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ABSTRACT

p63 is a member of the p53 tumor suppressor family that is critical for epithelial
differentiation and cancer progression. Unlike p53, p63 is not a classical tumor
suppressor because of the various roles of its isoforms. The balance of these isoforms is
critical to cell homeostasis and perturbation of this balance is a hallmark of cancer.
Currently, the molecular mechanisms regulating p63’s function remain largely unclear.
Therefore, studies of p63’s signaling pathways and post-translational modifications are
important to discerning the mechanisms governing p63’s role and that of the larger p53
family in cellular homeostasis. This study is one of a few which examine a specific

FPTCPL as an E3

protein governing p63’s post-translational modification, identifying SC
ubiquitin ligase for p63. My study begins with the striking observation that fTrCP1
raises the steady-state levels of endogenous TAp63y, but not TAp63p. These data are
corroborated by studies demonstrating that the protein half-life of TAp63y increases with
co-expression of BTrCP1 endogenously and exogenously. Then, | determined that this

increased stabilization is in fact due to direct interaction of SCFPTC™

with p63, as
BTrCP1 binds the TAp63a, ANp63a, TAp63y, and ANp63y isoforms exogenously with a
higher affinity for the TAp63y isoform versus the ANp63y isoform. Further, this
interaction occurs endogenously, as BTrCP1 binds TAp63y and ANp63a, but not TAp63p3
in keratinocytes. Further, BTrCP1 interacts with TAp63y through regions on TAp63y’s
N- and C- termini which may allow for differential regulation of the various isoforms

according to our protein binding assays. Then, to study the functional outcome of this

direct effect of BTrCP1 which increased p63’s stabilization, | performed several assays



on downstream promoter function and also cell cycle regulation. For these functional
assays, | chose to focus on TAp63y, since it is the most transcriptionally active p63
isoform. | found that the stabilization of TAp63y leads to upregulation of p21 at the
MRNA and protein level that is associated with an enrichment of TAp63y at the p21
promoter at both canonical and a novel p63 binding sites. This overall increase of p21
causes an increase in G1/S phase cell cycle arrest.

Next, since SCFPT™" is an E3 ubiquitin ligase, | characterized the ubiquitylation
of p63. My data showed that the TAp63 isoforms had a higher degree of global
ubiquitylation than the ANp63 isoforms. Further, SCFPT™“"* ubiquitylated TAp63y in
vitro and in cells. Using in vitro ubiquitylation assays, | found that ubiquitylation of p63
occurred on p63’s N-terminus region, and extended from TAp63y through a K48 poly-
ubiquitin linkage. This ubiquitylation was lost in the presence of AFBTrCP1, a mutant
which can bind, but not ubiquitylate p63. In fact the stabilization and activation of
TAp63y by BTrCP1 is due to ubiquitylation, since TAp63y was not stabilized, could not
upregulate p21, and had significantly decreased binding at an established p21 promoter
site and a novel-p63 binding region when co-expressed with AFBTrCP1. Also supporting
the effect of ubiquitylation on the stability of TAp63y are data showing that two point
mutants of a putative canonical BTrCP1 interaction motif in the N-terminal domain, while
not displaying any difference in binding, displayed differing ubiquitylation and

stabilization patterns compared with TAp63y. Therefore, my study reveals SCFPT™"

as
an E3 ligase which activates TAp63y through ubiquitylation, providing a new mechanism

for differential activation of p63’s isoforms in development and cancer.
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CHAPTER ONE

INTRODUCTION

According to current statistics, one in every three people will develop cancer in
their lifetime (54). Further, cancers account for 25% of all adult deaths, recently
overtaking cardiovascular disease as the number one cause of mortality in the United
States (54). On a yearly basis, 0.5% of the population is diagnosed with cancer (54). At
the heart of this disease are accumulated genetic or genomic mutations which lead to a
disruption of tumor suppressor genes and a deregulation of oncogenes. One of the major
families of tumor suppressor proteins involved in cancer is the p53 family. p53, p63 and
p73 are part of a family of genes known for their roles in cell growth regulation and
tumor suppression (101). Each protein has both shared and individual roles in cellular
homeostasis. Since they were cloned 10 years ago, research on p63 and p73 has shown
that unlike p53, p63 and p73 are not classical Knudson tumor suppressor genes (72).
Rather, p63 and p73 may have the capability to be tumor suppressors or oncogenes,
depending on the balance of their isoforms which are the products of both alternate
coding and splicing regions. Since p63 and p73 are genetically wild type in most cancers,
a great portion of this isoform imbalance arises from deregulation of their protein
stability (101). At the time | began this project, there were few post-translational
modifications known for p73 and though the existence of ubiquitylation was known for
p63, an E3 ubiquitin ligase had not been identified that could modify p63. Thus I set out
to identify an ubiquitin ligase for p63 and determine its effect on p63’s function. A clue

for the identity of this ligase came from a comparison of the current literature which



showed that the IKK« (Inhibitor of Nuclear Factor-xB, or NF-kB) knockout mouse
displayed a very similar phenotype to the p63 knockout mouse. Thus | wondered

whether p63, IKKa and the E3 ligase that often works in parallel with it, SCF*T"

, might
interconnect in cells. This dissertation describes a novel ubiquitin-mediated regulatory
pathway for p63 showing that p63 is ubiquitylated and activated by SCF*"™". In order
to set the stage for our work I will first describe p63 at the molecular level and its role in
development and cancer, detail the similarities in the knockout models of p63 and IKKa
which hinted at a link to BTrCP1, and discuss why BTrCP1’s role as an important growth
regulatory gene makes it an apt candidate for p63’s regulation at the molecular and
biological level. 1 will then detail the discovery of the interaction with and the
modification of p63 by BTrCP1, the effect of this pathway on cell growth arrest through
the cyclin-dependent kinase inhibitor, p21VATCP! (hereafter called simply p21), and the
dependence of this activation on the ubiquitin modification itself. Then, I will discuss the
broader implications of this novel signaling pathway on the roles of both p63 and BTrCP1
in cell growth, development and tumorigenesis.
1.1 A brief history of p63 as a member of the p53 tumor suppressor family

p63 (p51A/B, NBP, p40, p63*'®) is a member of the p53 tumor suppressor family.
This family includes p53, p63, and p73 - homologs characterized for their roles as
transcription activators critical for cell growth control. p53 gained historical status as the
“guardian of the genome” because of its importance in cancer as illustrated by its
transcriptional activation of genes involved in growth arrest, cell senescence, and

apoptosis in response to cell stress. It is estimated that 50% of all cancers have a

mutation in p53, and the other ~45% have a mutation in a connected regulatory pathway



which compromises the function of p53 (101). Thus the finding of p63 and p73
generated much excitement in the field. p63 and p73 were cloned in 1997 by several
groups (61, 112, 133, 148, 167). Our laboratory later demonstrated that p63 was NBP
(non-p53RE p53RE-binding protein) (174). Now after a decade of study, it is clear that
p63 and p73, while sharing some common functions and targets with p53, also have
individual functions in development and cancer. In fact, p63 and p73 are evolutionarily
older than p53 and are thought to have evolved from a common p63/p73 archetype (61,
167, 169). Currently, most of what is known about p63 and p73 is based on similarities
to p53, such as shared target genes, binding proteins, and hotspot mutations. There is
currently a push in p53 family research to determine more of the unique signaling
pathways for each family member. When | began this study, little was known about
p63’s individual role in signaling or its post-translational modification. The purpose of
this study was to identify a novel ubiquitin ligase for p63 and to discern what effect this
modification has on p63’s activity. Since this dissertation focuses on p63, the discussion
of p53 and p73 from this point on will be limited largely to their relationship with p63.
1.2 p63’s gene and protein architecture

p63 shares a high degree of homology at both the sequence and protein level with
the other p53 family members. Evolutionarily, this common gene structure is conserved
from mollusk to human (93, 101, 157). A schematic of p63’s gene and protein
architecture is provided in Figure 1.1. All of the p53 family members have three major
domains: an N-terminal transactivation (TA) domain, a central DNA binding domain
(DBD) and a C-terminal oligomerization domain (OD) (101). p63 and p73’s TA, DBD,

and OD domains have approximately 25%, 60% and 35% amino acid identity with p53
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Figure 1.1 — p63’s gene and protein architecture. Top — The p63 gene, with
alternate promoters and splice variants shown. 5’ left, 3’ right. Exons are color coded
to correspond with protein domains below. Black regions are 5’ and 3° UTRs.

Bottom — Protein architecture of p63’s isoforms. N- terminus left, C- terminus right.
Blue is the TA domain, red is the alternate TA domain unique to the ANp63 isoforms,
purple is the PRD, pink is the DBD, deep blue is the OD and green is the SAM
domain.



respectively and are more highly conserved between p63 and p73 (101, 157). Also, all of
the known DNA contact and structural residues that are hotspots for p53 mutations in
human tumors are also conserved in p63 and p73, even though p63 and p73 are rarely
mutated in cancer (101).

The p53 family members encode several isoforms from a combination of varied
upstream promoters and splice variants. p63 is the least complex of all the family
members in this aspect because it encodes 6 gene products. These isoforms are encoded
from 2 N-terminal promoters, the P1 promoter in the 5° untranslated region (UTR)
upstream of the noncoding exon 1, and the P2 promoter within the 23 kb spanning intron
3 (101). The P1 and P2 promoters encode two distinct classes of isoforms, the TAp63
isoforms (that have the TA domain), and the ANp63 isoforms (that lack the conserved TA
domain), respectively. The ANp63 isoforms act as potent dominant-negative inhibitors of
the TAp63 isoforms in vivo (167). In fact, in vitro studies determined that a single AN
isoform is all that is required to inhibit a p53 family tetramer, but this inhibition may vary
in vivo (18). However, it is worth noting that the ANp63 isoforms also have their own
unique TA domain and can activate their own sets of target genes (47). This difference in
activation and regulation has led to the hypothesis that the TAp63 isoforms act tumor
suppressors, but that the ANp63 isoforms act as oncogenes (168). This topic will be
discussed in greater detail below.

