kinase (PI3K) pathway (Figure 1.3), a signalisgade that plays
an integral role in regulating cellular proliferation, growth, raigm and survival
(Davies et al. 2008, Omholt et al. 2006). The PI3K pathway activates, vi
phosphorylation, the v-akt murine thymoma viral oncogene homologs, andasvesy
regulated by lipid phosphatase phosphatidylinositol-3,4,5 triphosphate 3-phosphatas
(PTEN). Common mutations therefore are seen in melanoma involstingteon of the
RAS-RAF-MAPK pathways in two different ways: either activa mutations are
observed in NRAS or BRAF in a mutually-exclusive fashion, or thetiveon of the
pathways negative regulator, PTEN (Tsao et al. 2000). IntergstiDEN inactivation
is observed frequently in melanomas positive for activating mutatioBRAF, but not
NRAS. This suggests that a synergy of activation could be occumrithg RAS pathway
that involves the cooperation of these different types of mutatiotie idevelopment of
melanoma. Also, activated AKT has been associated with toan&ibm radial growth
phase to an aggressive vertical growth phase, and this transisidiedia associated with

high levels of ROS, namely superoxide (Govindarajan et al.)20G7is thought that
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these high levels of superoxide are then sufficient to drive ssipre of NikB, which

then upregulates several genes thought to be essential for matger@sis (Figure 1.3)
(Govindarajan et al. 2007). Also, increased levels of phospho-AKT has been measured in
some melanomas that were negative for activating mutatioN&4% or loss of PTEN
activity, suggesting that additional activatiggnetic alterations lie upstream of AKT that

remain to be elucidated.

The CDKN2A/Cyclin D/CDK4/6 Tumor Suppressor Network |s Often
I nactivated in Melanoma

Activating mutations in th&lRAS pathway are observed in approximately 90% of
melanoma cases, hence the emphasis that has been applied to daswbvest
therapeutic inhibitors of this pathway. However, activating mutaiioBRAF or NRAS
alone prove insufficient to drive melanomagenesis, and oncogeni€ BBi#vation leads
to a senescent state (Mooi and Peeper 2006). This demonstedteells with these
activating proliferative mutations must override the senescenceaptag fully achieve
a transformed state. The senescence program primarily invblegsimor suppressors
RB, p18Y¥*2 p14'RF and p53, therefore it stands to reason that individuals that have
genetic compromise in one or more of these genes have an incriéeis@e Irisk of
developing melanoma.

In the past it was hypothesized that critical informationardigg melanoma
susceptibility could be garnered through observing the karyotype ofexliitoelanocytes
from different classes of melanocytic lesions, spanning fromesotad nevi, dysplastic
nevi, and melanoma (Cohen et al. 2002). Most congenital and dysplastishogwed

normal karyotypes, whereas all melanomas observed showed abermamostmal
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profiles. The loss of one copy of chromosome 9 or the loss shdd arm 9p was
observed to be the only chromosomal change common to the abnormal dysplasti
karyotypes and the melanoma panels. This discovery over two decgdess the first

to implicate a melanoma tumor suppressor(s) on 9p to be involved prdgesssion

from dysplastic nevi to melanoma (Kamb et al. 1994).

Regions of loss-of-heterozygosity in the genomes of dysplasic and
melanoma samples were then identified in the 9p21 region throughodelednalysis,
and genetic linkage studies showed that some cases of inheritetbmealpredisposition
could be attributed to genetic compromise of this region. Subsequétr@Eidloning
efforts identified theCDKNZ2A locus as the area important for melanoma predisposition
(Kamb et al. 1994, Nobori et al. 1994), as well as a locus thatesedein pancreatic
adenocarcinoma, glioblastoma, non-small cell lung cancer, bladderr,candecertain
leukemias (Kim and Sharpless 2006, Sherr 2000). This locus is unithet it encodes
two separate tumor suppressor proteins,"3#6 and Alternate Reading Frame (ARF).
These two proteins have different first exons that are spicedctonanon second and
third exon. Despite the sharing of the second and third exongl8h&** andARF are
transcribed in alternate reading frames and share no amino acid homologg (F9u

Given the complex nature of this locus, it is of great intei@sesearchers to
define which protein is the most relevant for tumor suppression, and wvitsr
circumstances mutations in these proteins lead to cancer develophhengeneral
consensus concerning human tumor development is th&f§18 more important for
tumor development than ARF, as somatic lospldf"“** without compromise oARF

has been reported in thousands of human cancers (Forbes et al. 2006). At least 56
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Figure 1.4 The CDKN2A locus at chromosome 9p2l1. The locus has a unique
organization, coding for tumor suppressors '§¥6 and ARF. Two separate promoters
drive the B (ARF) and & (p16™ **) exons, resulting in alternatively spliced transcripts
that share exons 2 and 3. Although shared, different open reading frétimesexon 2
give rise to two distinct protein product®16™“* inhibits CDK4/6-cyclin D-mediated
hyperphosphorylation of RB; thereby, insuring that RB is in mem with the
transcription factor E2F. RB-E2F complexes sequester faittatgepress transcription,
resulting in G1 cycle arrest. ARF blocks MDM2-mediated ubiquitytadind subsequent
degradation of p53. This helps stabilize p53 and preserves its tumoressiper
activities. Loss of ARF activity can result in uncontrolled MD2diated degradation
of p53, resulting in loss of cell cycle control and compromised tumor suppression.
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different germline mutations ip16™“** that do not affecARF have been observed in

kindreds that present different forms of cancer in their fami{@seenblatt et al. 2003).

The Structure of p16 and the Significance of Ankyrin Repeats

The structure of p1¥“* classifies it as a repeat protein, a very large group of
proteins that consist of tandem repeating modular structures of imghargy that are
found in many organisms that span a wide range of life forms. eTrepgat proteins are
involved in a diverse range of physiological functions such as gele ccontrol,
apoptosis, development and differentiation, vesicular traffickinguleellscaffolding,
cytoskeleton integrity, transcriptional regulation and cell siggafForrer et al. 2003),
(Main et al. 2003). The repeating motifs in these proteins cordi&8-40 amino acid
residues that tend to organize themselves in a packed architd@trereate a larger
surface that forms an interface to participate in binding to giteeeins (Li et al. 2006),
(Binz and Pluckthun 2005). In fact, concerning proteins that are involved igirprot
protein interactions only immunoglobulins are more abundant than the fejéan
class (Andrade et al. 2001). Over 20 different categoriegspiat proteins have been
classified, one of the most common of which are the ankyrin rgpe#tins, which
include the melanoma susceptibility gene 'B16.
Ankyrin repeat proteins consist of repeated motifs of 30-34 amirt rasidues that
serve to mediate protein-protein interactions, some of whiclmighty involved in the
pathogenesis of several human diseases (Sedgwick and Smerdon 1888gtic
alterations including point mutations, methylation, and deletion ofralevkfferent
human tumors have been observed in genes encoding several differemt pritgins.

While they have been understudied in the past compared to globuleingr@ recent
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increase in the investigation of these proteins have been spurred tmtbadancreased
availability of protein sequencing data that has described thmoaoality of these motifs
For example, the nonredundant SMART protein database recentlyeckviea presence
of 19,276 ankyrin repeat sequences in 3608 unique proteins (Mosavi et al. 2004).
The ankyrin repeat forms a helix-loop-helix structure, with the o-helices
being antiparallel to each other, giving the motif the appearantteedétter L. Thep-
hairpin loops project at roughly a 9@ngle and fornf-sheet structures with neighboring
loops (Tevelev et al. 1996, Byeon et al. 1998). These repeated ssugtliigack in a
nearly linear fashion, and this resulting helix bundle is stabiliheough both intra- and
interrepeated hydrophobic interactions (Mosavi et al. 2004, Micheelgl. 2002).
p16™K** contains four of these ankyrin repeats, flanked by flexible il the N- and

C- termini (Figure 1.5).

Dissertation Overview

It has been well established that genetic compromige@®t“** is observed in a large
numbers of tumors, with germline mutation leading to a higher predispogd
melanoma than other tumors. It is currently unknown why melarosgem especially
sensitive to oncogenic transformation in the context of Pp¥Binactivation or mutation.

It has also been well established that the greatest environmizuialr
contributing to melanomagensis is exposure to excessive levels cddidtion, and one
of the main mechanisms by which this UV radiation induces its emogeffect is
through the generation of ROS. These excessive ROS can thenedanmagnber of
cellular constituents, and seem especially harmful in that da@yinduce a state of

genomic instability through specific forms of DNA damage. The work of this
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dissertation demonstrates a novel functional link between the genetlanoma
predispositionary state of pt6** compromise and the environmental melanomagenic
factor of excessive generation of intracellular oxidative streSpecifically, this work
describes a novel, potentially tumor-suppressive role of'§16in the regulation of
intracellular oxidative stress that is independent of its canonical tumoresgp role of
a cell-cycle regulator. We report that this P§8'-mediated regulation of oxidative
stress is common to several cell types, but the higher constitetreés of ROS we
observed in melanocytes may indicate why genetic compromise Bf“B1predisposes
individuals to melanoma more often than other cancers.

Approximately 25-50% of familial melanoma kindreds and 10% of individuals
with multiple primary melanomas show germline mutations irCiDEN2A locus (Soufir
et al. 1998). Somatic alterations in CDKN2A have been reported if©@0ef sporadic
melanomas (Bartkova et al. 1996,Walker et al. 1998). Because this stugecbdes for
two separate proteins and mutational events can cause loss arfuncteither or both
of these proteins, it can be difficult to assess the individuas roleeither protein in
promoting oncogenesis. Sporadic tumors have shown inactivation 8fY18nd ARF
through mutation (Pollock et al. 1996), promoter methylation (Merlal.ett995) or
deletion (Cairns et al. 1995). Melanoma samples have exhibitednpaiations in the
p16NK**_specific exon &, and sequences shared by both"346 and ARF, but not in
the ARF-specific exonfll Also, most mutations that do occur in the shared sequences do
not affect the function of ARF (Hewitt et al. 2002). Additionallye CpG island that is
methylation-silenced is in the pY¥6** promoter (Arap et al. 1997). It thus appears that

the more important tumor suppressor protein at the CDKN2A locus 18416



31

Given my novel discovery that pt6* regulates intracellular oxidative stress
independently of the Rb pathway and the Rb-mediated cell cyclelaten, |
hypothesized that we may be able to functionally uncouple theserdies. Using
mutagenic PCR, a panel of 18" proteins harboring specific point mutations observed
in familial melanoma was constructed. A lentiviral expresssgatem was used to
express these mutant proteins in a murine fibroblast line nudliesyéprp16™<** (Figure
1.6). Mutant proteins were classified according to their altdityestore cell cycle and/or
oxidative stress regulation when compared to the re-expressionilatype pl6
expressed in these saps™"“*-deficient cells. Interestingly, several mutants showed a
restoration of one, but not both, functions. Several mutants also showeullity to
functionally restore both oxidative and cell cycle regulation. st leen reported that the
third ankyrin repeat is the region of J6” that makes the most interactions with CDK
4/6 (Byeon et al. 1998, Mahajan et al. 2007, Russo et al. 1998), but several mutations
lie in other regions of p'8“*. Interestingly, most mutations impairing oxidative but not
cell-cycle function (A36P, A57V, P114S), or those not impairing eftlmection (G35A,
G35V, R24P), lie outside this repeat. Taken together, this workilbesca novel
function of the cell cycle regulator p¥6* in regulating intracellular oxidative stress.
We also demonstrate that these two putative tumor suppressor functionde
uncoupled in a subset of familial melanoma-associated point mutantthanthese

different functions are likely being regulated by different regions of tbin.
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Figure 1.6 Schematic detailing mutant construction and analysis. Overlap PCR using
mutagenic primers were used to construct a panel of 13 faimménoma-associated
p16"**A point-mutants that spanned the coding region and have exhibited aofange
CDKA4/6 binding in previous literature. Constructs where expressed fi{‘ffi16eficient
murine fibroblasts and analyzed for their capacity to corrdotglize to the nucleus,
restore cell cycle function, and restore intracellular ROS levels.
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Mutations or deletions in the cyclin-dependent Kkinase
inhibitor p76"¥*4 are associated with multiple cancer
types, but are more commonly found in melanoma tumors
and associated with familial melanoma predisposition.
Although p16 is thought to function as a tumor suppressor
by negatively regulating the cell cyele, it remains unclear
why the genetic compromise of plé predisposes to
melanoma over other cancers. Here we deseribe a novel
role for pl6 in regulating oxidative stress in several cell
types, including melanocytes. Expression of plé was
rapidly upregulated following ultraviolet-irradiation and
in response to H,0;-induced oxidative stress in a p38
stress-activated protein kinase-dependent manner. Knock-
down of pl6 using small interfering RNA increased
intracellular reactive oxygen species (ROS) and oxidative
(8-oxoguanine) DNA damage, which was further en-
hanced by H,O, treatment. Elevated ROS levels were
also observed in pl6-depleted human keratinocytes and in
whole skin and dermal fibroblasts from Cdkn2a-deficient
mice. Aberrant ROS and p38 signaling in Cdkn2a-
deficient fibroblasts was normalized by expression of
exogenous pl6. The effect of p16 depletion on ROS was
not recapitulated by the knockdown of retinoblastoma
protein (Rb) and did not require Rb. Finally, pl6-
mediated suppression of ROS could not be attributed to
the potential effects of pl6 on cell cycle phase. These
findings suggest a potential alternate Rb-independent
tumor-suppressor function of plé as an endogenous
regulator of carcinogenic intracellular oxidative stress.
Compared with Kkeratinocytes and fibroblasts, we also
found increased susceptibility of melanocytes to oxidative
stress in the context of p16 depletion, which may explain
why the compromise of pl6 predisposes to melanoma over
other cancers.
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Introduction

Inactivation of the p/6™%# (hereafter referred to as pi6)
gene commonly occurs in many tumors (Sharpless and
DePinho, 1999), although germ-line mutations in pi6
are more commonly associated with hereditary melano-
ma predisposition {(Goldstein et al., 2006). Somatic
mutations of p/6 (Flores et al., 1996) or allelic deletions
of the plé6-containing CDKN2a locus at 9p21 (Curtin
ei al., 2005) have also been described in a large
percentage of sporadic melanomas. The plé tumor
suppressor protein normally inhibits the kinase activity
of cyclin-dependent kinases 4 and 6, thereby inhibiting
the hyperphosphorylation of retinoblastoma (Rb)-re-
lated pocket proteins required for cell cycle progression
(Lukas et al., 1995). Native pl6 thus functionally serves
to prevent inappropriate division of stressed or damaged
cells by holding them in the late Gl S transition and
may promote irreversible exit from the cell cycle into a
senescent state (Alcorta et al., 1996).