A second degree of versatility is introduced by the three C-terminal splice variants,
termed p63a, p63pB, and p63y from longest to shortest. These isotypes are created by
alternative splicing of exons 11-15 (see Figure 1.1). The most striking function of these

different tails is their variation in transcriptional activity, with p63y being the most



transcriptionally active isotype, and the p63a and p63p variants much weaker (167). The
functional strength of the p63y isoforms may be due to the fact that the p63y variants
most closely resemble p53, harboring a small C-terminal extension of 30 amino acids
past p53’s C-terminus. In fact, TAp63y is as potent as p53 in many transactivation and
apoptosis assays (167). This similarity is also why | have chosen TAp63y as a focus of
my study, because the higher transcriptional activity of the TAp63y isoform makes it a
robust and easy to detect readout in functional assays, and the primary focus of our
laboratory is transcription. The p63a isoforms contain an additional sterile alpha motif
(SAM) domain that is conserved in p63, p73 and forms of p53 in lower organisms. The
SAM acts as a protein-protein interaction motif and is found in a wide variety of
developmental proteins, such as the ETS transcription factor, the TEL leukemia protein,
the polycomb group of homeotic transcription factors, and the ephrin receptors (101).
According to its crystal structure, p73’s SAM domain features a 5-helix fold that is
conserved in other SAM domain containing proteins. This fold is also capable of binding
anionic and zwitterionic lipid membranes, and it is thought that p63’s SAM may function
similarly (7,154). This long C-terminus is one reason for the exceedingly weak
transactivational activity of p63a because it contains a 27 kd C-terminal region is able to
curl around and bind the proline-rich domain (PRD, see Figure 1.1) in p63’s N-terminus
that is homologous to the MDMZ2 binding site (134). This folding pattern also greatly
affects the stability and biology of the p63a isoforms, as will be discussed below. In vivo,
the balance of these isoforms is crucial to homeostasis and each cell type expresses a
specific combination of isoforms during and post-development. Generally, the ANp63a

isoform is the most predominantly expressed isoform in adult epithelial tissue, while the



expression of the p63y and p63p isoforms is lower. While this study does touch on most
of the p63 isoforms, the primary focus of this study is the p63y isoform because of its
potent role in transcription.
1.3 p63’s biological functions — roles in development and trends in cancer

As mentioned above, p63 is not a classical Knudson tumor suppressor (72); rather
its major functions are epithelial and limb development. p63” mice show severe limb
truncations or the absence of limbs and craniofacial malformations (100, 167). The most
striking phenotype is the lack of most epithelial structures, such as teeth, hair, and
mammary, prostate, sweat and lacrimal glands (100, 167). Additionally, the epidermis is
non-stratified. The lack of upper skin layers is most likely what causes these pups to die
within a few days of birth due to dehydration (100, 167). Further, it was found that basal
layers of human epithelium, including the epidermis, strongly express p63 proteins,
generally at a 100:1 ratio of ANp63:TAp63 (167), but lose them when these cells
terminally differentiate (118, 161). In support of this observation are the data that
keratinocyte differentiation is associated with the downregulation of ANp63a, while the
expression of the p53 family target genes, p21 and 14-3-35 which are involved with cell
cycle control increase, as would be expected with loss of a transcriptionally repressive
isoform (161). This release of repression is also found in some of the human syndromes
associated with loss of p63, as will be discussed below (161). In addition to its role in
epidermal differentiation, p63 is also important for regulating the development of other
tissues. p63 is indispensible for the differentiation of transitional urothelium and is also
expressed in normal bladder urothelium (149). Later, it was determined that p63 is found

in the apical ectodermal ridge of the developing limb bud where the p63 expressing cells



create a signaling center (118). Also, p63 is used as a differentiation marker in human
skin, myoepithelium of the human breast, and human prostate (6, 85, 102, 124, 137, 138).
Therefore, it is clear that p63 has a critical role in development and cell fate.

These observations have been incorporated into our larger understanding of p63’s
role in development, which has been both more closely defined and debated, beginning
with the generation of two p63 knockout models and followed by other transgenic studies.
Currently, two separate groups have created p63 knockout models and the phenotypic
differences between these knockouts have created debate in the field over the
mechanisms of how p63 mediates these in vivo functions. For ease of discussion, these
knockout models will be referred to by their primary publications. These mice have in
common the macroscopic phenotype of failed differentiation in the epidermis,
craniofacial abnormalities, and limb truncation, as discussed above. However, they vary
in the presentation of the skin developmental phenotype, which leads each group to make
very different hypotheses about p63’s role in development. One group (Yang et al.)
holds to the hypothesis that p63 is necessary for stem cell self-renewal. This conclusion
came from the observation that their mice had clumps of differentiated keratinocytes as
well as the undifferentiated layers common to both mouse models. These clumps were
interpreted as cells that had stratified but had lost the ability to maintain them. Thus, in
analysis of this model, p63 is not required for commitment to the epidermal lineage and
functions to maintain the stem cell pool, preventing it from terminal differentiation (167,
168).

In the second model (Mills et al.), TAp63 is required first for commitment to the

epithelial lineage, and a subsequent downregulation of TAp63 by ANp63 is required for



commitment to terminal differentiation of mature epithelium (76, 78, 80). They came to
this conclusion after noting that their mice had a single layer of undifferentiated epithelial
cells covering the dermis. Thus, they concluded that these epithelial cells were blocked
in their transition to become mature keratinocytes (76, 78, 80). The second part of this
hypothesis was further supported by elegant experiments using an inducible TAp63a
mouse model where p63 was lost, and the TAp63a was added back under the control of a
conditional K18 ectodermal-specific promoter (76, 78, 80). They found that TAp63a.
could initiate a stratification program and inhibited epidermal differentiation. Further,
this hyperproliferation must be balanced by the ANp63 isoforms which would halt the
increased growth and allow for terminal differentiation. Therefore, it is debated whether
p63’s major role in the epidermis is to maintain the stem cells in the basal layer of the
skin, or if it instead works to commit the progenitor cells to a differentiation program and
later acts to regulate stratification.

The true function of p63 in development is likely somewhat of a fusion of these
two hypotheses, as shown by later experiments. p63 is most likely not simply required
for maintenance of a stem-cell pool, since transient amplifying cells (TAC) cells, the
immediate progeny of stem cells, are equally proliferative, but have already lost p63
expression (118). Additionally, zebrafish embryos require ANp63-mediated inhibition of
p53 to allow for epidermal proliferation and limb development, and xenopus models
show conservation of the regulation of ANp63/TAp63 isoform balance during
development (80, 89, 93, 147). Therefore this interplay of p53 family isoforms is likely a
very ancient mechanism in cell signaling and indicates the importance of understanding

p63’s independent and p53-family dependent signaling pathways.



Mutations of p63 cause several disorders in humans that have similar
developmental phenotypes to those in animals. Heterozygous germ line point mutations
of p63 cause six rare autosomal dominant disorders: Ectrodactyly Ectodermal dysplasia
Clefting (EEC), Split-Hand/Foot Malformations (SHFM), Acro-Dermato-Ungual-
Lacrimal-Tooth (ADULT), Ankyloblepharon Ectodermal dysplasia Clefting (AEC or
Hay-Wells), Limb-Mammary Syndrome (LMS) and Rapp-Hodgkin Syndrome. EEC and
AEC are somewhat related and were the first discovered. Of 29 mutations discovered in
90 affected families with EEC, 28 were point mutations of the DBD, some of which
correspond to p53 hotspot mutations (17). Not surprisingly, these mutations affect all
p63 isoforms and inhibit the binding of TAp63 to DNA, while EEC mutations in the AN
isoforms ablate their dominant-negative activities towards the p53 family members (17).
In contrast, AEC mutations are only in the SAM domain and effect only the p63a
isoforms. In this case the phenotype is caused by loss of interaction with apobec-1
binding protein-1, which then also causes loss of the K-SAM splice variant of fibroblast
growth factor receptor 2 which is essential for epithelial differentiation (31). The other
four diseases extend beyond the strict genotype:phenotype correlation and are under
current study (101). It should be mentioned that a hallmark of many of these diseases is
also the altered stabilization of p63 which will be discussed in greater detail in the section
on p63’s post-translational modification.

Along with the description of whole physiological phenotypes of p63’s
deregulation in the murine models and human disease, p63 expression has also been
described at the molecular level from animal and human tissue samples; though for the

purposes of this study, | will focus on mammalian expression in order to provide a basis
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for the following discussion of p63’s deregulation in cancer. As mentioned previously, in
human adult epithelia, the ANp63 isoforms are often readily detectable, though in other
tissues the balance of isoforms can widely differ, such as the tissues of the eye (117). In
adult epidermis, p63 is largely restricted to the nuclei of basal cells of normal epithelia
(skin, esophagus, tonsil, prostate, urothelium, ectocervix, and vagina) and specific
populations of basal cells in glandular structures of the breast, prostate and bronchi (149).
In the case of this study, | detected endogenous p63 mMRNA and protein levels in primary
mouse embryonic fibroblasts (MEF). Even though most of the dermis shows lack of p63
immunolabeling, this result is most likely due to the low population of fibroblasts in the
dermis, since other groups have shown p63 protein expression in MEFs which is
increased upon typical activating stimuli (30). p63 is a specific marker for the
myoepithelial cells of the breast (6). It is also a marker for the basal cells of the prostate,
making it an excellent cancer marker, as a large majority of prostate cancers and pre-
invasive prostate intraepithelial lesions have lost p63 expression (138). Also, the TAp63
isoforms are highly expressed in the tissues of the eye, while the ANp63 isoforms may be
involved in cell migration during corneal wound healing (25, 117). Thus a proper
balance of p63 isoform expression must be maintained for normal tissue homeostasis.

p63 is not a classical tumor suppressor but is often deregulated in cancer. The
analysis of p63 in cancers of patients with germ line mutations or somatic mutations in
p63 reveals a lack of genetic mutation, but an upregulation in p63 expression. For
instance, no p63 mutations were found in 47 bladder cancers or 68 head and neck
squamous cell carcinoma samples (115, 158). Also, only 1 missense mutation

(Alal48Pro) was found in 66 human tumor samples and 2 missense mutations in 35
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human cells lines (112). However, despite the lack of mutation, p63 is located on
chromosome 3q27-28, a region that is frequently amplified in squamous cell, cervical,
and prostate carcinomas (101). These data suggest a role for p63’s deregulation, rather
than loss, in cancer.

A portion of p63’s deregulation in cancer likely stems from a perturbation of the
wild type p63 isoform balance, as shown by several studies using both tumor tissue and
cancer cell lines. In less differentiated gastric carcinoma, both the TAp63 and ANp63
isoforms are highly expressed, suggesting the overexpression of p63 can promote growth
in this tissue (146). Some lung cancers and head and neck squamous cell carcinomas
show an increase of p63 increase correlated with an increase in copy number of the p63
gene (48). These increased copy numbers have been shown in squamous cell carcinomas
to translate to not only an overall increase in transcript, but a particular stabilization of
the AN isoforms, predominantly p40AIS (48). p40AIS has also been shown to act as an
oncogene in nude mice and in Ratla focus formation assays (48). Similarly
nasopharyngeal carcinoma shows an upregulation of the AN isoforms, even though most
of these tumors have wild type p53 (20). In 25 nasopharyngeal carcinoma samples,
nearly all tumor cells showed positive staining for ANp63 isoforms, even though the
normal tissue had expression restricted to the basal layer (20). Further, in esophageal
squamous cell carcinoma the predominantly expressed isoforms are the ANp63 isoforms
(20). Thus the ANp63 isoforms may help the cells maintain a proliferative phenotype for
some cancers. However, tumors are heterogeneous and there are data which also present

the other side of the proverbial coin in p63’s role in cancer.
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For all the cases in which p63 is amplified in some cancers, its downregulation is
characteristic of specific types and stages of other cancers. For example, ANp63a is
frequently undetectable in cutaneous lesions, like basal cell carcinoma, even though it is
strongly expressed in the basal layers of normal skin (22, 23). Adenocarcinoma of the
prostate also shows a loss of p63 staining, as it is devoid of the basal cells which usually
stain positive for p63 (24, 159). Also interesting are cases, where one set of isoforms is
preferentially lost. For example, in 30 of 47 bladder cancers ANp63 was upregulated
(115). However, TAp63 was concomitantly downregulated in 25 of the 47 tumors (115).
Another study of 160 bladder transitional cell carcinomas examined this phenomenon
more closely (74, 149). Where 93% of low-grade papillary superficial tumors expressed
p63, only 68% of the intermediate- and high-grade superficial tumors were positive (74,
149). Thus the loss of p63 in transitional cell carcinoma is correlated with the
progressive stage and grade of the tumor (74, 149). Yet another example is cancers of the
breast, where p63 expression is rarely found in carcinoma in situ and is never expressed
in invasive carcinoma, even though it is a marker for the normal myoepithelium (6, 24,
101, 127). Therefore, the role of p63 in cancer is complex and most likely is rooted in
the specific balance of each isoform within a particular cell and tissue type which is
deregulated by one or more mutations during tumorigenesis. As shown by the studies
above, the most commonly increased isoforms in tumors are the ANp63 isoforms. The
function of this increase will be discussed further in the next section on signaling and
post-translational control, continuing the emphasis of p63 isoform deregulation and

disease. Adding to this complexity is the interplay of p63’s isoforms with each other, the
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other p53 family members, and the latticework of their shared and individual signaling

pathways.

1.4 p63’s transcriptional control - links to p63’s stability and post-translational
modification

The literature on the mechanisms of p63’s activity is still in an immature state due
to the complex nature of p63 signaling and the changes that distinguish p63 from p53 and
p73 and impact p63’s transcription, stability and signaling. These differences were found
through analysis of p63’s activity in animal models and the description of how the
genetic differences in the animal models translated to differences in binding and activity
on common p53 family target promoters. The differential regulation of the p53 family
members on chromatin leads to varied regulation at the transcriptional level and is closely
tied with p63’s stability and post-translational modification which are often altered in
disease.

As mentioned in the previous sections, p63 shares common and individual
transactivation targets with p53 and p73. These common targets include p21, GADDA45,
14-3-30, BTG2, PIG3, Bax, ribonucleotide reductase p53bp2, and IGFBP3 (101). Since
my study focuses on p21, the literature on the direct regulation of p21 transcription by
p63 will be addressed in detail in the Discussion. This functional overlap between the
p53 family members suggests that a certain family member would predominate in certain
situations - specifically a group of isoforms would control a given signaling outcome
after induction with a specific stimulus. The data which demonstrate that p63 is rarely
mutated in most cancers and is only lost in advanced state and that the ANp63a isoform is

frequently overexpressed in tumors supports this concept. The body of data now suggests
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that the TAp63 isoforms most likely act as tumor suppressors because of their high
transcriptional activity and role in apoptosis, and that the ANp63 isoforms are largely
oncogenic because of their dominant-negative activity and overexpression in tumor tissue.
However, the mechanisms which drive the competition between isoforms of the p53
family and their target promoters are largely unknown.

To begin to tease apart separate roles for the three p53 family members and their
contributions to tumor development, there have been several elegant studies using mouse
knockout models. The first of these studies showed in both MEFs and mice knocked out
for each of the family members, that loss of p63, p73 or both, ablated p53’s apoptotic
response, but not its growth arrest response (30). This result was first demonstrated by
RT-PCR showing that induction of p21 occurred normally in the p63™, p73” and p63™
Ip73™" animals, but that the induction of the apoptotic targets Bax, Noxa, and PERP was
compromised (30). This loss of apoptotic gene expression was demonstrated by
chromatin immunoprecipitation (ChlP) to originate from loss of p53 binding to the Bax,
PERP, and Noxa promoters in the absence of either p63 or p73, but only partial loss of
binding on the p21 promoter (30). Later studies showed that even though they are not
classical tumor suppressors, heterozygosity of p63 or p73 crossed with a p53
heterozygous background exacerbates the tumorigenic phenotype of any of the single p53
heterozygous mice. Also the p63*/p73*" mice developed tumors, and loss of the second
copy of p63 or p73 was a hallmark of more aggressive, advanced tumors as in the human
cancers discussed above (29). These studies used p63” knockout mice from the Yang et
al. model (which supports the hypothesis that p63 is required for stem-cell maintenance).

Later studies with the Mills et al. knockout model (which supports the hypothesis that
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p63 is required for commitment to the epithelial lineage and the terminal differentiation
program) agreed with these data and showed the major difference that their p63™" mice
did not develop spontaneous tumors (77). The conclusion from the Yang et al. model
argues that p63 has a larger role as a tumor suppressor and is supported by the data
showing loss of p63 in a subset of advanced tumors. In the Mills et al. model, p63 is
interpreted as an oncogene, since their p63*" mice do not develop spontaneous tumors
and reactivated TAp63a in these mice activates tumor development and progression.
Further, this model is supported by the data that genomic mutations are rare and that
increased p63 expression is common in most epithelial tumors (77). Again there is no
clear-cut rule as to whether p63 is an oncogene or a tumor suppressor and the two
knockout models provide a different interpretation of p63’s activity as they did in the
developmental papers. The difference in these models and in p63’s signaling is
postulated to result from a difference in p63 regulation, which is an integrated network of
p63 control of promoter binding and protein stability.

Currently, a number of studies on p63’s transcriptional regulation have focused
largely on the p63a and p63y isoforms, with the weight of the literature describing p63a.
As mentioned above, the TAp63a isoform is a weak transcriptional activator, most likely
due to the folding of its C-terminal tail, while the TAp63y isoform is considered to be as
potent as p53. Similarly, TAp63a lacks significant apoptotic inducing activity while
TAp63y is very potent in induction of both transcription activation and apoptosis (167).
However, TAp63y’s apoptotic activity is controversial, as one study showed that cells
expressing TAp63a, ANp63a, TAp63y or ANp63y showed poor or undetectable apoptosis,

while TAp63y was clearly able to activate p21 (26). In fact, TAp63y’s activity on the
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p21 promoter is clearly under tight and subtle regulation. One group demonstrated that
ectopic TAp63y expression induced p21 in an erythroleukemia cell line to induce
differentiation, rather than apoptosis (64). Similarly, our own laboratory’s work on
p300’s activation of TAp63y showed an upregulation of p21, but no distinct apoptosis,
similar to the increase of p21 by TAp63y and BTrCP1 seen in this study which also does
not elicit an apoptotic response (35, 95). Yet overexpression of TAp63y induced
apoptosis in a hamster kidney cell line, and recently TAp63y was shown to be a critical
factor in the apoptotic response in developing neurons, arguing that TAp63y’s role in
apoptosis is important and its function is most likely regulated in a tissue-specific manner
(53, 101). Also, while there is a general balance between the TA and AN isoforms
generated by their dominant-negative activity, as detailed above, there is also feedback
between ANp63a and TAp63y specifically (167). It was found that p53 is a
transcriptional regulator of p63 and it was later shown that TAp63y regulates the
expression of ANp63 isoforms in a manner that is sensitive to p53 (43, 101). Several
recent studies have focused in the description of several p63-specific response elements
in an attempt to understand these differences in the current data in terms of the individual
transcription response mediated by a particular p63 promoter complex.