Acute or chronic exposure to ultraviolet (UV)
radiation produces reactive oxygen species (ROS) in the
skin (Herrling et al., 2006), which may contribute to the
development of skin cancers including melanoma. There
is a good deal of correlative evidence to suggest that the
link between UV radiation and melanoma may lie in the
generation of oxidative damage (Meyskens et ai., 2001).
Interestingly, melanocytes isolated from melanoma pa-
tients display increased sensitivity to peroxidizing agents
that correlates with endogenous antioxidant imbalance
(Grammatico et al., 1998), and elevated ROS levels have
been found in melanocytes from dysplastic nevi relative
to normal skin of the same individuals (Pavel ef al., 2004).
In addition, mutation or loss of the enzyme hOGG-1,
which repairs mutagenic oxidative DNA lesions (namely
8-oxoguanine (8-O@G)), has been associated with melano-
ma progression (Pashaei et al., 2008; Zyrek-Betts er al.,
2008). Recently, we demonstrated a role for UV-induced
oxidative stress and damage in an animal model of UV-
induced melanoma (Cotter ef al., 2007).

Given the role of pl6é as a melanoma tumor
suppressor and recent implication of oxidative stress in
UV-induced melanoma noted above, we investigated a
potential link between pl6é and regulation of intracel-
lular ROS. We found that multiple cell types exhibit
increased levels of intracellular ROS in the context of
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deficiency or loss of p16, which can be restored upon re-
expression of pl6. Regulation of ROS by pl6 occurred
independently of Rb and potential effects on cell cycle.
Thus, the tumor suppressor function of plé may extend
beyond cell cycle control and include a novel role in
regulating oxidative stress in skin cells. Oxidative
dysregulation in the context of loss of pl6 function
may lead to accumulation of mutations, which could
predispose to tumor development. The increased sus-
ceptibility of melanocytes (compared with keratinocytes
and fibroblasts) to oxidative stress in the context of p16
depletion may explain why compromise of pl6 predis-
poses to melanoma over other cancers.

Results

Oxidative siress upregulaies pl6 in melanocytes, which are
more susceptible to oxidative stress than other cell types
The pl6 tumor suppressor is known to function by
inducing cell cycle arrest or senescence when cells
encounter potentially oncogenic DNA damage (Shapiro
et al., 1998). In response to UV exposure, melanocytes
acutely upregulate pl6 at both protein and mRNA
levels (Piepkorn, 2000). We confirmed that pl6 protein
levels are elevated in normal human melanocytes
following UV exposure, detected as early as 1h and
peaking at 5h (Figure la, top). Direct induction of
oxidative stress had comparable effects on pl6, as
melanocytes treated with H,O, demonstrated similar
upregulation of plé protein levels, which was blocked
by pre-addition of the antioxidant N-acetylcysteine
(NAC) (Figure la, bottom). The induction of ROS
under these conditions, and the capacity of NAC to
reduce ROS levels when added before H,O, treatment,
was confirmed by addition of 2',7'-dichlorodihydrofluor-
escein diacetate (DCFDA) and subsequent fluorimetric
analysis (Supplementary Figure Sla). In addition, pl6
upregulation following H,O, treatment was associated
with dose-dependent increased positive staining for 8-OG,
which was reduced by pre-addition of NAC (Supplemen-
tary Figure S1b). Addition of NAC to untreated cells
reduced endogenous oxidative stress and pl6 levels, and
pre-addition of NAC significantly reduced UV-induced
oxidative stress (Figure 1b, top) and attenuated UV-
induced upregulation of pl6 (Figure 1b, bottom).
Significant upregulation of pl6 was also observed at
the RNA level in H,O,-treated melanocytes, as well as
in similarly treated human keratinocytes and fibroblasts
(Figure 1c). This response of p16 to oxidative stress may
be particularly important in melanocytes, however,
which demonstrated significantly higher levels of basal
and H,O,-induced oxidative stress (Figure 1d, left) and
8-OG (Figure 1d, right) than the other cell types.

ROS-mediated pl6 upregulation occurs through the p38
stress-activated protein kinase (SAPK)

Previous studies in hematopoietic stem cells found that
p38 SAPK phosphorylation is associated with upregula-
tion of p16 (Ito et al., 2006). To investigate this pathway
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in melanocytes, cells were tested for upregulation of p16
by exogenous oxidative stress in the presence of a p38
phosphorylation inhibitor. As shown in Figure 2a, H,O,
treatment resulted in p38 phosphorylation and addition
of the inhibitor attenuated H,O,-induced upregulation
of pl6. Addition of NAC inhibited both upregulation of
pl6 and phosphorylation of p38 in H,O,-treated cells
(Figure 2a). Thus, ROS-induced p38 phosphorylation is
required for the upregulation of pl6, demonstrating a
functional ROS-dependent p38 SAPK-pl6é signaling
pathway in melanocytes.

We further investigated this pathway by examining
the effect of p38 phosphorylation on intracellular ROS
levels. Interestingly, in the absence of an exogenous
oxidative insult, inhibition of p38 phosphorylation signi-
ficantly increased intracellular ROS to levels compar-
able to those observed in H,O,-treated cells (Figure 2b).
This finding is consistent with a recent report in
which inhibition or genetic deficiency of p38 resulted
in increased intracellular ROS (Naidu ef al., 2009), sug-
gesting that activated p38 may also act to suppress ROS
levels (Figure 2¢). However, the induction of ROS upon
inhibition of p38 phosphorylation also suggests the
possible presence of a negative feedback loop in the
ROS-dependent p38 pl6 pathway in which p16 may act
to suppress endogenous ROS (Figure 2c).

Intracellular ROS and oxidative DN A damage

is increased in pl6-deficient cells

We next asked whether pl6 is required for normal
regulation of intracellular ROS levels. Depletion of pl6
in melanocytes by RNA interference (RNAi) (Figure 3a)
was associated with an increase in intracellular ROS
both in the presence and in the absence of exogenous
oxidative (H,05) stress (Figure 3b). ROS levels in pl6-
depleted cells were normalized by pre-addition of NAC
(Figure 3b). We next assessed the extent of oxidative
DNA damage (that is, 8-OQG) in pl6-depleted cells. As
shown in Figure 3c, the fraction of untreated melano-
cytes positive for 8-OG was significantly higher in
cells transfected with plé-specific compared with
control small interfering RNA (siRNA). Although 8-
OG positivity increased in both groups following
treatment with H»O,, an increased fraction of 8-OG-
positive cells was observed in the plé-depleted group
(Figure 3c). Thus, p16 functions as a negative regulator
of oxidative stress in melanocytes, lowering intracell-
ular ROS and reducing oxidative DNA damage both
in untreated cells and in conditions of exogenous
oxidative stress.

To extend these findings to other cell types, melano-
cytes, fibroblasts, and keratinocytes were propagated
from four individual donors and depleted of pl6 using
siRNA (Supplementary Figure S2). When intracellular
ROS levels were compared in different cell types
from the same donor, plé-depleted melanocytes
exhibited significantly higher levels both basally and
following H,0O, treatment (Figure 3d). Thus, plé
appears to regulate oxidative stress in multiple cell types
and pl6 depletion results in significantly greater levels of
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Figure! Exogenous oxidative stress acutely upregulates pl6in human skin cells, and melanocytes are mare susceptible than other cell
types to oxidative stress and damage. {a) Melanooytes were untreated (0h) or UV-rradiated (480 J{m?, lanes 2 5), and cell lysates were
prepared over a 24-h period and blotted with antibodies against pl6 and actin {upper panel). Melanocytes were treated with HyO, at
the concentrations indicated, in the absence (lanes 1 3) or presence (lanes4 6) of Smn NAC, and 5h later cell lysates were blotted for
pl16 and actin (Jower panel). (by Melanocytes were untreated (0h) or UV4rradiated (480 J/m™) in the absence or presence of Smu NAC
and 5hlater ROS levels were measured by DCFDA assay (upper panel, vahies normalized to mean of control conditions which were
set at 1) and cell lysates were blotted for pl6 and actin (lower panel). Error bars indicate s.e.m. from three independent experiments.
*+P<0.001 (one-sample i test), **P<0.001 (two-sample ¢ test). (¢) Keratinacytes (KC), fibrablasts (FB) and melanocytes (MC) isolated
from each of six donors were untreated or treated with (.05 mn Hy O, for 1.5, 3 or 5h. RINA was isolated and expression of pl6 and
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{dy Melanoevtes (MC), keratinocytes (KC), and fibroblasts (FB) isolated from each of seven donaors were untreated or treated with
0.05mm H,0, for Sh, and ROS levels were measured by DCFDA assay (left panel). Error bars indicate s.e.m. from seven independent
determinations. *P<0.001 (repeated-measures analysis of variance (ANOVA), P-values adjusted for multiple comparisons). Cells
isolated from each of three donors were untreated or treated with 0.5mm H, O, for 48 h, then fixed and immobilized for 8-0G staining,
Error bars indicate s.em. of percent 8-OG-positive cells assessed under each condition from three independent determinations.
*P=10.06, **P<0.001 {adjusted for multiple comparisans).
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mtracellular ROS in melanocytes compared with other
skin cell types.

The Cdknla locus regulates oxidative stress in vivo

The plé-encoding Cdkr2a locus is mutated in approxi-
mately half of the familial melanoma cases (Curtin ez af.,
2005). We next mvestigated CdknZa-dependent regula-
tion of oxidative stress i vive by measuring ROS levels

in the skin of Cdknla-deficient mice. As shown in
Figure 4a, we observed a significant increase in basal
ROS in skin isolated from these mice compared with
wild-type animals.

Oxidative dysregulation in Cdknla-deficient cells

and restoration by exogenous plf

Two fibroblast lines were derived from both wild-type
and CdiknZe-mull mice. Fibroblast lines from knockout
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*P<0.00] (one-sample i test). (¢) Schematic depicting the ROS-
dependent p38-plé signaling pathway, and the possibility that pl6
suppresses endogenons ROS.

mice demonstrated significantly elevated ROS levels
compared with lines demved from wild-type mice
(Figure 4b), recapitulating our findings in whole-mouse
skin and plé-depleted human cells. Having demon-
strated that plé is required for normal regulation of
oxidative stress, we next asked whether restoration of
pl6 expression in plé-deficient cells would be sufficient
to normalize intracellular ROS levels. It is important to
note that the Cdkn2a-null mice and derived fibroblasts
used in these experiments are also deficient in pl4°%F,
althcugh the siRNA we employed (Figure 3) is specific
for pl6 (and not cross-reactive with ARF). Fibroblasts
isolated from wild-type and Cdkrla-null mice were
infected with control lentivirus expressing green flour-
escent protein (GFP), and Cdkn2a-null fibroblasts were
seperately infected with lentivirus expressing ple/GFP,
which conferred a level of plé expression comparable to
that of wild-type cells (Figure 4c, right). We found that
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Figure 3 Intracellular ROS and oxidative DNA damage is
increased in plé-depleted cells. (a) Melanocytes were transfected
with control scrambled {Ser) or pl6-specific sRINA, and 48 h later
cell lysates were blotted for pl6 and Actin. (b) Melanocytes were
transfected with siRINA, and 48 h later either untreated or treated
with 5 my NAC andfor 0.05mm HaOq. After Sh, ROS levels wers
measured by DCFDA assay, and values normalized to those of
control conditions, which were set at 1. Error bars indicate s.e.m.
from three independent experiments. *P=0.005 (one-sample
i test). (¢) Melanocytes were transfected with siRINA, and 48h
later either untreated or treated with 0.5mm H,0, After an
additional 48 h, cells wers fixed and immaohbilized for 8-04 staining.
Error bars indicate s.e.m. of percent 8-OG-positive cells assessed
under cach condition in three independent experiments. *P=0.05
{two-sample ¢ test). (d) Melanocytes (MC), keratinocytes {RKC) and
fibrablasts (FB) isolated from four individual donors were
transfected with plé<specific iRINA, and then 48h later cultured
in the absence or presence of (05mm H,0.. After Sh, intracellular
ROS levels were measured by DCFDA assay. Brror hars indicate
sem from four independent experiments with different donor
cells. *P<0.001, **P=0002 (repeated-measures analysis of
variance (ANOVAY).

restoration of plé expression in Cdka2a-null fibroblasts
was sufficient to neutralize elevated oxidative stress, as
ROS levels significantly decreased (Figure 4c, left) and
p38 phosphorylation was attenuated (Figure 4c, right).
Thus, plé is both necessary and sufficient for proper
maintenance of endogenous cellular ROS levels.
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Figure 4 Suppression of ROS by Cdinle i vive, and normali-
zation of ROS in Cdimla-deficient cells upon restoration of plé
expression. (a) Dorsal skin was removed from wild-type and
Cdien2a-deficient mice, and ROS levels were measured in tissue
lysates by DCFDA assay. Mean values normalized to those of
wild-type mice, which were set at 1. Error bars indicate s.em. from
independent measurements in wild-type (r=10) and Cdknle-
deficient (= 11) mice. *P =003 (two-sample 1 test). (b) Two lines
of fibroblasts were derived from both wild-type and Cdinle-
deficient mice, and ROS levels determined by DCFDA assay. Error
bars indicate s.e.m. from five independent experiments. *P<0.001
(repeated-measures analysis of variance (ANOVYA)). (¢) Wild-type
(WT) and Cdknle-deficient fibroblasts were infected with either
GFP control lentivims or lemtivirus expressing plo/GEFP as
indicated. Cell lysates were prepared 48h later and subjected
to DCFDA assay for ROS (left panel) and western blotting for
pl6, phospho-p38, p38 or actin (right panel). Error bars indicate
s.e.m. from three independent experiments, * P =001 {two-sample
1 test).

pl6 regulates oxidative sivess independently of the

Rb pathway

Given the prominent upstream role of plé in negative
regulation of the Rb pathway (Lukas ez al., 1995), we
examined the phosphorylation status of Rb in HoOo-
treated human melanocytes and its requirement for plé-
mediated regulation of oxidative stress. Following
exposure to HoOy, there was loss of Rb phosphorylation
(as observed previously in similarly-treated endothelial
cells (Cicchillitti ef af., 2003)) comncident with upregula-
tion of plé at 5h, with recovery of Rb phosphorylation
and normalization of pl6 expression by 24 h (Figure 5a,
left). Cell cycle analysis revealed modest but statistically
significant increase in the G1 fraction and decrease in
the G2M fraction in H,O,-treated melanocytes at 5h
(Figure 3a, right). Next, plé and Rb were either
sgparately or simultanecusly depleted in melanocytes
by two-step RNAI (Figure 5b, lower left). Although plé
knockdown was associated with elevated ROS, there
was no effect of Rb knockdown alone and, furthermore,
combined Rb and pl6 knockdown increased oxidative
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stress to a level comparable to that seen with plé
knockdown alone (Figure 5b, upper left). Thus, the
dysregulation of ROS by depletion of plé cannot be
recapitulated by depletion of Rb, and Rbis not required
for plé regulation of ROS levels.

Oxidative dysregulation in pIf-depleted cells was not
due to effects on cell cycle

Finally, we considered the possibility that the observed
suppressive effect of plé on ROS levels could be related
to its role in cell cycle regulation. It is established that
plé is a negative regulator of the cell cycle and cells with
plé mutations exhibit faster proliferation rates and
decreased fraction of cells in the G1 phase compared
with cells with wild-type plé (Serrano et al., 1996).
Consistent with these findings, we observed an increased
G2ZM fraction in fibroblasts isolated from CdfenZa-null
mice compared with cells from wild-type mice, as well as
increased BrdU staiming in the skin epidermis of
Cdkn2a-null compared with wild-type mice (not shown).
It is alsc known that increased proliferation is asso-
ciated with increased mitochondrial respiration and
increased ROS leakage from the mitochondrial chain
into the cytoplasm (Chung er al., 2009). Thus, dysregu-
lation of intracellular ROS in pl6-deficient cells could be
secondary to increased proliferation resulting from loss
of plé-mediated control of the cell cycle.

Indeed, we observed that plé depletion was asso-
ciated with a modest but significant shift in cell cycle
phase distribution reflected by decreased (81-65%) G1
and increased (15-26%) G2M fractions (Figure 5b,
right). However, a significant but less pronocunced
effect was also seen on Gl and G2ZM fractions with
Rb knockdewn (Figure 3b, right), which was not
associated with any increase in ROS levels (Figure 5b,
upper left). Thus, small increases in the cycling fraction
are not necessarily associated with increased ROS levels.
We noted that the degree of plé knockdown using two-
step RNA1 (Figure 5b, lower left) was more complete
than in our earlier experiments that depleted plé by
single-step RNAI in melanocytes (Figure 3a, Supple-
mentary Figure 2a), in which a lower concentration of
transfection reagent was used. We repeated the single-
step plé RNAi as in earlier experiments using cells
isolated from four different donors, this time assessing
whether alterations in oxidative stress and damage were
associated with changes in cell cycle phase. Under such
conditions of partial depletion of plé (Supplementary
Figure 83a), cell cycle distribution was not significantly
altered compared with control RINAi-transfected
cells (Supplementary Figure S3b). In these cells matched
for cell cycle phase, we confirmed increased ROS levels
(Supplementary Figure S3c) and increased proportion
of 8-OG-positive cells (Supplementary Figure 33d) in
plé-RNAi-transfected compared with control RNAi-
transfected cells. Taken together, these data suggest
that dysregulated oxidative stress and resulting oxida-
tive damage observed in plé-depleted cells occurs
independently of potential effects of plé on cell-cycle
control.
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Representative of two experiments performed.

Diiscussion

It is widely accepted that pl6é acts as a tumor suppresscr
by inhibiting Rb phospherylation and inducing cell
cycle arrest in the GG1 phase in response to potentially
genotoxic stimuli (Alcorta er al, 1996). This plé-
mediated cell cycle arrest allows time for repair of
DNA damage before replication, thereby reducing the
chance of propagating mutations (Figure 6). However, it
is unknown whether other mechanisms exist by which
pl6é may protect against tumor formation. Here we
show that, in addition to UV irradiation, exogenous
oxidative stress rapidly upregulates expression of pleé.
We present evidence that plé deficiency leads to
dysregulation of intracellular ROS in multiple cell types
and accumulation of oxidative DNA damage, and that
pl6 is both necessary and sufficient for normal regula-
tion of p38 SAPK signaling and intracellular oxidative
status. Our findings further suggest that compromise of
pl6 may allow cells to progress to S phase bearing
oxidative DNA lesions that may result in carcinogenic
mutations (Figure €). Our results indicate that ple-
mediated regulation of intracellular oxidative stress
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Figure 6 Potential tumoer-suppressive fimetions of ple. In the
canonical pathway, pl6 mediates cell cycle arrest as part of the
DINA damage response pathway, allowing time for DNA repair
enzymes to correct potentially oncogenic mutations or avoiding
transformation by inducing senescence. Loss of pl leads to
increased ROS levels (direct or indirect effect, indicated by dashed/
solid line) and oxidative DINA damage, which, in pl6-deficient cells
with impaired capacity for cell cyele arrest and senescence, may
result in increased accumulation of mutations promoting oncogen-
egis. Melanocytes are particulatly susceptible to oxidative stress
{Figure 1d), perhaps explaining why loss of plo predisposes to
melanoma rather than other cancers.



appears to be independent of the Rb pathway and not
secondary to potential cell cycle effects, thus confirming
a novel function for pl6.

It is unknown why compromise of plé is more
commonly associated with melanoma over other cancers.
Although we demonstrate here that pl6 is necessary for
proper oxidative regulation in multiple cell types, our
data also indicate that melanocytes maintain higher levels
of intracellular ROS and incur greater oxidative DINA
damage in response to exogenous oxidative stress than
other cell types (Figure 1d). This finding also holds true in
the context of plé depletion, wherein different skin cell
types were matched by donor and analyzed for intracel-
Iular ROS (Figure 3d). This inherent predisposition to
oxidative damage may underlie an increased suscepti-
bility of melanocytes over other cell types to transforma-
tion in the setting of pl6 deficiency. The basis for higher
basal levels of oxidative stress in melanocytes may relate
to their synthesis of melanin pigment, which is distributed
to adjacent keratinocytes for the purpose of absorbing
photons and scavenging free radicals (Riley, 1997).
Although UV exposure stimulates melanocytes to pro-
liferate and produce melanin that can absorb UV-
generated ROS (Gilchrest et ol., 1996), higher UV doses
can oxidize melanin and increase ROS production (Wood
et al., 2006), which may further increase oxidative stress
in melanocytes (Urabe et al., 1994). Moreover, under
conditions of increased oxidative stress, there is less
efficient repair of 8-OG lesions (Eiberger ef al., 2008).
Consistent with this notion, a recent study has shown
that melanocytes are deficient {compared with fibro-
blasts) in repair of oxidative DNA damage (Wang et al.,
2010).

It has been suggested that loss of p16 in melanocytes
may lead to failure of senescence, which underlies
malignant transformation of melanocytic nevi (Figure 6)
(Mooi and Peeper, 2006). Oncogene activation in
melanocytes also generates oxidative stress, and in-
creased ROS and pl6 expression has been implicated in
oncogene-induced melanocyte senescence (Leikam ef al.,
2008). Consistent with this notion, it has been shown
that several melanoma-associated p16 mutants lack the
capacity to induce senescence (Haferkamp et al., 2008),
although pl6 is not consistently expressed in melano-
cytes of senescent nevi i vive (Gray-Schopfer et al.,
2006) and more recent studies indicate that oncogene-
induced senescence does not require pl6é or pl4ARF
(Dhomen et al., 2009; Haferkamp et ai., 2009).

Our data showing negative control of ROS by pl6
may seem at odds with these (Leikam ef al., 2008) and
other reports in the literature, suggesting that the
relationship between pl6é levels and oxidative stress
may be highly dependent on the circumstances and cell
system utilized. For example, it was reported that over-
expression of plé increases cellular ROS levels in a
human diploid fibroblast line (TIG-3) and p16 knock-
down decreases ROS in a conditionally immortalized
human fibroblast line (SVts8) (Takahashi et al., 2006).
Another study using EJ human carcinoma cells found
that although tet-regulated over-expression of p21
elevated cellular ROS, induction of pl6 over-expression
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had no discernable effect on ROS (Macip et al., 2002).
By contrast, our studies utilized siRNA1 to knock down
pl6 in primary normal human cells expressing wild-type
plé, or lentivirus to express plé in freshly isolated
mouse fibroblasts that were genetically deficient in p16.
These various findings suggest that regulation of ROS
by plé in melanocytes and melanoma cells may be
context-specific and could reflect differences between cell
types, or the immortalized or senescent state of the cells.
Nevertheless, it seems plausible from our findings that
plé may act to suppress tumorigenesis through two
inter-related pathways (Figure 6): (1) mediating cell
cycle arrest to facilitate repair of DNA damage, and (2)
controlling accumulation of ROS that may cause
oxidative DNA damage. Moreover, melanocytes may
be more perturbed by oxidative dysregulation induced
by compromise of pl6 than other cell types, leading to
increased susceptibility to melanoma over other cancers.

The precise mechanism by which plé deficiency
increases intracellular ROS in our systemn remains to
be elucidated. Several recent reports also describe
possible novel tumor-suppressive roles of pl6 that are
independent of its role in cell cycle control. For example,
several pl6 mutants responsible for inherited melanoma
susceptibility in humans retain robust cyclin-dependent
kinase 4-binding capacity (Becker e¢ af., 2001). It has
been reported that plé interacts with brahma-related
gene 1, a chromatin remodeling factor (Bochar ez al.,
2000) whose expression is frequently lost in primary and
metastatic melanomas (Becker et al., 2009). Given the
myriad of possible transcriptional targets of the BRG1
pl6 complex, it is possible that p16 may regulate cellular
oxidative stress through this newly discovered interac-
tion. It has also been reported that p16 can bind to c-Jun
N-terminal kinase (JNK) 3, thereby blocking JNK-
mediated phosphorylation of c-Jun following UV
exposure and activation of the Ras-JNK-Jun-AP-1
signaling cascade (Choi et al., 2005). Therefore it is
possible that loss of p16 removes an important inhibitor
of Ras-JNK-Jun-AP-1 signaling (and cellular transfor-
mation), resulting in an upregulation of genes respon-
sible for increased intracellular ROS. Interestingly, the
residue Arg24 of p16 is thought to have a crucial role in
the stabilization of the pl6 JNK3 complex and an
Arg24Pro mutation in pl6é co-segregates in nine
melanoma-prone families (Becker et al., 2001).

Taken together, our work presented here suggests that
plé may exert tumor-suppressive effects that extend
beyond its known function as a cell cycle regulator.
Further study of the mechanistic basis for oxidative
regulation by p16 may shed further light on why loss of
pl6é commonly occurs in tumors and why inherited p16
mutations predispose to melanoma susceptibility.

Materials and methods

Skin cells

Normal human melanocytes and keratinocytes were prepared
from neonatal foresking as described previously (Bowen et al.,
2003). Human fibroblasts were also prepared from foreskins
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following overnight treatment with dispase and removal of the
epidermis (Bowen et al., 2003). Briefly, tissue fragments were
incubated sequentially with collagenase (260 U/ml, Sigma,
St Louis, MO, USA) for 1.5h and then with trypsin/EDTA
(0.05%, Invitrogen, Carlsbad, CA, USA) for 15min at 37°C.
Cultures were expanded in high-glucose Dulbecco’s modied
Eagle’s medium supplemented with 10% fetal bovine serum
(complete medinm). Mouse fibroblasts were isolated from
neonatal wild-type (C57/BL6, National Cancer Institute,
Rockville, MD, USA) and background-matched Cdknla
homozygous-null mice (B6.129-Cdkn2a™*%, MMHCC,
National Cancer Institute) in a sterile manner as previously
described (Bockholt and Burridge, 1995). Briefly, the skin was
dissected away and the ribcage/torso region was remmoved and
then mechanically disrupted using a razor blade in complete
medium. Cultures were expanded in complete medinm. All cell
cultures were maintained at 37°C in a humidified incubator
with 5% (CO,. Mouse fibroblasts were stored at —80°C,
thawed, maintained in exponential growth phase and used for
experiments within 2-3 weeks.

Generation and measurement of axidative stress

Cells were UV-irradiated as previously described (Cotter et al.,
2007), or HyO, (Sigma) was added to cultures. Endogenous
ROS of protein equivalents were quantified by DCEFDA assay
as previously described (Cotter et al, 2007). Although
DCFDA is somewhat non-specific, fluorescence levels likely
reflect HyO»5 levels (Cathcart et al., 1983). For measurements in
whole skin, dorsal skin was excised from newborn pups and
incubated in high-glucose Dulbecco’s modied Eagle’s medium
supplemented with 10% fetal bovine serum and 20 um
DCFDA for 30min at 37°C. Skins were then rinsed in
phosphate-buffered saline, mannally homogenized in a dis-
posable eppendorf tube with plastic pestle (Fisher Scientific,
Pittsburgh, PA, USA) containing 150 pl lysis buffer (2% SDS,
50mm Tris and 10% glycerol), and then 30pg lysate was
subjected to fluorimetric analysis. NAC solution (American
Regent, Shirley, NY, USA) diluted from newly opened vials
was added at a final concentration of 5mm to cells 30min
before other treatments. The phospho-p38 specific inhibitor
(SB203580, EMD Chemicals, Gibbstown, NJ, USA) was
added directly to cultures at a final concentration of 20 um.

Western blotting

Specific proteins were detected in cell lysates as previously
described (Raj et al., 2008). Primary antibodies were used
against pl16 (1:1000, Santa Cruz Biotechnology, Santa Crug,
CA, USA), f-actin (1:10000, A-3853, Sigma,), p38 SAPK
(1:1000, ab31828, Abcam, Cambridge, MA, USA), phospho-
p38 (1:1000, ab32557, Abcam), HO-1 (1:1000, OSA 110,
Stressgen, Ann Arbor, MI, USA), Rb (1:1000, sc-50, Santa
Cruz Biotechnology), and Rb phosphorylated at residues 780
and 795 (1:1000, 9307 and 9301, respectively, Cell Signaling
Technology, Danvers, MA, USA).

Oxidative damage in melanocytes

The presence of 8-OG was detected in cells immobilized in
agarose by immunohistochemistry as previously described
(Cotter ez al_, 2007). Approximately 300 cells were counted per
experimental condition for each experiment.