p63 has both common and unique DNA response elements (RE) when compared
with p53. p53 recognizes a consensus sequence composed of two or more half sites.
Each half site consists of a palindromic decamer with the sequence 5’-
RRRC(A/T)(A/T)GYYY-3’, where R is a purine residue, and Y is a pyrimidine residue
(120). Several lines of evidence suggest that p63 would also recognize a pattern of half

sites common or similar to p53’s favored half sites. First, the DBD is the most conserved
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within the family between p53 and p63 and displays similar global fold (120). Second,
p63’s DBD can be modeled based on the resolved p53 structure (120). Third, p63 can
bind known p53 REs in both reporter assays and endogenous chromatin contexts (120).
However it was also shown that the DBDs of p53 and p63 display different biophysical
properties that may underlie differences in the DNA sequences optimally recognized by
each protein (120). There have been several studies characterizing the p63 consensus
motif. The core domain has been characterized to differ from p53’s slightly, either
CGTG, or C(A/G)(T/A)G (112, 119, 120). My study shows these sequences at a higher
frequency near the transcription start site of p21, leading to a second unique recognition
site for p63 at the p21 promoter. Another group suggests that the core domain does not
differ from the p53’s, but that the purine and pyrimidine rich flanking sequences change
to A/T rich sequences at p63-prefered binding sites (111). What is common about these
studies is that p63 displays a more degenerate binding site than p53, perhaps enabling it
to rescue p53 function under some circumstances. Also, a recent report showed during
p63’s activation of PKCA that p63 and p53 seem to differentially recognize REs with the
same core consensus sequence (122). This differential recruitment to binding sites has
been shown to translate to varied recruitment of protein machinery to chromatin, leading
to differences in transcriptional regulation, and it has been further suggested that each
p63 isoform would have the innate ability to preferentially recruit transcriptional proteins
to target promoters in vivo (120). Therefore, it is highly likely that the affinity of separate
family members and isoforms for an individual RE is one of the many factors

contributing to p63 regulation.
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The differences in the p63 isoforms’ functions results from the interplay of p63
with its own isoforms and that of the other p53 family members to recruit specific
complexes to promoters; the mechanisms for this interchange are deeply intertwined with
p63’s folding and stability both on and off the promoter. It is well-established that p53’s
stability is directly tied to its folding and transactivation activity; further, many of the
modifications important for regulation of p53’s stability occur on p53’s N- and C- termini
(101, 157). This control is unsurprising as many regulatory proteins, such as MDM2
(mouse double minute 2), the major E3 ligase for p53, binds to the N-terminus in the
transactivation domain, the three nuclear localization signals (NLS) reside in the C-
terminus, the two nuclear export signal (NES) are in the N- and the C-termini, and the
repressive domains are in the C-terminus (10). Also, through analysis of the regulation of
p53 through these domains and the data on the hotspot mutations of p53 (largely in the
DBD) in cancer it has been demonstrated that p53’s transactivation and DNA binding
capability of are linked directly to p53’s stability. The N- and C-terminal domains are
also important for p63 regulation. The variable C-termini for p63, while being associated
with differences in transactivational activity, are also closely tied to p63’s stability. In
general, the TAp63 isoforms (about a 6 minute in vitro half-life) are much less stable than
the ANp63 isoforms (a greater than 5 hour in vitro half-life). Also, the p63a isoforms are
more stable than the p63y isoforms, most likely due to the inhibitory effect of the longer
C-terminal domain, particularly the SAM domain which allows for a more stable folding
pattern with the N-terminal domain, as mentioned previously. Also, DNA binding
activity does play some role in stability because disease-related DNA binding mutants of

p63 are very stable. However, one study found that the correlation between DNA
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binding activity and stability may not be as straightforward for p63 as with p53, as p63
DBD mutants were able to be degraded efficiently upon co-expression of a functional TA
isoform in cells (96). Along these lines, the unique transactivation domains in the ANp63
mutants, and the presence of the SAM domain in the p63a isoforms may be two of the
many sources of the differential control of p63’s stability.

As with the transcriptional data, the information on p63 is in an early state and
growing rapidly. Several co-factors have been described for p63 (summarized in Table 1
and Figure 1.2). As displayed by the chart, the isoforms examined in the studies vary,
with a heavy focus on ANp63a. Also, as one would expect, most of these proteins bind
to the N or C-termini (Figure 1.2). Our laboratory found that SSRP1 (Structure Specific
Protein 1) bound to TAp63y and activated its expression of genes such as p21 and Bax
which I also tested in our current study (173). Other co-factors include the ASPP
(apoptosis stimulating proteins of p53) family of apoptotic co-factors and the
transcriptional repressor hDaxx which modulates p63’s apoptotic response (9, 39, 141).
Also, ANp63a has been shown to be in a complex with the B56a subunit of Protein
Phosphatase 2A (PP2A) in a complex with Glycogen Synthase Kinase 3 (GSK3p) and
the B-catenin oncogene (116). The implications of this activation pathway will be
discussed in more detail in the Discussion, since -catenin is also a substrate of BTrCP1,
as described below. All of these proteins bind p53 and/or p73 except for BTrCP1; our
study is the first showing a unique co-activator for p63, but with the numerous array
studies currently being conducted it is only a matter of time before others are found.

Further, other upstream signals are directed and altered by the pattern of post-

translational modifications on p63 at any specific time, and therefore competition
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type of which interacting modified
modifer modification isoforms regions residues function
DBD -7
conserved
ASPP 1/2 none - cofactor Y residues N/A activation
PRD residues
Arf none - cofactor all 109-120 N/A inhibition
OD (used
hDaxx none - cofactor o p53's OD) N/A inhibition
inhibition
all (largely (cytoplasmic
MDM2/MDMX uncertain aandy) TA domain ? loc.)
PP2A N-terminus,
(B560)/GSK3p/B- none - regulated by 1-20 of activates
catenin p63 ANp63a ANp63a N/A -catenin
N-terminal
SSRP1 none - cofactor Y (TA) N/A activation
N-terminus,
p300/PCAF acetylation o, Y 1-131 ? activation
activation leads
unknown kinase phosphorylation o ? S66, S68 to rapid deg.
RANBP2 sumoylation ?? ANp63a ? K637, K549 ?? ?
inhibition (26S
UBC9 sumoylation o C-terminus K637, K549 deg. AN only)
PY domain, inhibition (26 S
Itch ubiquitylation a/all K449/109-120 K193,K194 deg.)
553-559
14-3-30/ all a.a./5'to SAM inhibition (26 S
RACK1 ubiquitylation (ANp63a) domain ? deg.)
a (not N- and C-
modified), (1-131, 389-
BTrCP1 ubiquitylation Y 448) N terminal and ? activation
C-terminal PY K637 and inactivation
NEDD 4 ubiquitylation ANp63a motif others? (deg.)

Table 1 - p63 binding proteins and modifications in detail. A summary of the

current literature, see text for discussion and references.
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BTrCPL BTrCP1

PP2A complex
P300/PCAF
NE_DD 4 14-3-3/RACK1
SSRP1 -

Itch _ItCh Itih

MDM2/MDMX Ubc 9
Arf ASPP 1/2 hDaxx
p63 M
K49? S62 S68 K193/K194 K549 ‘
K637

@ = phosphorylation
. = ubiquitylation

. = sumoylation

Figure 1.2 - p63 binding proteins and post-translational modifications. Post-
translational modifications are shown on the bottom of TAp63a according to the
key with residues shown. Known protein binding sites are shown above. Blue is the
TA domain, purple is the PRD, pink is the DBD, deep blue is the OD and green is
the SAM domain. For details see Table 1; references are in the text.
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between modifying proteins which determines the ultimate modification that persists on
the molecule and the consequent functional outcome. These modifying proteins are
grouped into the bottom section of the chart, with the exception of MDM2/MDMX and
Arf which have a debated role in p63 regulation. To date, only a few post-translational
modifications have been found on p63. Where a full gamut of acetylases, deacetylases,
kinases, ubiquitin ligases, deubiquitylases, nedd-ligases, SUMO-ligases, isomerizes, etc
are known for p53, within the past five years p63 has only been shown to be acetylated,
phosphorylated, sumoylated and ubiquitylated (10, 101, 157). A summary of known
modifications and associated enzymes is provided in Table 1 and Figure 1.2. Our
laboratory showed that p300 acetylates p63’s N-terminus, increases TAp63y’s
upregulation of p21, and that this increase was inhibited by ANp63y (95). Also, a recent
study showed that ANp63a is phosphorylated on S66 and S68 as part of a pathway
upstream that activates Akt to inhibit UVB-mediated apoptosis, though a kinase for p63
has yet to be published (107). As a parallel project to the ubiquitylation of p63 by
BTrCP1 our laboratory is currently examining IKK as a potential kinase of p63.

Sumoylation and ubiquitylation are the post-translational modifications of p63
and p73 which have received major focus due to the role of their stability in disease. The
mechanistic details of these modifications will be described in a later section.
Sumoylation mediated through the Ubc9 E2 SUMO enzyme and the RanBP2 SUMO-
ligase has been characterized for the p63a isoforms (37, 51). Sumoylation occurs

primarily at K637, with K539 being a secondary affinity site for both enzymes and leads
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to transcriptional inactivation and 26S proteasomal degradation of the ANp63a isoform
(37, 51). This modification was directly related to the SHFM disease phenotype (51).

No other sumoylation sites were found on the shorter isoforms. Ubiquitylation is thought
to be the major modification regulating stability of the p63 isoforms, since all the p63
isoforms are ubiquitylated. The MDM2/MDMX (also known as MDM4) regulation of
p53 is a major feedback loop in its regulation, but the results of several studies with p63
have been controversial. The data shows that p63 can bind MDM2 and MDMX, and that
this binding causes inactivation (14, 60, 155). However, the mechanism for this
inactivation is debated, since MDM2 and MDMX do not seem to ubiquitylate p63 (14, 60,
155). However, MDM2 and MDMX can mediate the nuclear export of p63 and have
been shown in most cases to show a downregulation of function (14, 60, 155). Likewise,
reports on Arf have been controversial. With p53, Arf regulates MDM2/MDMX leading
to the downstream stabilization and activation of p53 (101). Arf directly binds p63’s N-
terminus and inactivates it, though the link between Arf and p63’s ubiquitylation has not
been firmly established (15, 155). The AN isoforms are preferentially degraded through a
mechanism by which 14-3-3c drives p63 nuclear export in response to genotoxic stress,
followed by RACKZ1 (a scaffolding protein and receptor for protein kinase C)-mediated
proteasomal degradation (114). 14-3-3c is regulated by all three p53 family members.
RACKU1 itself does not contain the typical ubiquitin ligase domains (HECT and RING)
and is thought to recruit an E3 ligase or to have an uncharacterized ubiquitin ligase
activity (114). The first definite demonstration of a p63 ubiquitin ligase was NEDDA4.
NEDD4 ubiquitylates and degrades ANp63a and is involved with dorso-ventral

patterning in zebrafish (3). Interestingly, the targeted lysine for NEDD4 ubiquitylation is
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also one of the C-terminal lysines used for sumoylation. Recent work has also shown the
epidermal protein Itch as a p63 ubiquitin ligase. This work was shown by two different
groups, one of which showed that Itch binds the C-terminus of p63 and only ubiquitylates
the p63a isoforms, and the second which showed that it recognizes a region in the DBD
and is able to modify all of p63’s isoforms (99, 128, 130). In both cases, the
ubiquitylation led to increased turnover of p63 (99, 128, 130). Future work will certainly
define more of p63’s post-translational control network.