RNAi

Cells were transfected at 70% confluency in six-well plates with
oligonucleotides targeting pI16 (sc-36143 targeting exon 1§ and
non-overlapping with pl4*fF Santa Cruz Biotechnology),
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Rb (Raj et al., 2008) or a control non-specific siRNA (Raj et af.,
2008). For pl6 and the control non-specific siRINA, 6 ul RNA{
duplexes (10pum stocks) were mixed with 100ul transfection
medium (sc-36868, Santa Crnz Biotechnology). For Rb knock-
down, two duplexes were used in combination at a final
concentration of 50nm each in 100pl transfection medium.
These mixtures were added to a 6-ul transfection reagent
(sc-29528, Santa Cruz Biotechnology) and 100ul transfection
medium was added to each well and after 30min added dropwise
to wells confaining 800pl transfection media. For (two-step)
knockdown of plé and Rb, twice the amount of transfection
reagent was used. After 6h, 1 ml of normal media for the given
cell type with 20% fetal bovine serum was added to the cells.
After an additional 24h, normal media was exchanged.
Conditions were optimized for pl6 and Rb knockdown at 48h.

qRT-PCR
Cellular RNA (0.5 ug) prepared using the RNeasy kit (Qiagen,
Valencia, CA, USA) was reverse-transcribed nsing SuperScript
IT Reverse Transcriptase (Invitrogen), and equal volumes of
cDNA (Ll of each 20pl reaction) were subjected to PCR
using primers specific for p/6 (5-CCCAACGCACCGAATA
GTTAC-3' and 5-ACCACCAGCGTGTCCAGGAA-3) or
GAPDH (5-CCCTCAACGACCACTTTGTC-3' and 5-GGGTC
TACATGGCAACTGTG-3) for up to 40 cycles (95°C for
10s, 59°C for 10s and 72°C for 20s). The SyBR Advantage
qPCR Premix Kit (Clontech, Mountain View, CA, USA) was
used according to the manufacturer’s instructions, and samples
were run using a CFD-3240 Chromod detector (MJ Research,
Waltham, MA, USA) equipped with Opticon Monitor soft-
ware (Promega Corporation, Madison, WI, USA) for data
acquisition, meonitoring and analysis. Expression levels for
cach gene were normalized to GAPDH. GAPDH expression
was not affected by H,O; treatment or plé knockdown.

pl6-expressing lentivirus

The pl6 gene was PCR-amplified from human melanocyte
cDNA using primers (¥-GGACTGCAGCATGGAGCCGGC
GG-3" and 5-TTTCTCGAGCCTCTCTGGTTCTTTCA-3")
and PfuUlfra IT Fusion HS polymerase (Stratagene, La Jolla,
CA, USA). Underlined nucleotides indicate PstI and Xhol sites
introduced by PCR for further subcloning. The PCR product
was cloned into pSC-B-Amp/Kan (Stratagene), confirmed by
sequencing, then subcloned into the S&HI/Xhol sites of the
modified pEI2 leativiral expression vector (Welm et al., 2008)
obtained from Bryan Welm (Huntsman Cancer Institute). The
lentiviral construct was validated for plé expression by
transient transfection into Hela cells followed by western
blotting. For viral production, HEK 293T/17 cells (ATCC,
Manassas, VA, USA) grown in Dulbecco’s modied Eagle’s
medinm with 10% fetal bovine serum were co-transfected
with 5ug lentiviral vector and helper plasmids (Lenti-X HT
packaging mix, Clontech) and 30pg of polyethylenimine
(pH 7.0, Sigma) in 1ml of OptiMEM (Invitrogen) as
described (Welm et al., 2008). Viral particles were collected
48 and 72h after transfection, purified by centrifngation
( x 1500 g) and filtration {0.45 um), followed by ultracentrifu-
gation ( x 100000 g) to achieve 100-fold concentration. Viral
titers were determined by limiting dilution and visualization of
GFP-positive cells. For cellular infection, 8 ug/ml polybrene
(Sigma) was added as previously described (Raj et al., 2008).

Cell cyele analysis

Human melanocytes at 60-70% confluency were cultured in
six-well plates and eubjected to RINAIL After 48h, cells
harvested by trypsinization were washed with cold phos-



phate-buffered saline, resuspended in 500l of 70% ethanol
and then stored overnight at 4 °C. After washing in phosphate-
buffered saline, cells were resuspended in phosphate-buffered
saline containing 50 pg/ml propidium iodide (Sigma) and then
10000 cells were analyzed on a FACSort using ModFit LT
version 3.1 software (Verity Software House, Topsham, ME,
USA) as described previously (Raj et af., 2008).

Statistics

Statistical analysis was performed using Prism 3.0 (GraphPad
Software, La Jolla, CA, USA) and R 2.80 (R Foundation for
Statistical Computing, Vienna, Austria) and supervised by a
biostatistician (KMB). Data from experimental groups were
subjected to standard one- and two-sample ¢ tests. For
experiments using cells from multiple doners, a repeated-
measures analysis of variance analysis was performed
with P-values adjusted for multiple comparisons nsing Tukey’s
honest significant difference. For experiments in which
individual cells were counted (that is, determination of
8-0G), data were analyzed using logistic regression. The
pairing of donors was taken into account as a factor in the
analysis and a Bonferonni correction was applied for two
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Supplementary Information
p16™ A _dependent upregulation of antioxidant enzymesis
secondary to modulation of ROS
We considered several mechanisms by which™"p¥6 loss may elevate cellular
oxidative stress. First, we asked whether increased ROS “¥16depleted cells
resulted directly from dysregulation of intracellular antioxidanzymes. We initially

examined expression of several antioxidant enzymeszq-meated melanocytes, and

found that mRNA levels of the stress protein heme oxygenase-11)H®@ere
significantly increased 3 h after treatment (Supplemerfggyre S2.5). On the other
hand, expression of additional antioxidant enzymes including superoxidetalssml,
superoxide dismutase 2, thioredoxin, and peroxiredoxin 1 was not significasrgased

in Hzoz-treated cells (although there was an increased trend foredoxin and

peroxiredoxin 1) (Supplementary Figure S2.5). HO-1 has been shown aocigcal

oxidant stress- inducible antioxidant defense mechanism in fibrolj\dktset al. 1994),
and also appears to be the predominant antioxidant enzyme modulataeddiivestress
in melanocytes, consistent with a previous report (Marrot et al. 2008).

Similarly, in the context of increased intracellular oxidatiteess induced by
p16M*** knockdown, expression of HO-1 was significantly increased while dha
thioredoxin and peroxiredoxin 1 was not (Supplementary Figure S2.6a)effdue of
p16N**A depletion on HO-1 expression, however, was secondary to incrB&8das
addition of NAC effectively prevented this increase in HO-1 esgion (Supplementary

Figure S2.6a). These results were recapitulated at the pristedh as p16<**
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knockdown resulted in increased HO-1 protein levels which were attehibg addition
of NAC (Supplementary Figure S2.6b). Thus HO-1 is the major adaakienzyme
upregulated in melanocytes by oxidative stress, and its upreguiap16"“** -depleted
cells appears to be secondary to increased ROS followin‘#1&nockdown since the

antioxidant NAC blocks increased HO-1 expression.

Oxidative dysregulation in pl16-deficient cellsis independent of
cell cycleregulation

In our published study, we considered the possibility that the observecssippr
effect of p18"““* on ROS levels was related to its role in cell cycle remula p16'<**
is an established negative regulator of the cell cycle, ahdsitbeen reported that cells
with p16™** mutations exhibit faster proliferation rates and decreasetioftaof cells
in the G1 phase compared to cells with wild-type"3¥6 (Serrano et al. 1996). It is also
known that increased proliferation is associated with increaseghondrial respiration
and in turn increased ROS leakage from the mitochondrial chain hat@ytoplasm
(Halliwell and Gutteridge 1990). Thus dysregulation of intracell@&S in p16™** -
deficient cells could be secondary to increased proliferation irgguitom loss of
p16M*** regulatory control of the cell cycle. Indeed, skin from W16 -null mice
showed a significant increase in proliferating (BrdU-positivellscin the epidermis
compared to that from wild-type mice (Supplementary Figure S2m)lagly, fibroblast
lines from p18™** -null mice displayed a much larger population of proliferatiatisc
than lines from wild-type mice, as reflected by a greftastion of cells in the G2M
phase with a minority of cells in the G1 phase (Supplementauyd-iS2.8a). We again

found elevated ROS levels in g18" -deficient fibroblasts compared to wild-type cells
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(Supplementary Figure S2.8b). Increased ROS levels if“{§16-deficient cells
correlated with an increased fraction of cells staining8f@G (Supplementary Figure
S2.9).

To determine whether increased ROS associated with"$16oss was due to
increased proliferation, fibroblast lines from both B8 -deficient and wild-type mice
were serum-starved to synchronize both cell types with regspecell cycle phase.
Following serum starvation, the majority of p¥6* -deficient cells were in the G1
phase (Supplementary Figure S2.8a), resembling the cell cycike mfotvild-type cells.
When cell lysates obtained from serum-starved cells wetlgzed for intracellular ROS,
we again found increased ROS levels in"3¥6 -deficient compared to wild-type cells
despite their similar cell cycle profiles (SupplementayuFe S2.8b). Likewise, despite
comparable cell cycle profiles, we also found an increased proporti8fO& positive
cells in p18™“** -deficient compared to wild-type cell lines (Supplementary Figure) S2.9
Taken together, these data suggest that the dysregulatedivexista¢ss and resulting
oxidative damage observed in J46* -deficient cells is independent of gi8" -

regulated cell-cycle control.

Supplementary Methods
gRT-PCR
RNA was harvested from cells using the RNeasy kit (Qiagen, ValenciaasCA)
per the manufacturer’s instructions. Approximately3otal RNA was reverse-
transcribed using SuperScript 1| Reverse Transcriptase (Invitrogehgcaal volumes
of cDNA (1 ul of each 2Qul reaction) were subjected to PCR using primers specific for

pl6 (5-CCCAACGCACCGAATAGTTAC-3 and 5 ACCACCAGCGTGTCCAGGAA



59

3"), HMOX1 (5'-CTGTGTCCCTCTCTCTGGAAA-3' and 5’
TCCAGGCTCTGCTGCAGGAA-3')0D1 (5™-

TCACTTTAATCCTCTATCCAGAAA-3 and 5’-CACCACAAGCCAAACGACTTGC

3"), 0D2 (5-GGAGTTGCTGGAAGCCATCAA-3' and 5'-
TCTCCCAGTTGATTACATTCCAA-3'), TRXRD1 (5’
GTGATGGAACAACTGTCAAATCA-3 and 5-ATAGCCTCCAAGGGAGCCAAA-

3’), PRDX1 (5°- TTTGGTATCAGACCCGAAGC-3 and 5'-
TCCCCATGTTTGTCAGTGAA-3’), orGAPDH (5-CCCTCAACGACCACTTTGTC

3 and 5-GGGTCTACATGGCAACTGTG-3’) for up to 40 cycles (95 °C for 10 s, 59 °C
for 10 s and 72 °C for 20 s). The SyBR Advantage gPCR Premix Kit (Clontech,
Mountain View, CA) was used according to the manufacturer’s instructions, aptesam
were run using a CF3240 Chromo4 detector (MJ Research, Waltham, MA) equipped
with Opticon Monitor software (Promega Corporation, Madison, WI) for data

acquisition, monitoring, and analysis.

Cdll cycle analysis

Mouse fibroblasts at 40-50% confluency were cultured in 6-welephaith high
glucose DMEM either unsupplemented (serum-starved) or supplemeriteiOf FBS.
After 72 h, cells harvested by trypsinization were washed wiith BBS, resuspended in
500 ul of 70% ethanol, and then stored overnight at 4 °C. After washing in ¢S,
were resuspended in PBS containing [@@ml propidium iodide (Sigma) and then
analyzed on a FACSort using ModFit LT version 3.1 software (V&dfware House,

Topsham, ME) as described previously (Raj et al 2008).
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Satistics
Data from experimental groups were subjected to standard one~vaiscimnple t

tests. P values ©5 were considered statistically significant.

Proliferation in vivo
Neonatal mice were injecteg. with 5-bromo-2' deoxyuridine (BrdU, 50 mg/kg,
Sigma), then 2 h later dorsal skin was excised and proliferaghg were detected by

immunohistochemistry as described previously (Zhang et al. 2005).
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Supplementary Figure S2.1 Generation of intracellular ROS and oxidative DNA
damage in melanocytes treated witfOpl (a) Melanocytes were either untreated or
treated with 5 mM NAC and/or 0.05 mME,. After 5 h, ROS levels were measured by
DCFDA assay, and values normalized to control conditions which were set at 1. Error
bars indicate SEM from three independent experiments. *P=.01 (two-samp)e tlpst
Cells were either untreated or treated with 5 mM NAC and/or 0-2 rs®4.HAfter 48 h,
cells were fixed and immobilized for 8-OG staining. Error bars indicate SEM@é e
8-0OG positive cells assessed under each condition in three independent experiments.
*P=.01, *P<.001 (two-sample t tests).
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Supplementary Figure S2.2 p16™“* depletion in multiple human cell typesa) (
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Melanocytes, lif) keratinocytes, ana) fibroblasts independently isolated from four

seperate donors were transfected either with control scrambled (Scr)spexific
siRNA, and 48 h later cell lysates were blotted for p16 or Actin.
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Supplementary Figure S2.3 Oxidative dysregulation in pf&“* -depleted melanocytes
not due to alterations in cell-cycle phasa) Human melanocytes independently isolated
from four separate donors were transfected with either control scrambitar(Sc
p16NK** _specific SIRNA, and 48 h later cell lysates were blotted for p16 or Adiin. (
Cell cycle analysis was performed on siRNA-transfected cellg,imv{lh percentages of
cells in each phase (G1, S, G2M) indicat&dror bars indicate SEM from four separate
donors. ns, not significant (paired two-sample t testy)ROS levels were determined
by DCFDA assay in siRNA-transfected cells in (a). Error bars irel8&M from four
separate donors. *P<.001 (repeated measures analysis of variance, ANQV&O G
staining was performed in siRNA-transfected cells in (a) after ati@aali48 h. Error
bars indicate SEM from four separate donors. *P=.008 (repeated measures analysi
variance, ANOVA).
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Supplementary Figure S2.4 Upregulation of the predominant antioxidant enzyme HO-1
occurs in response toZBZ. Melanocytes were treated with 0.05 mM 2020|2—l then

RNA was isolated 3 and 5 h later for qRT-PCR analysis of esipresof HO-1,
superoxide dismutase 1 (SOD1), superoxide dismutase 2 (SOD2), thior¢@Bxi,
and peroxiredoxin 1 (PRX) as indicated. Error bars indicate SEMthoee independent
experiments. *P=.05, *P=.09, ***P>.30 (one-sample t tests).
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absence or presence of NAC, then 48 h later cell lysatesblegted for HO-1, p18"44,
and Actin.
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Supplementary Figure S2.7 Oxidative dysregulation in pY#“** -deficient cells is
independent of p1¥“* -regulated cell-cycle controB. Two fibroblast lines derived
from both wild-type and p16-null mice were cultured in the presguardrol, left panel)
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CHAPTER 3

FAMILIAL MELANOMA-ASSOCIATED MUTATIONS IN P16

UNCOUPLE ITS TUMOR SUPPRESSOR FUNCTIONS
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Abstract
Familial melanoma is associated with point mutations in the cyclin-dependent
kinase (CDK) inhibitor p16™***, We recently reported that p16™<** regulates
intracellular oxidative stress in a cell cycle-independent manner. Here, we constructed 12
different familial melanoma-associated point mutants spanning the p16™"** coding
region and analyzed their capacity to regulate cell-cycle phase and suppress reactive

oxygen species (ROS). Compared to wild-type p16™"44

which fully restored both
functions in p16™<**-deficient fibroblasts, various p16™<** mutants differed in their
capacity to normalize ROS and cell cycle profiles. While some mutations did not impair
either function, others impaired both. Interestingly, several impaired cell-cycle (R24Q,
R99P, V126D) or oxidative function (A36P, A57V, P114S) selectively, indicating that

these two functions of p16™" 44

can be uncoupled. Similar activities were confirmed with
selected mutants in human melanoma cells. Many mutations impairing both cell-cycle
and oxidative functions, or only cell cycle function, localize to the third ankyrin repeat of
the p16™“*“* molecule. Alternatively, most mutations impairing oxidative but not cell-
cycle function, or those not impairing either function, lie outside this region. These
results demonstrate that particular familial melanoma-associated mutations in p16™<*

can selectively compromise these two independent tumor-suppressor functions, which

may be mediated by distinct regions of the protein.