Therefore, since the signaling pathways governing p63 expression are largely
unknown and the weight of data suggests that p63’s regulation of cell growth is largely
mediated by a mis-regulation of isoform stability, | wished to look for specific factors
that could mediate p63 stability in cells. Thus I began to search for an E3 ubiquitin ligase
that could regulate p63’s stability and activity, since at the time there were no ubiquitin or
ubiquitin-like modifiers clearly shown for the p63 isoforms. While screening potential
ligases, | found a paper in the literature which provided a tantalizing potential lead.
Therefore, |1 began my project examining the regulation of p63 by BTrCP1.

1.5 Tales of Two Murine Phenotypes: Potential links between IKK/BTrCP and p63

It is through comparison of the literature on the striking epidermal phenotype of
the p63” mouse with another knockout model that I first postulated that there could be a
link between the post-translational modifiers associated with the NF-xB (nuclear factor -
B) pathway and p63. The IKKa knockout also has a striking epidermal phenotype,
characterized by a lack of terminal differentiation that is found in the p63 knockout (100,
139). However, where the p63™ skin displays a single basal layer of undifferentiated

/

tissue and no hair follicles, the skin of an IKKa™ mouse does stratify to a few layers thick,
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but does not complete the differentiation program (100, 139). As far as the limb
phenotype, among the important developmental regulators lost as a result of impaired
IKKa signaling is FGF8, which was also shown to be lost in the p63”~ phenotype (100,
139). The mesodermal phenotype of the IKKa”™ mouse is shown by the authors to be
caused by an alteration of the epithelial-mesenchymal transition due to the loss of
terminal epithelial differentiation, rather than the direct loss of IKKa (139). Thus, even
though there are some differences in phenotype, the activation of IKKa, like p63, is
critical for part of the skin developmental program, implying that these pathways may be
interrelated.

IKKa is an important kinase in the NF-kB pathway. NF-kB is well-characterized
because of its important role in pro-apoptotic signaling, and because it is often
deregulated in cancer. In brief, NF-kB is a transcription factor that is controlled largely
through sub-cellular localization. When the pathway is inactive, NF-«B resides in the
cytoplasm bound by its inhibitor 1xB (Inhibitor of NF-xB) (63). Upon an activating
stimulus, the IKK kinase complex, consisting of a trimer of IKKa, IKKp, and IKKy
(NEMO) phosphorylates 1kB (63). This phosphorylation creates a charged binding site
for recognition by a BTrCP (B-Transducin Repeats Containing Protein)-containing
ubiquitin ligase complex. This complex ubiquitylates kB and marks it for degradation,
allowing NF-«B to traffic to the nucleus and act on DNA (63). Therefore, | wanted to
examine whether IKK and BTrCP might post-translationally modify p63. It is worth
noting that IKK phosphorylation of p63 is an ongoing project in the laboratory and, since
this study, other genomic work on p63 has demonstrated that IKK is a downstream target

for p63 activation (16). Meanwhile, | have demonstrated that BTrCP1 works in a unique
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ubiquitin-mediated activation pathway for p63. Not only does my study find the first
substrate to be directly activated by BTrCP1, but it also has striking implications in the
greater understanding of the developmental and cell stress pathways mediated by both
p63 and BTrCP1, as suggested by comparison of the p63” and IKKa" mouse models and
the endogenous functions of both proteins.

1.6 The Versatile Hierarchy of Ubiquitylation and the SCF complex

As mentioned above, BTrCP proteins are substrate recognition components of an
E3 ubiquitin ligase complex. However, to understand BTrCP’s overall importance in
post-translational modification and signaling, it is first necessary to understand
ubiquitin’s role as a post-translational modification.

Ubiquitin is a 76 amino acid polypeptide that is highly conserved among
eukaryotes, having only 3 amino acid changes from yeast to human (121, 160). It hasa
globular hydrophobic core comprised by folding of its three 3-sheets around a central a-
helix (160). It is critical for a myriad of cellular functions, regulating processes such as
cell cycle progression, in which it was first studied, to organelle biogenesis, apoptosis,
cell proliferation, cell differentiation, protein quality control in the endoplasmic reticulum,
protein transport, inflammation, antigen processing, DNA repair, and the cell stress
response. In these functions it closely resembles another post-translational modification:
phosphorylation; thus it is unsurprising that these modifications are often intimately
associated (160). Further, ubiquitin can be grouped broadly under modifications known
as ubiquitin-like proteins (UBLs). All UBLs, including ubiquitin, are characterized by
the inclusion of a glycine residue at their activated C-terminus that forms an isopeptide

bond with e-amino groups on their substrate (121, 160). These modifications also include
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neddylation, for modification by NEDDS (or rubylation, for Rub-1, or Related to
Ubiquitin, in S. Cerevesiae), sumoylation, for modification by SUMO-1 (Small ubiquitin-
related modifier) (160). However, ubiquitin is unique from the other UBLSs in its ability
to form multi-chain linkages through its seven lysine residues (K6, K11, K27, K29, K33,
K48, K63) (160). It is this chain formation which gives ubiquitin its amazing versatility
as a post-translational modification, allowing it to be involved in both the activation and
proteasomal degradation of proteins. While the known outcome of the type of
modification will be discussed more thoroughly below, it is important to note that there is
constant opposition to the covalent ubiquitin chain attachment to the substrate by de-
ubiquitylating enzymes (121, 160). These enzymes are a subject unto themselves and so
will not be discussed further except to note that in the case of every ubiquitylation
modification there is constantly a tightly regulated balance between the kinetics of the
initial ubiquitin addition on open substrate residues, the ubiquitin chain growth from
lysines in ubiquitin, and the action of de-ubiquitylating enzymes.

Ubiquitin’s ability to form chains is only one of many features that mark this
modification as being extremely hierarchical in nature. The control of every aspect of the
modification, from the initial activation of the ubiquitin peptide to its fate on the substrate
and in signaling, is inherent in the design of the reaction itself. As illustrated in Figure
1.3, free ubiquitin is first activated on its C-terminus in an ATP-dependent fashion by the
formation of a high-energy thiol-ester bond with the ubiquitin-activating enzyme (E1)
(121, 160). The activation kinetics consist of a sequential binding between Mg™*ATP
followed by ubiquitin that forms a ubiquitin adenylate intermediate (121, 160). Each E1

carries 2 activated ubiquitin molecules — one in the thiol ester form, the other as the
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Figure 1.3 - Ubiquitylation is a hierarchical modification. The
ubiquitylation reaction and possible linkages. Ubiquitin is recruited to the E1
through an ATP-dependent reaction. The E1 then transfers the ubiquitin to the
E2 which is recruited to the E3 (in this case the SCF complex). The ubiquitin
is then transferred either directly from the E2 to substrate or from the E2 to the
E3 where it is then transferred to the substrate. Ubiquitylation can occur in
mono-, poly- or branched poly-ubiquitin structures. Known functions for each
linkage are given.

29



WD

F-b B-T -
O B-TrCP1 @_,
(behind)

o " B-catenin
. - "": peptide
- AR

B 4

= “' .7

-.. 4 ’ (forward) < o
- .y ‘
U 1
P \ ._

?3,
%4

o

Figure 1.4 — SCFBTrCPL grchitecture. The SCF complex components and their
crystal structure as modeled bound to -catenin peptide. Rocl is in orange, Cullin
1isingreen, Skpl is in blue, and BTrCP1 is in purple. F-box, D, and WD
domains are labeled. F-box helices are the three in back, the D domain helices are
the three in front. Though it is shown as a monomer here, note that TrCP1 binds
as a dimer in vivo. The crystal structure is solved to 2.95 A and taken from Wu G
et al, 2003.

30



adenylate (121, 160). There are a handful of E1 enzymes in mammals; the E1 used in
these studies is UBAL. The E1 then passes the ubiquitin to the ubiquitin-
conjugating/carrier enzyme (E2) through a trans-thiolation reaction involving the C-
terminus of ubiquitin (121, 160). There are a significant, but limited number of E2s, all
of which share an approximately 150 amino acid conserved core domain (121, 160).
Even though the core domains are highly conserved, the E2s work in conjunction with
the E3s to specify the function of the ubiquitylation. This specification can be achieved
through both direct binding and selection of the ubiquitin ligase (E3), and also the E2’s
ability to pass the activated ubiquitin to the E3, or directly onto the substrate (121, 160).
In the case of this study, the E2 enzyme UbcH5b, recognizes both of the two major
families of E3s (HECT and RING-finger, see below) and also may pass the ubiquitin
directly onto the substrate while docked on the E3, depending on the class of E3 (67).
There are 500-1,000 different E3 ligases in mammals (121, 160). These enzymes
not only recruit the substrate for modification, but they also have a very important role in
specifying the outcome of the ubiquitylation reaction through their localization and
linkage, as discussed below. These E3s divide into four classes according to their
structural motifs: U-box, PHD finger, HECT and RING-finger (106, 121, 160). HECTs
were the first characterized E3 family, and were considered the largest family until they
were recently eclipsed by the RING-finger (Really Interesting New Gene) family. Now
the largest family of E3s, the RING-family can be split into several sub-families, one of
which is the cullin-based (Cul) family of E3s. The cullin-based family includes seven
multi-protein complexes, all of which are assembled around a cullin protein backbone

(106, 121, 160). The cullin proteins are distinguished by their N-terminal repeats of a 5
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helix bundle (cullin repeats) and their distinct, globular C-terminal domains (cullin
homology domain) (106, 121, 160). The cullin family is organized into two classes of
ligases which often antagonize one another, especially in cell cycle regulation: APC/C
(anaphase-promoting complex/cyclosome) and SCF (Skp1-Cull-F-box) (106, 121, 160).