Introduction
The CDK4/6 inhibitor p16™<** is encoded by the chromosomal locus CDKN2A
and altered in the majority of human tumors (Sharpless and DePinho 1999). Germ-line

mutations in p16™** have been associated more commonly with a subset of cancers,
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namely pancreatic carcinoma and melanoma, and are inherited in approximately 40% of
melanoma-prone families (Goldstein et al. 2007). In the presence of potentially
oncogenic stress such as DNA damage, the canonical tumor-suppressor function of
p16™** involves binding either to cyclin-dependent kinases 4 and/or 6 (CDK4/6) or
preassembled CDKA4/6-cyclin D complexes (Hirai et al. 1995, Serrano et al. 1993),
inhibiting hyperphosphorylation of Retinoblastoma-associated pocket proteins and
delaying cell cycle progression from the G1 to S phase (Alcorta et al. 1996, Lukas et al.
1995). In this setting, p16™ ** may induce cellular senescence or allow time for DNA
repair prior to cell division (Shapiro et al. 1998). Interestingly, several studies have
demonstrated that many familial melanoma-associated p16™“** mutants retain CDK4-
binding capacity in vitro (Becker et al. 2001, Hashemi et al. 2000, Kannengiesser et al.
2009, McKenzie et al. 2010), suggesting that p16™<** may mediate an additional
important function(s) independent of cell-cycle regulation.

INK4A
6

Since penetrance of melanoma in pl mutant kindreds is highly associated

with chronic exposure to ultraviolet radiation (Bishop et al. 2002), which produces
reactive oxygen species (ROS) in the skin (Herrling et al. 2006), we recently investigated

INK4A
6

a possible role for pl in regulating intracellular oxidative stress. We found

6'NK4A that was

increased oxidative stress in multiple skin cell types when depleted of pl
independent of cell-cycle regulation (Jenkins et al. 2011). Melanocytes demonstrated
increased susceptibility to oxidative stress in the context of p16™“** depletion compared

to keratinocytes and fibroblasts (Jenkins et al. 2011). Melanocytes thus appear to be more

dependent on p16™"** for normal oxidative regulation than other cell types, which may
p
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in part explain why inherited mutations in p16™<**

predispose to melanoma over other
cancers.

Given this newly identified role of p16™<** in regulating intracellular oxidative
stress, we investigated whether different familial melanoma-associated p16™<*4
mutations can differentially modulate its cell cycle and oxidative regulatory functions. A
panel of p16™** mutants was constructed and compared to wild-type p16™<** in

+/+

functional assays using p16™Arf”* cells. Interestingly, several mutations selectively
compromised control of cell-cycle or oxidative stress, effectively uncoupling these two
functions. Taken together, these data show that these two potential tumor-suppressor
functions of p16™** can be independently disrupted by distinct familial melanoma-

associated mutations, and different regions of the protein may be important for these

separate functions.

Results

Wild-type p16 suppresses ROS and cell cycle progression, and
induces senescence in p16-- Arf++ cells

Our previous experiments (Jenkins et al. 2011) demonstrating sufficiency of
p16™** in mediating control of intracellular oxidative stress were performed in
fibroblasts deficient in CDKN2A, which encodes both the p16™K** and Alternative
reading frame (Arf, pl9) proteins (Sharpless and DePinho 1999). We began by
confirming these results using cells that were selectively deficient in p16™<** (i.e., wild-
type for Arf). Fibroblasts from wild-type mice were infected with control lentivirus
expressing green fluorescent protein (GFP), while p16™Arf fibroblasts were separately

infected with either lentivirus expressing p16™** and GFP or GFP alone. We had
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previously optimized conditions for viral transduction to achieve 80-90% infection rates
(as measured by GFP visualization using fluorescence microscopy) and expression of

6™ A (by Western blotting) roughly equivalent to p16™*** levels in wild-

exogenous pl
type fibroblasts (72 h after lentiviral infection). Infection of p16™"** -deficient cells with
p16™ 4 lentivirus resulted in p16™<** levels comparable to that observed in wild-type
cells (Figure 3.1a, bottom), and was associated with normalization of ROS while ROS
levels were significantly higher in p16™** -deficient cells infected with GFP lentivirus
(Figure 3.1a, top). These control (GFP) p16™Arf"* cells also exhibited a dysregulated
cell cycle profile evidenced by marked decrease in the proportion of cells in G1 phase
and increase in the proportion in G2/M phase (Figure 3.1b). Introduction of p16™ A

+/+

expression in pl6”Arf”* cells normalized the cell cycle distribution, increasing the
fraction of cells in G1 phase and decreasing the fraction in G2/M phase (Figure 3.1b).
These results provide evidence that expression of p16™*** is both necessary and
sufficient in p16”Arf"* cells to mediate oxidative and cell-cycle regulation.

Excessive ROS may lead to cellular senescence in some circumstances (Macleod
2008). Previous reports indicated in some experimental systems that p16'™<** expression
was associated with both senescence and increased ROS (Takahashi et al. 2006), while in

INK4A
6

others increased pl expression was not associated with increased ROS (Macip et

al. 2002). Thus, we examined whether reduced ROS associated with introduction of
p16™K*A into p167Arf* cells was associated with cellular senescence. The p16”Arf”*
fibroblasts were separately infected with either lentivirus expressing p16™<** /GFP or

GFP alone, and then assessed for p-galactosidase (3-gal) activity at pH 6.0 over a 7-day

period. B-gal staining is an accepted marker of senescence in cultured cells (Dimri et al.
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Figure 3.1. p16™K*A expression normalizes ROS and cell-cycle profile in p16”Arf
cells. (a) Wild-type (WT) and p16™“*“*-deficient fibroblasts were infected with either
GFP (control) lentivirus or lentivirus expressing wild-type pl16 as indicated. After 72 h,
cell lysates were subjected to DCFDA assay for intracellular ROS (upper panel) and
western blotting for pl16, Arf, or actin (lower panel). Error bars indicate SEM from
triplicate determinations. (b) After 72 h, cell cycle analysis was performed with
percentages of cells in each phase (G1, S, G2M) indicated. Error bars indicate SEM from
triplicate determinations. (c) p16™"**-deficient fibroblasts were infected with either GFP
(control) lentivirus or lentivirus expressing wild-type pl16, then after the indicated time
staining for B-gal was performed at pH 6.0. Average values were determined from three
fields. Error bars indicate SEM from triplicate determinations.
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+/+

1995). We found that while no senescent cells were evident in cultures of p16™”Arf
fibroblasts infected with control GFP lentivirus, cells infected with p16™*** lentivirus
were increasingly positive for senescence-associated -gal staining over 7 days

(Figure 3.1c, Figure 3.2). Thus although the relationship between p16™"** expression
and ROS appears subject to experimental context (Vurusaner et al. 2012), in our system

INK4A
6

restoring pl expression correlates with reduced ROS and increased G1 arrest and

senescence.

Functional activities of familial melanoma-associated p16™** mutants

To investigate the potential functional consequences of particular mutations in
p16™K** that have been identified in human melanoma kindreds (Becker et al. 2001,
Hashemi et al. 2000, Kannengiesser et al. 2009, McKenzie et al. 2010), we prepared

lentiviral constructs encoding 12 point mutants that span the length of the p16™"4

coding
region (Table 3.1). While nine of the mutations would be predicted to affect only the
p16™* and not Arf coding sequences (R24P, R24Q, G35A, G35V, A36P, A57V, LI7R,
R99P, V126D), the remaining three mutations would be predicted to affect both p16™<**
and Arf (P81T, R87W, P114S). Each mutant was separately expressed in p16”Arf"*
fibroblasts, and levels of ROS and cell cycle distribution were determined and compared
to that found in cells expressing either GFP or wild-type p16™<**. We found that several

INK4A
6

pl mutants exhibited an impaired capacity to regulate both oxidative stress and the

cell cycle. For example, ROS levels and cell cycle distribution remained dysregulated in

INK4A
6

cells expressing the P81T mutant compared to wild-type pl (Figure 3.3a). A similar

phenotype was observed with the L97R (Figure 3.3b), and R87W (Figure 3.3c) mutants.
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Figure 3.2 p16™<** expression induces senescence. p16™***-deficient fibroblasts were

infected with either (a) GFP (control) lentivirus or (b) lentivirus expressing pl

6INK4A’

then after 7d staining for -gal was performed at pH 6.0. Representative staining (arrows

indicate positive cells) is shown.
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Table 3.1 List of primers used to construct either wild-type p16™*** or the 12 familial
melanoma-associated point mutations of interest. Underlined nucleotides in the wild-
typer primer sequences indicate Pstl and Xhol sites introduced by PCR for further
subcloning. Lower case bold letters in other primer sequences represent bases used to
induce relevant point mutations into final p16™<** mutant constructs.
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Amino Base Primer 1 Primer 2
Acid Change
Change
WT WT GGACTGCAGCATGGAGCCGGCGG TTTCTCGAGCCTCTCT
GGTTCTTTCA
R24P G71C CcGGTAGAGGAGGTGCGGGCGCTGCTG | CCAGCAGCGCCCGCA
G CCTCCTCTACCgG
R24Q G71A CaGGTAGAGGAGGTGCGGGCGCTGCT | CCAGCAGCGCCCGCA
GG CCTCCTCTACCtG
G35A G104C | GCGGGCGCTGCTGGAGGCGGCGGCGCT | GGGCAGCGCCgCCGC
GCCC CTCCAGCAGCGCCCG
C
G35V G104T GCGGGCGCTGCTGGAGGCGGIGGCGCT | GGGCAGCGCCaCCGC
GCCC CTCCAGCAGCGCCCG
C
A36P G106C | GGAGGCGGGGCCGCTGCCCA TGGGCAGCGgCCCCG
CCTCC
A57V C170T CATGATGATGGGCAGCGtCCGAGTGGC | CCGCCACTCGGaCGCT
GG GCCCATCATCATG
P81T C241A | CACCCGAaCCGTGCACGACGCTGCCCG | CCCGGGCAGCGTCGT
GG GCACGGtTCGGGTG
R87W C259T GCACGACGCTGCCtGGGAGGGCTTCCT | CCAGGAAGCCCTCCCa
GG GGCAGCGTCGTGC
L97R T290G GCygGCACCGGGCCGGGGCGCGGCTGG | CCAGCCGCGCCCCGG
CCCGGTGCcGC
RO9OP G296C | GCACCcGGCCGGGGCGCGGCTGG CCAGCCGCGCCCCGG
CCgGGTGC
P114S G339C | CTcCCCGTGGACCTGGCTGAGG CCTCAGCCAGGTCCA
CGGGgAG
V126D | T377A GAGGAGCTGGGCCATCGCGATGaCGC | ACCGTGCGTCAtCGCG
ACGGT ATGGCCCAGCTCCTC

All sequences are 5’ to 3°. Lower case bold letters in sequences indicate point mutations

introduced.
WT, wild-type p16™ 44
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Figure 3.3 Functional activities of familial melanoma-associated p16™<** mutants.
p16™K*_deficient fibroblasts were infected with the indicated lentiviral constructs
expressing GFP, wild-type p16™ 2 or (a) mutants P81T or A57V, (b) mutants A36P or
L97R, (c) mutants R87W or P114S, or (d) mutants G35A or R99P. Cell lysates were
prepared for detection of ROS and p16 protein levels (upper panels in each). Cell cycle
analysis was performed with percentages of cells in each phase (G1, S, G2M) indicated
(lower panels in each). Error bars indicate SEM from triplicate determinations. ns, not
significant.
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Thus three of the 12 mutants could be categorized as “double loss of function” (Figure

3.4). Interestingly, several p16™"*

mutants largely restored regulation of both oxidative
stress and cell cycle distribution. For example, expression of the G35A mutant resulted in
ROS levels and cell cycle distribution comparable to that of cells expressing wild-type

6™ ** (Figure 3.3d). A similar phenotype was observed for the R24P (Figure 3.5) and

pl
G35V (Figure 3.6) mutants. The identification of these three mutants (none of which
affect Arf) that largely retain both oxidative and cell cycle regulatory functions (Figure

INK4A
6

3.4) suggests that some mutations in pl may affect melanoma predisposition by

disrupting other (tumor suppressor-related yet undefined) functional activities.

Uncoupling of cell cycle and oxidative regulatory functions

For the remaining six p16™ ** mutants, we found that the oxidative or cell cycle
regulatory activity was selectively compromised. For example, the A57V mutant
normalized cell-cycle distribution comparable to wild-type p16™ ** but did not correct
elevated ROS levels (Figure 3.2a). Similarly, the A36P (Figure 3.3b) and P114S mutants
(Figure 3.3c) demonstrated selective loss of oxidative compared to cell cycle regulation.
The inverse result was observed with the R99P mutant, which effectively suppressed
ROS levels but did not restore cell-cycle distribution (Figure 3.3d, Figure 3.7). Similarly,
selective loss of cell cycle compared to oxidative regulatory function was observed in the
V126D (Figure 3.5) and R24Q (Figure 3.7) mutants. Thus the identification of these six
mutants in which the oxidative and cell cycle regulatory functions are relatively

INK4A
6

uncoupled (Figure 3.4) supports our previous contention that pl regulates oxidative

stress in a cell cycle-independent manner (Jenkins et al. 2011).
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Figure 3.4 Summary of functional analyses of familial melanoma-associated p16"™<**

mutants. Percent restoration (relative to wild-type p16™<** set at 100%) of cell cycle or
oxidative regulatory function is shown after each construct was expressed in p16™ <" -
deficient fibroblasts. Error bars indicate SEM of triplicate determinations.
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Figure 3.5 Functional activities of familial melanoma-associated p16™*** mutants R24P
and VV126D. (a) p16™*** -deficient fibroblasts were infected with the indicated lentiviral
constructs, and cell lysates were used for detection of ROS and p16"™<** protein levels.
Error bars indicate SEM from triplicate determinations. ns, not significant. (b) Cell cycle
analysis was performed with percentages of cells in each phase (G1, S, G2M) indicated.
Error bars indicate SEM from triplicate determinations.



a 10000+

DCF fluorescence units

80004

60004

40004

20004

0-

Lenti:

p16

Actin

b 100-

Percent composition
w
o
1

0-

Figure 3.6 Functional activities of familial melanoma-associated p16 mutants G35A
and G35V. (a) p16™<** —deficient fibroblasts were infected with the indicated lentiviral
constructs, and cell lysates were used for detection of ROS and p16"™<** protein levels.

GFP p16 G35A G35V

*E

ns

mm GFP
. mmm p16
] =G
'_l ! | |
IIFHH
1i§lE |
G1 S G2M

86

Error bars indicate SEM from triplicate determinations. ns, not significant. (b) Cell cycle
analysis was performed with percentages of cells in each phase (G1, S, G2M) indicated.
Error bars indicate SEM from triplicate determinations
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Figure 3.7 Functional activities of familial melanoma-associated p16™"** mutants R24Q
and R99P. (a) p16™ ** -deficient fibroblasts were infected with the indicated lentiviral
constructs, and cell lysates were used for detection of ROS and p16™ ** protein levels.
Error bars indicate SEM from triplicate determinations. (b) Cell cycle analysis was
performed with percentages of cells in each phase (G1, S, G2M) indicated. Error bars
indicate SEM from triplicate determinations.
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p16™ ** mutants with altered functional activities retain
appropriate subcellular localization

It is generally thought that p16™"** localizes to the nucleus to exert its CDK-
inhibitory function (Bartkova et al., 1996; Lukas et al., 1995), although there are reports

of p16INK4A

revealing both nuclear and (sparse) cytoplasmic localization (Geradts et al.,
2000; McKenzie et al., 2010). Others have found that exogenous over-expression of
p16™4A can lead to protein aggregation and unfolding in the cytoplasm, resulting in loss
of function (Tevelev et al., 1996). It has also been suggested that cytoplasmic localization
of p16™** may represent a specific mechanism of its inactivation in tumors (Evangelou
et al., 2004). Given these considerations, it was important to demonstrate that alterations

INK4A
6

in functional activities seen here with some pl mutants were not due to

mislocalization of the protein. Therefore, we assessed subcellular localization of each

INK4A
6

pl mutant in p16™Arf"* fibroblasts by immunofluorescence. First, we confirmed

that wild-type p16™"44

was strongly nuclear, colocalizing with DAPI-staining nuclei, and
no cytosolic expression was detected (Figure 3.8). Analysis of the 12 p16™<** point
mutants consistently showed similar nuclear localization (Figure 3.8), providing strong
evidence that their various altered functional activities could not be attributed to

mislocalization of p16"™<*A,

Analysis of p16™** -regulatory functions in human melanoma cells
Next, we examined a subset of these mutants in human melanoma cells — perhaps
a more relevant model for analyzing p16 mutations associated with familial melanoma.

WM793 cells that do not express p16™<** were transduced with lentivirus expressing
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Figure 3.8 Nuclear localization of p16™** mutants. p16”Arf"* fibroblasts were infected
with the indicated lentiviral constructs. Cells were fixed, permeabilized and stained for
p16™K** expression (red) and the DNA marker 4',6-diamidino-2-phenylindole (DAPI,
blue).
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either GFP, wild-type p16™ *2 or a selected p16™ ** mutant. As above, we optimized
expression of individual mutants to be comparable to expression levels of wild-type
p16™K** by Western blotting (Figure 3.9a, b). As we observed in p16”Arf"”* mouse
fibroblasts (Figure 3.1), expression of wild-type p16™ ** (compared to GFP control) was
associated both with suppression of ROS levels (Figure 3.9c¢, d) and shift of the cell cycle
distribution (Figure 3.9¢,f). Mirroring the phenotypes seen above (Figure 3.2c, d), the
R99P mutant retained oxidative but not cell cycle function while the P114S mutant
exhibited the reciprocal phenotype (Figure 3.9c, e) in WM793 cells. Compared to wild-

6™ A the R24Q mutant was unable to restore significant oxidative (Figure 3.9d)

type pl
or cell cycle function (Figure 3.9f) consistent with our earlier findings (Figure 3.7).
Finally, as seen above (Figure 3.6), the G35V mutant retained cell cycle function

comparable to wild type p16™"*A

(Figure 3.9f), but exhibited limited capacity for
reducing ROS (Figure 3.9d). Importantly, the differential capacity of three p16 mutants
(R99P, P114S, G35V) to regulate oxidative versus cell cycle regulatory functions was

recapitulated in human melanoma cells.

INK4A
6

Structure-function relationships among p1 mutants

In order to gain insight into the different functional activities associated with

particular p16™<*

mutants, we examined their relative localization based on published
structures of the molecule (Byeon et al., 1998; Russo et al., 1998). p16™<** consists
mainly of four ankyrin repeats, a conserved motif of approximately 30 amino acids,
which is involved in various protein-protein interactions (Li et al., 2006). These repeats

create a pair of antiparallel helices forming a stem and a B-hairpin forming the base of an

L-shaped structure (Gorina and Pavletich 1996; Russo et al., 1998). While some studies
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Figure 3.9 Uncoupling of oxidative and cell cycle regulatory functions by p16™K**
mutants in WM793 human melanoma cells. (a, b) WM793 cells were infected with the
indicated lentiviral constructs, and cell lysates were collected either 16 h or 48 h post-
infection for western blotting. (c, d) ROS levels were determined in cell lysates 16 h
postinfection with the indicated lentivirus. Error bars indicate SEM from triplicate
determinations. ns, not significant. (e, f) Cell cycle analysis was performed 48 h post-
infection with percentages of cells in each phase (G1, S, G2M) indicated. Error bars
indicate SEM from triplicate determinations. ns, not significant.



92

have implicated all four ankyrin repeats as important for CDK4/6-binding and cell cycle
inhibition, others indicate that the third ankyrin repeat (residues 81-113) as well as the p-
hairpin loop within the second ankyrin repeat (residues 52-54) are the most critical
regions for mediating these functions (Byeon et al., 1998, Mahajan et al., 2007, Russo et
al., 1998). Consistent with this notion, several residues that we found to be important for
both cell-cycle and oxidative regulation (P81, R87, L97), or only cell-cycle regulation
(R99), reside in the third ankyrin repeat (Figure 3.10). By contrast, most residues
important for oxidative but not cell-cycle regulation (A36, A57, P114), or those not
important for either function (G35, R24), are not found within the third ankyrin repeat or

the B-hairpin loop of the second ankyrin repeat (Figure 3.10).

Discussion

We recently described a novel role for p16™K*

in suppressing intracellular
oxidative stress, functioning independently of cell cycle and its control of the Rb pathway
(Jenkins et al., 2011). These two regulatory functions are likely to be complementary in
preventing potentially oncogenic oxidative DNA lesions by decreasing their formation
(reduction of ROS) and propagation (induction of cell cycle arrest to allow DNA repair).
In this study we examined separately the cell cycle and oxidative stress regulatory

capacities of a panel of familial melanoma-associated p16™"*

point mutations spanning
the p16™ ** coding region. These mutants varied in their abilities to restore these two
regulatory functions when expressed in p16™<** —deficient fibroblasts, and could be
grouped into distinct categories: those that restored both functions (R24P, G35A, G35V),

selectively restored cell-cycle (A36P, A57V, P114S) or oxidative (R24Q, R99P, V126D)
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Figure 3.10 Localization of critical residues on p16™K**. Residues important for
regulation of (a) cell-cycle (black circles) and (b) oxidative stress (gray circles) are
highlighted on the p16™“** backbone structure which exhibits 4 ankyrin repeats
(numbered 1-4). Note that G35 is not depicted since neither G35A nor G35V
compromised either function.
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regulation, or failed to restore either function (R87W, L97R, P81T). These findings are

further evidence that p16™<*4

is sufficient to regulate intracellular oxidative stress

independently of its canonical role in cell-cycle regulation, and that these roles can be

individually compromised by particular familial melanoma-associated mutations.
Historically, the cell cycle regulatory function of some of these and other

6™ A mutants found in patients was assessed by measuring CDK4-binding — a

pl
reasonable surrogate since p16™<** binding to CDK4/6 is the critical step leading to
reduction in Rb phosphorylation and inhibition of the G1/S transition of the cell cycle
(Alcorta et al., 1996, Lukas et al., 1995). The two primary assays employed were based
on yeast two-hybrid (Yang et al., 1995) and immunoprecipitation (Becker et al., 2001,
Hashemi et al., 2000; Kannengiesser et al., 2009) approaches. These assays, however,
have been problematic for two reasons. First, several mutants were found to retain the
capacity to bind CDK4, yet were greatly reduced in their capacity to regulate the cell
cycle (Becker et al., 2001, Koh et al., 1995). These discrepancies could reflect the
additional known capacity of p16™<** to bind CDK6 and intact CDK4/6-cyclinD
complexes in addition to CDK4 (Hirai et al., 1995, Serrano et al., 1993), neither of which
was measured in these studies. Differences in functional assays may also relate to the
potential ability of pl6 to bind and inhibit CDK7, a kinase subunit of the TFIIH
transcription factor (Serizawa 1998). Given the requirement of TFIIH-mediated
phosphorylation of RNA polymerase 11 for transcription, p16™<** may induce cell cycle
arrest independently of CDK4/6 by binding to CDK7 (Nishiwaki et al., 2000). In addition

to lack of correlation between CDK4- binding and cell-cycle inhibitory functions found

in some cases, other studies have reported differences in CDK4-binding activity for the
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same pl6 mutant. For example, the reported CDK4-binding activity of the relatively
common G101W mutant ranged from 5 to 73% of wildtype, based on yeast two-hybrid
(Reymond and Brent 1995, Yang et al., 1995) and immunoprecipitation assays (Becker et
al., 2001, Parry and Peters 1996, Ranade et al., 1995, Walker et al., 1995). A mammalian

6K mutants

two-hybrid assay has also been used to measure interactions between pl
and CDK4 in human osteosarcoma (Saos-2) cells (McKenzie et al., 2010). While this
experimental system has the advantage of retaining a more appropriate intracellular
environment allowing for posttranslational modifications, there could be important
differences between these tumor cells and melanocytes or melanoma cells. Rather than
developing our own assay based on CDK4-, CDK6- or CDK4/6-cyclin D binding, we
wanted to avoid these pitfalls and directly measure cell-cycle regulatory activity; thus we
determined cell-cycle distribution by flow cytometry (which was highly reproducible) as
a readout of the cell-cycle regulatory function of these p16™*** mutants.

Several previous studies have characterized the cell cycle regulatory capacity of

different familial melanoma-associated p16™<**

point mutants. Overall, a wide range of
phenotypes were reported among different mutants, as well as conflicting results
concerning the same mutants. The basis for some of the discrepancies may lie in the
different assays and cell types used for assessing cell cycle function, which included
ability to induce phase arrest (Becker et al., 2001, Becker et al., 2005, Koh et al., 1995,
McKenzie et al., 2010, Miller et al., 2011), limit cell numbers in culture (Jones et al.,

2007, Kannengiesser et al., 2009), reduce proliferation by Ki67/BrdU staining (Jones et

al., 2007, McKenzie et al., 2010), and reduce colony formation (Becker et al., 2005,
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Jones et al., 2007) in fibroblasts, osteosarcoma, and melanoma cells. For the mutants
studied here, however, our results largely agreed with what has been reported in the

literature. For example, our observations that cell cycle function was retained (R24P,
G35A, G35V) or only partially diminished (A36P, A57V, P114S) in these particular
mutants is consistent with prior reports (Jones et al., 2007, Kannengiesser et al., 20009,
McKenzie et al., 2010). Similarly, our findings that cell cycle function was largely
diminished (V126D) or completely absent (R99P, R87W, L97R) in other mutants is
consistent with previous studies (Becker et al., 2001, Kannengiesser et al., 2009;
McKenzie et al., 2010, Miller et al., 2011). On the other hand, the lack of cell cycle
regulatory function that we observed for mutants R24Q and P81T was not consistent with
earlier studies in which the R24Q (Kannengiesser et al., 2009) and P81T (McKenzie et
al., 2010) mutants were found to be comparable to wild-type p16™<**. For the R24Q
mutant, we confirmed lack of cell cycle function in WM793 human melanoma cells
(Figure 3.9f). As suggested above, one explanation for these discrepancies in addition to
the different assays is that different cell types were employed. The capacity of some
mutants to regulate cell cycle may be unmasked in particular cellular contexts depending
on the different interactions of p16'™<** (i.e. with various CDKs) that could be affected.
In addition, some cell lines may be less susceptible to regulation by exogenous p16™<*
due to the presence of background mutations, or loss of the entire CDKN2A locus with
corresponding lack of dependency on p16™K** or ARF. By testing the regulatory

functions of these different mutants in primary fibroblasts, we gain insight into their

behavior as potential tumor suppressors in an otherwise wild-type genetic background.
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It has been reported that the third ankyrin repeat of p16™"*** (residues 81-113)
and a B-hairpin loop in the second ankyrin repeat (residues 52-54) are the most important
regions for CDK4- binding, as a 20-residue synthetic peptide (consisting of amino acids
84-103) was able to bind CDK4 (Fahraeus et al., 1996). Subsequent studies reported that
numerous residues along the entire p16"™*** molecule are important in some capacity for
CDK4-binding, but still identified residues very near or in the third ankyrin repeat as
being the most significant (Byeon et al., 1998; Li et al., 1999; Mahajan et al., 2007). Our
results further confirm the importance of this region in p16™"** for cell cycle regulation,
as the R99P mutant which demonstrates the most dramatic loss of cell cycle function
while retaining oxidative function (Figure 3.4) is located in the third ankyrin repeat
(Figure 3.10). This region forms both an extensive hydrogen-bond network at the
interface of CDK4/6 (involving residues 74, 84, and 87 of p16) and a mostly hydrophobic
structural core that interacts with the other internal helices that may help stabilize the
protein (Russo et al., 1998). Perhaps several mutations in this region upset either the
hydrogen bond network of the binding interface or these internal stabilizing helices, as
most mutants that fail to restore both cell cycle and oxidative regulatory function (P8L1T,
R87W, L97R) are located here (Figure 3.10). Consistent with this notion, the mutants we
found that fail to impair either function (R24P, G35A, G35V), or that selectively
impaired oxidative regulation (A36P, A57V, P114S), are located outside of this region
and the B-hairpin loop in the second ankyrin repeat known to form hydrogen-bond
backbone contacts with CDK4/6 (Russo et al., 1998). These residues may be involved in