The SCF complex, is aptly named because it contains a cullin backbone linked on
its C-terminus to a Skp1 adapter protein which, in turn, is linked to a substrate-
recognition component containing an F-box motif. The F-box motif binds directly to
Skpl provides some of the fine control of the affinity of the ubiquitylation reaction when
bound to substrate (for greater detail, see section 1.7 and the Discussion) (106, 165). F-
box proteins are important regulators of cell-cycle components. For example, Skp2 is an
E3 ligase to p27 and p21, important for cell cycle arrest, largely in the G1/S phase of the
cell cycle, and c-myc, a well-characterized oncogene, Fbw7 is also an E3 ligase for c-
myc, while the BTrCP proteins regulate many substrates, including B-catenin, and 1B, as
mentioned above (106). The SCF is also attached through the N-terminus of Cullinl to
RBX1 (RING-finger protein, hereafter referred to as Roc1) which recruits the E2 to the
SCF and also facilitates the linkage of activated ubiquitin to the substrate (see Figures 1.3
and 1.4) (106, 121, 160). The SCF complex which is relevant to these studies consists of
a Roc1:Cull:Skp1:BTrCP1 complex, denoted SCF*™™™: but I have also shown that a
Roc2:Cull:Skpl:BTrCP1 complex could ubiquitylate p63 in vitro (see Appendix A).
This SCF backbone works in conjunction with BTrCP1 to control the ubiquitylation of
BTrCP1’s substrates, as discussed below.

Now that the E1, E2, E3 cascade has been discussed in detail, it is important to

note the variety of outcomes of this reaction. As mentioned above, what makes
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ubiquitylation an important post-translational modification its incredible degree of
versatility. Not only is there enormous potential for substrate specificity conferred by the
mechanism of ubiquitylation, but there is much specificity conferred by the ubiquitin
linkage itself. While most post-translational modifications involve the attachment of a
single chemical group or peptide to the substrate, ubiquitin can also form a single
modification (mono-ubiquitylation) or can form chains (poly-ubiquitylation) through
linkage to one of its lysines, as mentioned above (see Figure 1.3) (106, 121, 160). Mono-
ubiquitylation has several functions from degradation to protein silencing, while multi-
monoubiquitylation (such as the mono-ubiquitylation on multiple sites that occurs on
proteins such as p53) may have another range of consequences. Poly-ubiquitylation,
where trimeric chains of ubiquitin are linked covalently to the first mono-ubiquitin on the
substrate, is the most common form of ubiquitin, producing the characteristic laddering of
ubiquitylated moieties seen in most assays. The mechanism of this poly-ubiquitylation is
still largely unknown. However, it is known that the kinetics of the poly-ubiquitin
attachment is much faster than the initial mono-ubiquitylation of the substrate, and that
these triplicates of ubiquitin may be recycled in their covalent, trimeric form for
subsequent poly-ubiquitylations (106, 121, 160). Further, the linkage of these chains
through ubiquitin is being intensively studied as a potential mechanism for substrate fate.
For example, most K48 poly-ubiquitylated proteins are marked for degradation by the
26S proteasome, while K63-linked molecules often are used in some signaling process
(81). However, chain linkage is not a concrete predictor of substrate fate. In fact, while
the field has long been operating on the assumption that there is only one type of linkage

per ubiquitin chain, one group has demonstrated that branched chains are also possible.
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A recent study showed that some E2s, such as UbcH5, have the ability of forming not
only chains consisting of a single ubiquitin linkage but also branched multi-ubiquitin
chains in vitro (67). Theoretically, these chains could be ablated by ubiquitin lysine
mutants typically thought to recognize the linkage of an unbranched poly-ubiquitin chain,
such as those | use in my study, but rather forming the “smooth” or “kinked” chains in
the case of a K63, or K48 poly ubiquitin chain, these branched chains contained several
lysine linkages and were not marked for 26S proteasomal degradation (67). Another
consideration in the versatility of the ubiquitylation reaction is the sub-cellular
localization of the E2 and E3 and how their roles may effect the outcome of
ubiquitylation (81, 121, 160). For instance, E3s, such as MDMZ2, are also involved in
subcellular shuttling of their substrates (101). As noted above, in the case of p53 this re-
localization promotes its degradation, but in the case of p73 and p63 their relocalization
by MDMZ2 disables their transactivation activity and does not affect their protein stability
(101). Lastly, another complication in deciphering the purpose of an ubiquitylation event
is that the modification itself does not always rely on the site specificity characteristic of
other post-translational modifications (121, 160). In other words, ubiquitylation can
occur with similar kinetics on any open lysine residue depending on the substrate. One of
the exceptions to this trend is MDM2, which ubiquitylates itself on a very specific
residue (101, 160). However, the site of the modification in most cases is more a
function of the local environment, including other modifications on nearby residues (121,
160). Thus the outcome of ubiquitylation as a modification is exceedingly complex and

depends not only on the E2:E3 exchange, but the open lysine residues at a specific time,
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the sub-cellular localization of the substrate, and the ubiquitin linkage that exists at a
given time under the ratio of E3 bound to substrate and competing DUBs.
1.7 BTrCP’s gene and protein architecture dictate its substrate recognition

BTrCP proteins are a subfamily of F-box ubiquitin ligases that are highly
conserved throughout evolution. The family includes Slimb in Drosophila melanogaster,
a Xenopus laevis BTrCP, and includes both pTrCP1 (also E3RS/Fwd1/Fbw1a) (98) and
BTrCP2 (also HOS, “Homolog of Slimb”/ Fbw1b) (33) in mammals. In human, BTrCP1
and BTrCP2 are encoded from distinct genes on 10g24, and 5q25 respectively, each
comprised of 15 exons (34). fTrCP1 and fTrCP2 display an overall identity of 86%. A
large part of this conservation is concentrated in the F-box domain and the WD domain,
with the WD domain nearly having perfect sequence conservation (34). X-BTrCP and
human BTrCP1 and BTrCP2 have multiple splice variants, all of which conserve both the
F-box and WD domain (4, 5, 34, 36, 172). Human BTrCP1 has two variants while
BTrCP2 has three, both differing by N-terminal exon splicing (4, 36, 75). PTrCP1 and
BTrCP2 largely differ due to their patterns of subcellular localization. When exogenously
expressed, BTrCP1 is largely nuclear while BTrCP2 is largely cytoplasmic. Itis
BTrCP1’s nuclear localization which made it a prime candidate for interaction with p63
in this study. A summary of BTrCP1 gene and protein architecture is provided in Figure
1.5 (4, 5, 34, 36, 172).

BTrCP proteins have three distinct domains: an F-box domain, a D domain, and a
WD domain. The N-terminal F-box domain allows BTrCP to link to Skpl in the SCF
complex, as noted previously, and consists of a 3 a-helical bundle characteristic of all F-

box proteins (Figure 1.4) (165). A deletion mutant of the F-box domain (see Figure 1.5)
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substrate binding motif binding sites BTrCP dimerization function
ATF4/CREB2 DSGICMS 1 (homodimer) transcription factor
B-Catenin DSGIHS 1 homodimer trancription factor/oncogene
cell adhesion/tumor
hDlg DSGLPS 1 (heterodimer) suppressor
DSGVVYS/
Fibronectin DSGSIVVS 2 (heterodimer) cell adhesion
1kBa DSGLDS 1 homodimer inhibitor of NF-xB
kBB DSGLGS 1 homodimer inhibitor of NF-xB
IkBe DSGIES 1 homodimer inhibitor of NF-xB
p105 DSGVETS 1 homo/heterodimer precursor/inhibitor of NF-xB
p100 DSAYGS 1 homo/heterodimer precursor/inhibitor of NF-xB
Snail DSGKGS 1 ? cell adhesion
viral coat
Vpu DSGNES 1 homo/heterodimer protein/pseudosubstrate
Cdc25a DDGFLG(x) 2 (heterodimer) cell cycle promoter
non-phosphorylated/ cell cycle promoter (major
Cdc25b charged 1 (heterodimer) isoform)
DSGYSS and Cdk cell cycle inhibitor/inhibitor
Emil/2 phospho-sites 2+ heterodimer of APC
N- and C-terminal
hnRNPu acidic regions 2 homodimer pseudosubstrate
mammalian circadian
PER1/2 TSGCSS 1 (heterodimer) regulation
DSDLSD(?) and C-
p63a and vy terminal 2 (heterodimer) trancription factor
non-phosphorylated
Pro-caspase 3 N-terminal 38 aa 1 (heterodimer) apoptotic signalling cascade
TGF-B transciption
Smad4 DLSGLTLQS 1 (heterodimer) activation
non-canonical/S53,
WeelA S123 11+ (heterodimer) cell cycle inhibitor

Table 2 - BTrCP1 interacting proteins. A summary of the current literature.
Parenthesis for dimerization indicates that heterodimerization shown by
knockdown of both BTrCP1/2, versus direct binding or ubiquitylation experiments.