INK4A
67,

direct or indirect interactions with yet uncharacterized binding partners of p1 or
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6N molecule

mutations of these residues could alter the secondary structure of the pl
that precludes interactions required for oxidative regulatory function. The effects of
particular mutations studies here (if any) on p16™<** structure are difficult to predict

6"NK4A molecules.

without analysis of crystal structures of the mutant p1

The identification of several familial melanoma-associated mutants that largely
retain both oxidative and cell cycle regulatory function (Figure 3.4) suggests that some
mutations in p16™<** may affect melanoma predisposition by disrupting some other yet-
to-be defined tumor suppressor function. There is precedent for other well-studied tumor
suppressor genes that appears to regulate ROS independently of their canonical functions
(Vurusaner et al., 2012). For example, p53 which is involved in multiple cellular
processes, including apoptosis, cell cycle arrest and senescence (Lane 1992), is a
regulator of ROS. Several p53-target genes include redox-active proteins and ROS-
generating enzymes (Macip et al., 2003, Polyak et al., 1997). In addition, many post-
translational modifications of p53 generate ROS leading to activation of p38 mitogen-
activated protein kinase (Bragado et al., 2007). Another example is the CDK inhibitor
p21 that promotes cell cycle arrest and DNA repair (Li et al., 1994) that was reported to
regulate oxidative stress through the Nrf2 pathway. p21 increases stability of Nrf2 by
competing for Keapl binding, which protects Nrf2 from ubiquination and subsequent
degradation, allowing increased Nrf2-mediated transactivation of several antioxidant
enzymes through binding to antioxidant response elements in their promoters (Chen et
al., 2009). Finally, the breast cancer susceptibility genes BRCAL1 and BRCA2 that are
implicated in regulating cell cycle progression and maintaining genomic integrity (Rosen

et al., 2003) also appear to be involved in regulating oxidative stress. BRCA1 upregulates
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multiple antioxidant genes, including glutathione S-transferases and oxidoreductases
(Bae et al., 2004). In addition, both BRCA1 and BRCAZ are required for the repair of the
oxidative DNA lesion 8-oxoguanine (Le Page et al., 2000). The elucidation of non-

6™ as well as these other tumor suppressors in the regulation of

canonical roles of pl
cellular oxidative stress may signal the development of a new paradigm in which tumor-
suppressor proteins employ multiple mechanisms that may be disabled in cancer, or in

patients with cancer predisposition syndromes.
Materials and Methods

Cell culture

Murine fibroblasts were isolated from newborn wild-type (FVB) and background-
matched pl6-- Arf++ (#01XE4, FVB.129-Cdkn2atm2.1rdp) homozygous mice (Kamijo et
al., 1997), both obtained from the National Cancer Institute (Rockville, MD, USA), as we
have previously described (Jenkins et al., 2011). These procedures were approved by the
University of Utah TACUC. Early passage cells (approximately two weeks after
isolation) were aliquoted and stored at -80 °C. For each set of experiments, fresh cells
were thawed and used over a 2-3 week period. WM793 melanoma cells were originally

obtained from Meenhard Herlyn (Wistar Institute, Philadelphia, PA, USA).

Western blotting

Specific proteins were detected in cell lysates by Western blotting as previously
described (Jenkins et al., 2011). Primary antibodies were used against p16™"** (1:1000,
Santa Cruz Biotechnology, Santa Cruz, CA, USA), B-actin (1:10 000, A-3853, Sigma-

Aldrich, St. Louis, MO, USA), and ARF (1:1000, sc-22784, Santa Cruz Biotechnology).
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Measurement of oxidative stress

Endogenous ROS of protein equivalents (30 ug) were quantified using 2,7-
dichlorodihydrofluorescein diacetate (DCFDA, Life Technologies, Grand Island, NY,
USA) as previously described (Jenkins et al., 2011). All experiments were performed in

triplicate.

6" 4" _expressing lentiviruses

pl

The lentivirus expressing human wild-type p16™** is previously described
(Jenkins et al., 2011). The p16™<** point mutant constructs were generated by PCR-
based segment overlap as described previously (Raj et al., 2008), using human p16" 44
cDNA as a template and primers designed to create specific point mutations. Briefly, an
initial PCR reaction was used to separately create the 5° and 3’ fragments for each

mutant. The 5’ fragment was constructed using wild-type p16™<**

sequence as “primer
1” and mutant sequence as “primer 2”, and the 3’ fragment was constructed using wild-
type pl6 sequence as “primer 2” and mutant sequence as “primer 1” (see Supplemental
text, Table S1). A second PCR reaction was then used to anneal these individual
segments, using equimolar amounts of the 5* and 3’ fragments as template and primers
corresponding to wild-type p16™"**. The final PCR product was cloned into a modified
pHIV-Zsgreen (Addgene #18121) lentiviral expression vector (Welm et al., 2008) and
confirmed by DNA sequencing. Each lentiviral construct was validated for p16™ <"
expression by transient transfection into HeLa cells followed by western blotting. Viruses
were produced in HEK 293T/17 cells (ATCC, Manassas, VA, USA) co-transfected with
5 ug lentiviral vector and 1.7 pg of each helper plasmid (pRSV-REV, pMDLg/pRRE and

pVSVG, generously provided by Brian Welm, Huntsman Cancer Institute) and 30 ug of
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polyethylenimine (pH 7.0, Sigma) in 1 mL of OptiMEM (Life Technologies). Viral
particles were collected, purified, concentrated, titered, and stored as described
previously (Jenkins et al., 2011). For cellular infection, 8 ug per mL polybrene (Sigma)
was added. Assays for oxidative stress and cell cycle distribution in WM793 cells were
performed 16 h and 48 h after infection, respectively, and after 72 h in fibroblasts.

Experiments involving each mutant were performed at least twice.

Cell cycle analysis
Cells were harvested by trypsinization, washed, fixed, stained with 50 mg per mL
propidium iodide (Sigma), and analyzed as described previously (Jenkins et al., 2011).

All experiments were performed in triplicate.

Senescence-associated S-gal staining

Staining was performed as described previously (Cotter et al., 2007). Briefly, cells
were fixed in 1% paraformaldehyde and then stained overnight at 37°C in a solution (pH
6.0) containing potassium ferrocyanide, potassium ferricyanide, and 5-bromo-4-chloro-3-

indolyl-b-Dgalactoside (X-gal). All experiments were performed in triplicate.

Immunofluorescence

Cultured fibroblasts were seeded on coverslips in 12-well plates at 30-40%
confluency, tranduced by lentivirus, and then fixed 72 h post-infection with PBS
containing 4 % paraformaldehyde for 15 min. Cells were permeabilized with 0.2 %Triton
X-100 in PBS, then immunostained for 60 min with anti- p16™<** (1:1000, sc-1661,
Santa Cruz Biotechnology), followed by a 60 min exposure to Alexa Fluor 594-

conjugated secondary 1gG (1:200, A-11062, Life Technologies). Images were captured
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on a Zeiss Axioskop2 automated microscope, using an Axio Cam MRm camera and
AxioVision 4.8.1 software (Carl Zeiss Microscopy, Thornwood, NY, USA), and then

processed with ImageJ software (http://rsbweb.nih.gov/ij/download.html).

Structural analysis
Structural modeling of p16™ ** was performed using SwissPdb Viewer
(http://www.expasy.org/spdbv) as described elsewhere (Guex and Peitsch 1997), based

INK4A
6

on the p1 published structure 1a5e (Byeon et al., 1998).

Statistics

Analyses were performed with Prism 3.0 software (GraphPad). Data derived from
multiple determinations were subjected to two-sided t tests. P values < 0.05 were
considered statistically significant. Statistical significance is denoted within each figure
by asterisks with *, ** and *** indicating P values of <0.05, <0.01, and <0.001,

respectively.
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ROLE OF MELANIN IN MELANOCYTE DYSREGULATION OF

REACTIVE OXYGEN SPECIES
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Introduction

Inactivation or loss of pf¥“* is a common event in many tumors types
(Sharpless and DePinho, 1999), although germ-line mutationg16“** are
disproportionately associated with melanoma predisposition (Golds$taln2006). The
p16™ " protein inhibits the kinase activity of cyclin-dependent kinageand 6,
preventing the hyperphosphorylation of retinoblastoma-related pockieinsrdhat are
required to release E2F transcription factors necessary lfarycke progression (Lukas
et al. 1995). Thus the canonical tumor suppressor function df‘f16s to prevent
division of stressed or damaged cells by holding them in the |at8 @ansition to allow
adequate time for DNA repair, or by promoting their irreversiig from the cell cycle
into a senescent state (Alcorta et al. 1996). We recemtbrtexl a potential novel tumor
suppressor function for p¥* relating to its capacity to regulate oxidative stress.
Depletion of p16%** by RNAi in human cells led to increased levels of intradail
reactive oxygen species (ROS) and the elevated levels of exidatNA lesion 8-
oxoguanine. These effects on ROS and 8-OG were independent ofltheyoye effects
of p16™** (Jenkins et al. 2011). We observed that oxidative dysregulation ‘P16
depleted cells was most profound in melanocytes, compared to keystsoor
fibroblasts. Moreover, in the absence of §48' depletion or exogenous oxidative insult,
melanocytes exhibited significantly higher basal levels of R@& these other
epidermal cell types. Given the role of oxidative stress in moeta development
(Meyskens et al. 2001; Cotter et al. 2007; Joosse et al. 2010) waladpd that this
increased susceptibility of melanocytes to oxidative stresd (aeater reliance on

p16M** for suppression of ROS) may explain why genetic compromise dff16s
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more commonly associated with predisposition to melanoma rather themcancers. It
is not known why melanocytes maintain higher levels of ROS tham ot#figtypes, but
we hypothesized a role for melanin since its presence is iagdishing feature of

melanocytes and melanin synthesis is known to generate ROS (Urabe et al. 1994).

Results

A previous study found a correlation between levels of melanin anf, RO
showing that both were elevated in melanocytes from dysplasticcompared to those
from normal skin of the same individual (Pavel et al. 2004). Melaresie is pro-
oxidative, commencing with the oxidation of L-tyrosine to dopaquinone (&igur), an
enzymatic process that can be inhibited by N-phenylthiourea (AidJand Watamatsu,
2008). To evaluate the role of melanin in melanocyte oxidative dylstemn, we derived
melanocytes and fibroblasts from three separate individuals dadvesee cultured in the
absence or presence of PTU for 14 days. This was sufficient tetelepbst of the
melanin in melanocytes (Figure 4.2a, left). Intracellular R&8Is were then quantitated
by fluorometric analysis following treatment with the cellspeable fluorophore
DCFDA (Jenkins et al. 2011). As previously reported (Jenkink 2041), melanocytes
exhibited significantly higher ROS levels compared to donor-matitheablasts (Figure
4.2a, right). By contrast, treatment with PTU resulted in a temfuof basal intracellular
ROS levels in melanocytes comparable to that of fibrobl&stgie 4.2a, right). PTU-
treated fibroblasts, on the other hand, showed no significant differernogracellular
ROS from their untreated counterparts.

Next we evaluated the pro-oxidative role of melanin in the contexpl®f

depletion. Donor-matched fibroblasts and melanocytes were transfedteeltiver
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Figure 4.2 Inhibition of melanin synthesis reduces intracellular ROS ilamoeytes. &)
Human melanocytes were either untreated (-) or treated (#)200uM PTU (Sigma)
for 14 days (left panel). Endogenous ROS were detected by additRihudi DCFDA
(Invitrogen) and measured as previously described (Jenkins et al., 20ddr).b&rs
represent S.E.M. of triplicate determinations, and results amesepative of two
experiments performed. *P=.003 (two-sided t test). ns, not signifitgrie.TU treatment
of melanocytes transfected with either a control scrambled €#NA sequence, or
siRNA specific for p16%* decreases melanin content (upper panel). Error bars
represent S.E.M. of ROS determinations made from three segdarates (middle panel).
*P= .04, *P=.03 (paired two-sided t test). ns, not significant. Reptaiee Western
blot showing p16%** levels in siRNAi-transfected cells (lower panel).
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control or siRNA specific for p18“* (Jenkins et al. 2011) to deplete endogenous
p16M*** protein (Figure 4.1b, lower panel). Depletion of P48 in both cell types led
to increases in intracellular ROS, with ROS levels comdigtehigher in melanocytes
compared to fibroblasts under both controlconditions and followind*3%16
knockdown (Figure 4.2b, middle). Removal of melanin by PTU (Figure 4iji®r) was
associated with reduction of ROS in melanocytes to levels cobipai@ fibroblasts,
even under conditions of p16** depletion (Figure 4.2b). These results implicate
melanin as the cause of increased oxidative stress in normal ahti*p1élepleted

melanocytes.

Conclusions and Futur e Directions

It is established that chronic oxidative stress, and resulting toseddamage,
promotes carcinogenesis. Melanocytes are more susceptible tovexd@atnage due to
maintenance of higher levels of ROS (Jenkins et al. 2011). Loss 8fp16unction
through methylation-mediated gene silencing, mutation, or geledia@h as is commonly
found in melanoma (Sharpless and DePinho, 1999), would be predicted to further
increase ROS levels and correspondingly increase oxidative daElagated levels of
ROS in melanocytes are likely compounded by the relative degigief this cell type in
the repair of oxidative DNA lesions (Wang et al. 2010). Both aautk chronic UV
radiation induces ROS in the skin, and we have previously shown thatistdation of
the antioxidant N-acetylcysteine prior to and following acute Elposure delays
melanoma onset in a mouse melanoma model (Cotter et al. 2007). batmésmodel
system, loss of pI¥“* accelerates UV-induced melanoma development (Recio et al.