References are noted in the text.
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was also created to study BTrCP’s function in development and cancer; | will use this
deletion mutant in my later studies (also see section 1.9). The D domain, or dimerization
domain, of BTrCP is part of the central region of the protein which forms a 4 a-helical
linker to the WD domain. The D domain is important because the homo- or hetero-
dimerization of BTrCP1 and BTrCP2 is controlled through this region. The WD region
on the C-terminus is so named for its 7 WD40 repeats which form a propeller which
binds the substrate. This propeller forms a cup-like structure, with the center of the
propeller sinking in towards the F-box domain with the blades forming a highly charged
binding surface to present the substrate to the E2 and Rocl (Figure 1.4) (165). Structural
analysis has demonstrated that substrate binding opens a channel within the cup of the
WD domain which greatly influences the affinity and rate of ubiquitylation (34, 165)
The interaction between TrCP1 and its substrates relies heavily on charge, and
substrates are often previously phosphorylated on their binding sites or rely on a cluster
of highly-charged residues. The canonical BTrCP1 binding motif is a DSG(X),.3S motif
where the aspartic acid can be critical for binding and/or ubiquitylation (depending on the
substrate) and the two serine residues are phosphorylated. A list of BTrCP1’s many
substrates and their known recognition motifs is provided in Table 2. Canonical domain-
containing substrates are many of the first substrates identified for BTrCP1 and include
ATF4/CREB2 (86), pB-catenin (33, 44, 71, 87, 162), the human disks large tumor
suppressor (hDlg) (97), fibronectin (125), IxBa (33, 45, 82, 135, 140, 142, 172), 3 (135,
164), and ¢ (135), NF-xB p105 (19, 110) and p100 (32), Snail (140), and Vpu (98). Non-
canonical substrates are Cdc25a and b (13, 57, 62), Emil and 2 (40), hnRNPu (21), PER1

and 2 (136), pro-caspase 3 (145), WeelA (156), SMAD 4 (170), and p63 (35). In the
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case of canonical binding sites, the preferred lysine residue for ubiquitylation is typically
9-13 residues upstream of this site (34, 165). Further, proteins such as Emil, Cdc25, and
p63, as shown in this study, also harbor regions where binding seems to be dictated by a
highly-charged cluster of residues, in addition to or independently of a canonical domain.
Further, some substrates, as in the case with Cdc25, may also have their binding affinity
regulated by a phosphorylation site upstream or downstream of their TrCP1 binding site,
while others, such as pro-caspase 3 and p63 may not require phosphorylation for function.
Therefore phosphorylation and the presence of a canonical domain varies depending on
substrate, but in all cases interaction with BTrCP1 is dictated largely by clusters of highly
charged residues due to the nature of the WD domain.
1.8 BTrCP’s history: the mystery partner to critical cell regulatory proteins

The importance of the canonical motif and understanding of its function is what
originally led to the identification and cloning of BTrCP. Early reports identified the
canonical motif of 1kB (DpSGXXpS) as essential for its ubiquitylation and degradation
(171). Further, it was noted that there was a distinct similarity between this “destruction
motif” in IkB to a similar motif identified in B-catenin, a potent oncogene involved in the
Whnt signaling pathway, implying that the ubiquitylation and degradation of both of these
important cell fate regulators was mediated by the same E3 ligase (1, 109). The next year,
it was shown that deletion of the Slimb gene in Drosophila, which encoded an F-box/WD
repeats-containing protein, led to the accumulation of the B-catenin ortholog, Armadillo;
these data implied that a mammalian homolog of Slimb might regulate the ubiquitylation
and degradation of both 1kB and p-catenin (55). Concomitantly, another group found

human BTrCP1 as a protein pulled down during a yeast-2-hybrid screen for E3 ligases
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interacting with the HIV-1 Vpu (Human immunodeficiency virus type-1) protein (98).
Vpu also harbored a similar canonical interaction motif (98). Later, BTrCP was found to
be the E3 ligase involved in IxB and B-catenin degradation as well (33, 172).

Since then, the list of BTrCP1 regulated substrates has grown to include many
proteins critical for regulation of the cell cycle, as well as growth and death pathways
(see Table 2 and reviewed in (34, 106)). Other than several isoforms of 1B, BTrCP1 has
been shown to target the NF-xB subunits p105 and p100 (2, 19, 32, 110). It also targets
Cdc25a/b, Emil and Weel, important cell cycle regulators. The degradation of Cdc25a/b,
cell cycle promoters, is triggered by a Chk1/2 phosphorylation cascade that marks
Cdc25a/b for degradation (13, 57, 62). This degradation promotes G1/S phase cell cycle
arrest. Emil and Weel are cell cycle inhibitors which need to be degraded in G2/M for
mitosis to progress (40, 156). Other substrates include the (hDlg), the ATF4/CREB?2
transcription factor, Snail, and PER1/2 (additional information in Table 2). Overall, it is
clear that BTrCP1, as with other F-box proteins, is highly involved in the regulation of
cell division and fate; therefore it is more than reasonable to suggest that p63 might also
grace this list.

1.9 PBTrCP1’s biological functions

Since BTrCP1 touches so many important cell regulatory pathways, including
those controlling both cell growth promotion (ie. Wnt pathway inactivation) and arrest (ie.
NF-xB activation) it is unsurprising that, like p63, BTrCP1’s specific role in cell fate and
cancer development is under debate. Slimb mutants in Drosophila exhibit centrosome
overduplication and mitotic defects (163). A murine knockout model for STrCP1

showed defects in male fertility most likely due to the accumulation of spermatocytes in
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metaphase | (40). Additionally, ﬁTrCPl"' MEFs have an impaired growth rate, most
likely due to a high rate of polyploidy, centrosome overduplication, and impaired mitotic
progression (40, 104). These defects are largely due to stabilization of Emil (40, 104).
Therefore depletion of BTrCP1 greatly impairs cell division and growth.

BTrCP1’s role in cancer development is murky at best, as both mouse models and
human tumors demonstrate that deregulation of TrCP1, either by up- or downregulating
its function, is detrimental. Mice transgenic for TrCP1 in the mammary epithelium have
increased ductal branching and increased development of alveolar structures. This
increased proliferation is associated with higher NF-xB DNA binding and nuclear
localization, and an increase in tumorigenesis over a usual lifespan (83). In contrast,
,b’TrCP"' mice do not have a tumorigenic phenotype, though in the case of this model,
there may be some compensation from wild-type fTrCP2 (40). Further, a recent study
showed that mice transgenic for expression of either transgenic human STrCP1 or
AFSTrCP1 showed an increased incidence of tumors (8). This study not only
demonstrates that either up or downregulation of BTrCP1 may be tumorigenic, but also
that dosage of BTrCP1 is important. This model echoes previous results from cell culture
assays which show that an increase in BTrCP1 itself may act as a dominant-negative in
cases where exogenous expression outpaces the upregulation of SCF components (8).
These mouse studies also corroborate the data from human samples.

Human tumors also show increased tumorigenesis with down- and upregulation of
BTrCP1. One gastric cancer study found a mutation in TrCP2 which led to an amino
acid substitution in the 7" WD40 repeat domain — a domain that is conserved in BTrCP1

(132). Further, a study of lung cancer cell lines demonstrated that TrCP1 is often lost
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and that this loss correlated with the promotion of cell growth and motility through
Cdc25 and MMP11 regulation, respectively (46). This study is in contrast to the murine
models, and demonstrates that BTrCP1’s role in cell growth may differ depending on
tissue type and the pathways which are involved, as Cdc25 is largely relevant in human
lung cancer, versus the NF-kB activation seen in the mouse studies. Also, in human
prostate cancers, alterations in BTrCP1 were found in about 10% (2 out of 22 samples)
(36). An intriguing finding in this study is that one of the alterations mimics the
BTrCP1v2 splice variant found in the initial cloning study, generating a deletion of amino
acids 17-73 in the N-terminal region, which functioned similarly to the AFBTrCP1
truncation mutant as far as its dominant-negative role in cell growth (36). Further, all of
the alterations in this case were heterozygous, implying that they are either dominant-
negative or haploinsufficient (36). Therefore, this study emphasizes the importance of
studying the dominant-negative forms of BTrCP1 and also that some of the phenotypic
complexity may arise from a yet-undiscovered imbalance with the v2 isoform. Our study
provides further evidence of the differences in TrCP1 versus AFBTrCP1 ubiquitylation
and control of p63.

However, other tumor types have increased levels of BTrCP1. In a study of
hepatoblastoma, 100% of the 23 samples examined showed increased expression of
BTrCP1, with the BTrCP1 protein significantly increased in both the nucleus and
cytoplasm, that was independent of the -catenin mutational status (73). Further, 25 out
of 45 (56%) of colorectal cancer samples showed an increase of TrCP1 in conjunction
with increases in both the NF-xB and B-catenin levels; these increases also correlated

with poor prognosis (113). In this case, BTrCP1 overexpression may in part be due to a
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stabilization of BTrCP1 mRNA caused by an increase in Wnt signaling (106). Further,
chemoresistant pancreatic cell lines displaying constitutively active NF-«B activity also
show significantly increased BTrCP1 levels (103). When treated with RNAI for BTrCP,
the NF-«B levels drop, and the cells become more sensitive to chemotherapeutic agents.
Therefore, the biological role of BTrCP1 is very complex and encompasses issues such as
the balance of gene dosage through mRNA and protein expression of wild type BTrCP1,
its subsequent sub-cellular localization, expression of mutant forms of the protein,
including dominant-negative forms, potential isoform regulation, and the feedback
regulation from various signaling pathways. As most of the BTrCP1 literature is largely
confined to the B-catenin and NF-«B signaling pathways, my study showing a novel
interaction of BTrCP1 with p63 is an important contribution to the field and provides

another lens through which the current tumor data might be interpreted.