2002).
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Although melanocytes may be protected by endogenous melanin which can
directly absorb UV-generated photons and oxygen radicals (Riley 1997ighatr UV
doses melanin can be oxidized leading to the generation of R@8d(\&t al. 2006).
However, we have found in the absence of UV exposure that the prahoxidature of
melanin production is directly associated with higher melanocwsalblevels of
intracellular ROS, which increase significantly following P£&* depletion. Thus the
presence of melanin in the skin appears to be a double-edged swagnahtetts
melanocytes as well as neighboring keratinocytes in the skmughrits capacity to
absorb UV radiation, but its synthesis in melanocytes results inehiggevels of
intracellular ROS that may increase melanoma susceptibiBgveral addition
experiments can be performed to enhance our understanding of the relia
melanogenesis is playing in constitutively increasing intraleegllROS. For example,
alternative methods can be used to inhibit both pheomelanin and eumetzduction,
such as RNAI against tyrosinase. Additionally, one could use RNAnhibit TRP-1
and/or TRP-2, which are selective for the synthesis of eumelanardér to parse out
any differential effects on intracellular ROS through thetlsesis of eumelanin versus

pheomelanin.
Materials and Methods

Treatment of cells with N-phenylthiourea
We derived melanocytes and fibroblasts from three separate inds/icsal
previously described (Jenkins et al. 2011) and cells were culturduk ialdsence or

presence of 200M N-phenylthiourea (PTU) (Sigma, St. Louis, MO.) for 14 days.ICel
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were than harvested via trypsinization, pelleted at 1200 RPM for 5esinuaished with

PBS and re-pelleted to be photographed.
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Dissertation Summary

This dissertation overviews experimental designs and discoveatewehe driven
by the hypothesis that the familial-melanoma predisposition g&8l&“** functions to
regulate intracellular oxidative stress independently of its caabrole as a regulator of
the G1/S transition of the cell cycle. Previous work in our labdessonstrated that
reducing oxidative stress in a highly-penetrant melanoma mousel rdeldgs the
formation of melanoma (Cotter et al. 2007). Also, excessive Updbsexe, widely
accepted to be the most important environmental contributing factorlanoma, is
thought to induce its melanomagenic effects through excessivgoR@&ction (Herrling
et al. 2006, Kripke 1994, Noonan et al. 2001, Meyskens et al. 2001). Tlessaupr
observations led us to investigate whether this most importanbamantal factor was
intimately associated with a very important genetic factomelanomagensis; that is
whether p18™** was functioning to regulate aberrantly high levels of inthalee ROS.
Using multiple in vitro and in vivo approaches, we observed thdt'fff6depletion or
deficiency leads to dysregualtion of intracellular oxidativesst, and an increase in
potentially mutagenic oxidative DNA lesions (Jenkins et al. 2011je tO the inherently
pro-oxidative effect of melanin production that we observed, melarsocggem
especially sensitive to these aberrantly high levels ofdelitdar ROS and oxidative
lesions. Taken together, these data implicate™p¥6 as a possible bipartite tumor
suppressor that is not only necessary to prevent the formation aotiplbyemutagenic
lesions through this newly-discovered intracellular oxidative stregulatory function,
but also is necessary to act as a G1/S transition checkpoiné aketl cycle, allowing

DNA repair mechanisms ample time to repair potentially gan@ lesions, preventing
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propagation of these errors into future cellular generations (Jegtkths2011). This may
also give rationale as to why melanocytes seem especiatllgitize to oncogenic
transformation compared to other cell types in the context of'f6compromise.
Perhaps there is a threshold of intracellular oxidative dysaggualnecessary to promote
oncogenesis, and the constitutively higher levels of ROS observedanougles due to
their unique burden of producing melanin lend them to being more easilydpaisbee
that threshold when the antioxidant effect of J4%' is negated.

INK4A
6

Many mutations in thepl coding sequence can potentially alter the

sequence of botip16™ <

and ARF, yet our analysis shows that murine fibroblasts
nullizygous for both these genes were able to have regulation ratetiular ROS
restored upon re-expression of just B4®', signifying both its necessity and sufficiency
to regulate this novel pathway. This observation seems to bpittggged in patient
samples with regard to p6** being more important for tumor development than ARF,
as specific somatic loss @fL6™** has been reported in thousands of human cancers
(Forbes et al. 2006). Also, unrelated kindreds that are predisposedaigsviarms of
cancer have presented at least 56 unique germline mutatipb® 1" that do not affect
ARF (Greenblatt et al. 2003).

A high percentage of mutations associated with familial melanspaa the
coding sequences that do not seem to cluster in discernible “hot §goeehblatt et al.
2003). These observations combined with our novel discovery of an alterfuairtien
of this protein lead us to hypothesize that several of theseiomstahay differentially

affect the two functions of cell-cycle and oxidative streggilation, and in some cases

these two functions may be completely uncoupled, showing an abilitgither
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completely restore ROS regulation or cell cycle arrest evsthowing a complete
dysregulation of the other function. To this end, a panel of famiki&noma-associated
point mutants were constructed via overlap mutagenic PCR and thesteucts were
expressed at consistent levels in murine fibroblasts nullizygars pl6™ <,
Interestingly, we were able to segregate the phenotypes exhibit these mutant
constructs op16™** into four functional groups using a cutoff value of 30% of wild-
type activity as qualifying as competent to restore function. cléssified mutants as
unable to restore either oxidative or cell cycle regulation (REAYR, P81T), mutants
that selectively restored oxidative regulation (R99P, V126D, R24Q}amsu that
selectively restored cell cycle regulation (A36P, A57V, P1148),mautants that restored
both oxidative and cell cycle function (R24P, G35A, G35V). The celecyegulatory
ability observed for these mutants in our system largely agrébdorevious studies in
the literature that involved slightly different experimentatsys (McKenzie et al. 2010,
Jones et al. 2007, Kannengiesser et al. 2009, Becker et al. 2001, MalleP@11, Spica
et al. 2006, Debniak et al. 2005, Goldstein et al. 2008). However, our system
optimized with several advantages over what has been performedystgvivhen
functionally characterizing these mutants. Whereas sepeeaious studies utilized
various cancer cell lines that were null for the enGERKN2A locus (McKenzie et al.
2010, (Jones et al. 2007, Miller et al. 2011) we performed the exogenmessan of

our p18¥** constructs in a primary fibroblast line selectively null pas™<**

, thereby
limiting the potential for confounding effects elicited by oncogenic patknd mutations
in the tumor lines. Careful titration work was also performednsues the level of

p16M*** expression introduced through our lentiviral delivery system was nea
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physiological levels natively seen in wild-type cellsvesl as nearly identical between
mutants. This level of consistency of expression was rarelywaasen other functional
studies of candidate p%6** mutations, as the proteins of interest were often grossly
overexpressed. The careful, consistent expression levels of faragi@al melanoma-
associated p18“ mutants potentially allows us to get a more accurate rejation

of the events involved with initiation of melanomagenesis in the affected éamili

Future Directions for Classifying p16'™<**-mediatedI ntracellular
Oxidative Stress Regulation asa True
Novel Tumor-Suppressor Function
It is widely accepted that excessive intracellular oxidasivess is oncogenic due
in a large part to oxidation of DNA, which in turn can lead to genonstability (Waris
and Ahsan 2006). Our study demonstrates through several in vitro tiesd#hat

%K4A

compromise of p1 can lead to excessively high intracellular ROS and oxidative

stress (Jenkins et al. 2011). However, we have yet to show tioatioe regulatory

activity of p16"#

is truly tumor-suppressive in vivo. Recently, new in vivo melanoma
models have been developed which may allow for the rapid validaticegofation of
oxidative stress as a tumor suppressor function. For example, &&khiBret al. (2010)
recently developed a highly penetrant melanoma mouse model thetsull somatic
gene delivery system that facilitates the rapid validatiogeoketic alterations that occur
during disease development. These mice are engineered to ekgrésmor virus A
(TVA) receptor that is under the control of the dopachrome tauteen€xCT) promoter,

which ensures that only melanocytes will express the receptonseimbers of the avian

leukosis virus. The lab uses an avian leukosis virus family merabeodified Rous
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Sarcoma virus (RSV), in which the region encoding src has beenaeédgca gateway
cassette that can be used to express one or more oncogenic getezesif(known as an
RCAS vector). The DCT-TVA mice are crossedpts ™ */Arf®"* mice, so that the
resulting DCT-TVA/ p16™*4/Arf™™ mice are primed to have RCAS introduce linked
NRAS and Cre expression into in vivo melanocytes nullizygous fof'ff6to insure a
basal melanoma rate of 60-70%. We potentially could use these asi@ positive
control for melanoma development that is dependent on deficiency 8f{31éhe same
way we used murine fibroblasts cultures as a positive controkfbcycle and oxidative
stress dysregulation in our in vitro model. We could then tresatbaet of these mice
with a virus that expressed an RCAS consisting of NRAS linkeld @ié as well as our
individual familial melanoma-associated point mutations of intereBf expressing
p16™ @ mutants that were found to selectively dysregulate either tivédstress or cell
cycle, we could theoretically score the individual contribution thah edysregulated
phenotype has in tumorigenesis. This system would also allow testtthe p16"“?
constructs that did not dysregulate either oxidative stresdlalycée to observe whether,
and to what extent, they are tumorigenic in this mouse model.

In theory, it would also be of great clinical relevance to hsertewly-discovered
data to observe patient samples stemming from families Hbhdtor the familial
melanoma-associated point mutationpl6™**. Cells derived from such tumors could
be analyzed for intracellular ROS versus cell cycle dysatignl compared to donor-
matched melanocytes; this could give more accurate insightvinat role each of these
putative suppressor functions contributes to melanomagenesis in hunentspatiso,

one could analyze patient records over time to score aggressidrtasnor growth and
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6NA and then

metastasis in patients that harbor different germline mutationsl
compare that score with oxidative versus cell cycle phenotype. evtwwthis type of
patient analysis is not currently feasible given the extrefoglynumber of families that
have been identified with these mutations of interest, and the loswurdanof tumor
material therefore that could be analyzed from these giveiidarwould most likely not
yield enough data points for a statistically significanttsication of oxidative and cell
cycle deregulatory phenotypes. Our observations, however, cdy leasxtended to
what is most commonly seen in melanoma. Most melanoma cell direswull for
CDKNZ2A, brought about mostly through promoter methylation mediated by BMI-1 and
Polycomb Repressor Complex 1 and 2 (Molofsky et al. 2003, (Lessardaanddgeau
2003, Park et al. 2003, Jacobs et al. 1999). Melanoma lines have been observed
produce higher levels of intracellular ROS than normal melano¢ytesel et al. 2004),
and our data would suggest that perhaps this phenotype in caused iat paaisthrough
a lack of p18"““*-mediated oxidative stress regulation that is truly independehed®b
pathway and cell-cycle regulation, and that reestablishment d¥“flGxpression in
these lines could at least partially normalized cell cyol@ @xidative stress regulation
(Jenkins et al. 2011).

Cellular senescence is a state of permanent growth #re¢sterves as a barrier
against tumorigenesis. Senescence is known to involve the upregufp16'<“** and
is induced through a number of mechanisms such as DNA damageerelattrition,
oxidative stress, and aberrant signals from known oncogenes (soctagenic RAS)
(Collado and Serrano 2006). In light of our observations, it would beesting to test

various familial melanoma-associated P§8* point mutants to see whether, and to what
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extent, they retain their ability to induce senescence under varamgstions, such as
prolonged time in cell culture or expression of oncogenic RAS smgnalThese studies
could shed light on whether the putative tumor suppressor mechanisemescence

Iel K4A

induced by pl was being compromised, and if senescence regulation could be
uncoupled from the other described functions of §48, cell cycle and oxidative stress

regulation.

Future Directionsto Identify Novel Binding Partners
and Mechanistic Pathways of p16'™*#

The discovery of a novel, potentially tumor-suppressive function dt'ff6that
is independent of its canonical cell-cycle regulatory rokery exciting in the context of
better elucidating the complex signaling occurring during noeteagenesis. This work
underscores the importance of continued investigation into possible tltersignaling
pathways for even the most well-defined tumor suppressors.

Recent studies have presented evidence of the existencenaheve potentially
tumor-suppressive functions of g18”, and presents possible pathways with which
p16M*** interacts to regulate intracellular oxidative stress. Thkpression of a
chromatin remodeling factor, brahma-related gene 1 (BRG-1)eguéntly lost in
primary and metastatic melanomas (Becker et al. 2009). Itbées observed that
p16M“** interacts with BRG-1 (Becker et al. 2009), but the functional cpresees
remain unclear. As chromatin remodelers have the capacity dioalyl affect
transcription, perhaps pY6** affects the expression levels of many different proteins

through this relatively understudied interaction. The RAS-JNK-JartAsignaling

pathway is important for many types of cellular transformatiod, may therefore cause
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increased oxidative stress when activated. It has been observpddhd” can bind to
JNK 3, and block UV-induced phosphorylation of c-Jun that occurs through the RAS
JNK-Jun-AP-1 signaling pathway (Choi et al. 2005). One could testhemehis
p16M*Alinduced inhibition of this pathway serves to regulate oxidative sstrasd
inhibit melanonagenesis, especially since it is occurring in the context-ekposure.

In breast cancer cell lines, overexpression of ¥1% decreases the expression of
vascular endothelial growth factor (VEGF) (Zhang et al. 2010) GFE an important
inducer of angiogenesis, and is essential for tumors to groenbdey microscopic size.

It was found that p1®“** binds to hypoxia-inducible factor-¢ (HIF-1a), a critical
subunit of the transcriptional activator of tiEGF gene (Zhang et al. 2010), thereby
potentially altering the ability of HIF«lto transactivate VEGF expression. Potentially
p16™** could be regulating intracellular oxidative stress through inhipitHIF-1o,
since several transcriptional targets of HiFHave the potential to increase ROS levels.
It would also benefit the field to analyze whether this inteyacts unique to breast
cancer, or if this p18“**-HIF-10 pathway is present in melanoma.

In light of our novel observation that g¥6" can regulate intracellular oxidative
stress, in may be of great relevance to re-analyze the rptesdf** and its interactions
in these other potentially oncogenic pathways. It would also bgrest interest to

eNK4A to observe

analyze different familial melanoma-associated point mutationsl
any effect the compromise of different residues has on the binfldifferent classes of

proteins and functions in different pathways.
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Per spectives

The discovery of alternative, potentially anti-oncogenic roles ofbksied
tumor-suppressor proteins is an exciting area of biology. Advandhs elucidation of
potential secondary or tertiary roles for these well-studied ippotiat are yet to be
discovered could lead to a more comprehensive understanding of thengigedworks
involved in oncogenesis. Understanding mechanisms and pathways lav¢hig/ould
allow for the design of more potent and specific inhibitors ofatydated pathways, as
well as decreasing the potential for off-target effects. @dservation that different cases
of familial melanoma involving different mutations in the predispmsigene p16<**
may potentially exhibit nuanced differences in the initiating evehtheir cancers may
eventually lead to much more effective prophylactic preventionndssg, and treatment
for affected individuals based on their own specific genetic disposition.

The studies presented here also potentially have much langdéications that
extend well beyond the role of p1%”“ and melanomagenesis. As mentioned
previously, the ankyrin repeat protein family contains approxima&8¢00 members
identified by the nonredundant SMART protein database (Mosavi 80@4l), and are
involved in a diverse array of functions as transcriptional regulatcytoskeleton
organization, cell cycle progression, cell development, and diffetientigedgwick and
Smerdon 1999, Michaely et al. 2002). Our observations demonstrate thargéee
selection by ankyrin repeat proteins in general may not beietsast previously thought,
and despite the wide array of biological functions known to be pertbioyethese
proteins, perhaps many more have alternative disease supgressitions that remain

to be elucidated.
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