In summary, p63 is a transcription factor important for the control of individual
and shared p53 family target genes. The alteration of its six isoforms is a hallmark of
genetic disease and cancer and its various isoforms have been associated with both
oncogenic and tumor suppressive phenotypes in vivo. Yet it remains a mystery why p63
is rarely mutated in cancer, and its levels are often upregulated. One mechanism for this
upregulation could be the alteration of its stability by post-translational modifications,
such as ubiquitylation. The purpose of this study is to discover and define a novel p63
ubiquitin ligase and describe its effect on p63 activity. | found a candidate ubiquitin

EBTICPL

ligase, SC , through an examination of the literature on the p63 and IKKa knockout

models. SCFPTP \was characterized previously for its importance in the regulation of
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several growth regulatory pathways. BTrCP1 works in parallel with the IKK kinase
complex to regulate the NF-kB pathway and other common targets. While genomic
studies and concurrent studies by our laboratory have shown that IKK is a downstream
target gene of p63 and that IKKa and IKKp can phosphorylate TAp63y, respectively, this
project focuses on the regulation of p63 by BTrCP1. I hypothesized that FTrCP1 could
regulate p63’s ubiquitylation and activation. The information provided by this study will
be important not only in the elucidation of the mechanisms governing the fine regulation
of the p63 isoform balance in disease, since p63’s isoform balance is critical to cell fate
and often controlled by its protein stability, but also to understand more about how

BTrCP1 might link p63 to other pathways critical for development and tumorigenesis.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Cell culture

Hi-5 insect cells were maintained in HfQ SFX-insect cell media (Perbio) with 1x
penicillin-streptomycin (Cellgro) at 25°C. Human embryonic kidney epithelial cells
(HEK293) and human non-small cell lung carcinoma cells (H1299) were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1x penicillin:streptomycin (Cellgro), in an 37°C incubator with 5% CO,
(173). Cells were passed by rinsing once in about 5 mls 1x phosphate buffered saline
(PBS), treating with 1 ml 0.5% trypsin:EDTA for 30 sec (Invitrogen), removing the
trypsin and allowing the digest to occur for approximately 5 min. Then the cells were
brought up in 5-10 mls of media and distributed to plates at an appropriate experimental
dilution (1:7 for appropriate transfection confluence). Embryonic MEFs were maintained
similarly to above in our DMEM with antibiotic also containing 20% FBS, 1x non-
essential amino acids, and 50 mM 2-mercaptetoethanol, and followed the same passage
procedure as above with no more than a 1:3 dilution (105). HaCaT and HEKn-E6/E7
cells were obtained from Dr. Mihail lordanov, OHSU (11, 52). They were cultured as
described in his publication, using complete (low calcium) keratinocyte medium (Gibco),
in a 37°C, 5% CO, incubator. Cells were passed by rinsing with a PBS rinse, followed by
treatment with 2 mls of 2.5% trypsin:EDTA for 5 minutes. The digestion was stopped

using 8+ mls of a 4% FBS in PBS solution. The cells were then centrifuged at 1.5 K for
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5 mins, the supernatant was removed and the cells were plated at no more than a 1:5
dilution for experiments.
2.2 Antibodies and vectors

p63 was detected using Pab4A4 antibody (Santa Cruz) or p63-NTA antibody
(generated by our laboratory). Polyclonal a-GFP antibody (Santa Cruz) was used for
exogenous GFP-p63 IPs, and a-his antibody (Qiagen) was used to detect his-tagged p63,
as indicated. BTrCP1 was detected using a-FlagM2 antibody (Sigma), or endogenous
BTrCP1 antibodies, N-15 or H-300 (Santa Cruz). Tubulin was detected using antibody
from Sigma. p21 was detected using p21 polyclonal #sc-H164 (Santa Cruz). Bax was
detected using Bax Ab5 (Neomarkers). pCDNA3.1 empty vector, pPEGFP-TAp63y (and
related mutants F1-F4), pEGFP-ANp63y, pPCDNA3his-ubiquitin were generated as
described previously (95, 173). pEGFP-TAp63y multiple K mutants were generated by
J.R.G. and Hunjoo Lee, and pEGFP-TAp63yD61R and pEGFP- TAp63yS62A were
generated by Mary MacPartlin. The p63 sequence used for cloning and a summary of
mutations is provided in Figure 2.1. pCDNA3Flag-BTrCP1, pPCDNA3Flag-AFBTrCP1,
and baculoviral expression constructs of Rocl. HA-Cull, his-Skp1, and Flag-BTrCP1
were kindly provided by Dr. Yi Sun, University of Michigan, as was the bacterial GST-
Roc2 (144).
2.3 Transient transfection/siRNA transfection

Transient transfection used Transfectin (Biorad) reagent according to the
manufacturer’s directions at approximately 70% confluence for all cell lines. For each
experiment, a 1:2 ug ratio of pPEGFP-TAp63y to pPCDNA3-FlagBTrCP1 vector, or a 1:2.5

ug ratio of pEGFP-TAp63y to pPCDNA3-FlagAFBTrCP1 vector was used and scaled to
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1 {msgstqtnef Ispevfghiw dflegpicsv gpidinfvde psedgatnki

50 eismdcirmg d}sdisdpmwp gytnlglins mdqgqigngss stspyntdha
100 gnsvtapspy aqpsstfdal spspaipsnt {dypgphsfdv sfqgsstaks
150 atwtystelk klycqgiaktc pigikvmtpp pggaviramp vykkaehvte
200 vvkrcpnhel srefnegqia ppshlirveg nshaqyvedp itgrgsvivp
250 yeppqgvgtef ttvlynfmcen sscvggmnrr piliivtlet rdgqvigrrc
300 fearicacpg rdrkadedsi rkgg}vsdstk ngdgtkrpfr gnthgigmts
350 ikkrrspd{de llylpvrgre tyemllkike slelmqylp}qg htietyrqaq

400 ggghghllgk hllsacfrne lveprretpk gsdvffrhsk ppnrsvyp

Figure 2.1 — Annotated TAp63y sequence used for cloning. The amino acid
sequence of TAp63y, NCI accession number AAC62633, with amino acid residue
number shown. TA, DBD, and OD are bracketed, respectively, N- to C- terminus.
Purple is F1 fragment, blue is F2 fragment, all green F3 and green underline is F4.
Orange are putative BTrCP1 binding regions. Red are K residues, italicized K
residues are point mutants screened for ubiquitylation sites. Point mutants in N-
terminal canonical binding site are in gray. K mutants were generated by Hunjoo
Lee and JRG, D61R and S62A mutants were generated by Mary Mac Partlin.
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the appropriate size of the plate (for ChlP, 0.2 ug of pEGFP-TAp63y: 2 ug of pPCDNA3-
FlagBTrCP1 or 2.5 ug of pPCDNAS3-FlagAFBTrCP1 was used per 10 cm plate). sSiRNA
oligo infection was performed using cells at approximately 50% confluence. For each
experiment a TrCP1/2 siRNA oligo pool (Santa Cruz) or scramble siRNA oligo mix was
added to each plate at a final concentration of 100 nM. The cells were harvested 48 hrs
post-transfection.
2.4 Preparation of purified his-TAp63y, and GST-Flag-BTrCP1

All of the his-TAp63y, GST-Flag-BTrCP1, and his-TAp63y fragments (F1-F4)
were purified from bacterial cell lysates as follows (95, 173): bacteria expressing each of
the his-p63 vectors were grown to log phase in 500 ml LB broth (Sigma) at 37°C and
induced with 1 mM IPTG (Fisher) at 37°C for 6 hrs, the bacteria were then centrifuged at
3.5 K for 20 min at 4°C, the supernatant was decanted and the pellet was resuspended in
20 mls nickel lysis buffer (50mM NaH,;PO,4, 300 mM NaCl, 20 mM imidazole, pH 8.0)
with protease inhibitors. After the resuspension, the bacterial solution was lysed 3x using
a French press. The lysate was then centrifuged at 10 K for 20 min at 4°C to remove the
debris. 1 ml pre-washed Ni-NTA agarose bead slurry (Qiagen) resuspended in nickel
lysis buffer was added to the clarified lysate and incubated at 4°C for 1 hr. The bead was
then precipitated using a 1 min spin at 6K and washed three times in 10 mls nickel wash
buffer (50mM NaH,PO,4, 300 mM NaCl, 60 mM imidazole, pH 8.0) for each wash using
the same centrifugation conditions. At the last wash, the beads were loaded onto a
polystyrene elution column where six 200 pl fractions were collected using nickel elution
buffer (50mM NaH;PO,4, 300 mM NaCl, 250 mM imidazole, pH 8.0). GST purification

was by a similar protocol, but the bacteria were resuspended in PBS with protease
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inhibitors before French press, the GSH bead was pre-washed in PBS and 1 ml of 50%
slurry was added to the clarified lysate at room temperature for 3-5 minutes. The beads
were then washed using PBS. In the case of unbound protein, the eluted fractions were
pooled according to concentration and dialyzed in 4 L of Buffer C-100 (20 mM Tris-Cl
pH 7.5, 100 mM KCI, 0.2 mM EDTA, and 20% glycerol) for at least 4 hrs. Purification
of his-TAp63y by Poros affinity column was performed by Yetao Jin and J.R.G. His-
TAp63y was purified using Ni-NTA purification, followed by purification on a Poros HQ
affinity column (PerSeptive Biosystems). All bead and protein preparations were
analyzed by running a fraction of purified sample on and SDS gel followed by staining
with Coomassie.

2.5 Western blot analysis (WB)

Clarified whole cell lysates were loaded directly onto an SDS gel and probed with
antibodies, as noted in the Figure Legends (95, 173). The standard protocol was as
follows: samples were lysed using a standard WB lysis buffer (50mM Tris-HCI, pH 7.5,
5mM EDTA, 150mM NacCl, 0.5% NP-40) for 10 min at 4°C, the lysates were then
clarified using centrifugation at high speed for 10 min at 4°C and the protein
concentrations were read using the Biorad protein assay reagent according to the
manufacturer’s directions. Once the samples were standardized, they were suspended in
1x SDS sample buffer (50 mM Tris-Cl, pH 6.8, 100mM DTT, 2% SDS, 0.1%
bromophenol blue, 10% glycerol) and boiled for 7 minutes on a heat block. The moisture
was brought to the bottom of the tube with a 10 sec centrifugation at high speed before
loading onto an 8-10% SDS-PAGE polyacrylamide gel. The gels were then transferred

to activated PVDF membrane (Poros) using a semi-dry transfer apparatus (Biorad) for 52
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min at 15 v. After transfer the membrane was blocked in a 5% milk solution for 1 hr,
before a 5 min rinse and treatment with primary antibody for one hour at room
temperature with rocking, 3 washes for 10 mins each, incubation in secondary antibody
for 30 mins, and 4 washes for 10 mins each. The washing and blocking buffers were 1x
TTBS (20 mM Tris, 137 mM NaCl, 0.05% Tween 20). Blots were probed using Pierce
chemiluminescence reagent. Band density was calculated using Adobe Photoshop and
Optiquant software and normalized to tubulin. For WB indicating protein levels after co-
expression, cells were harvested 48 hrs post-transfection.
2.6 In vitro binding

Protein-protein association assays were conducted using the beads and fractions
were prepared according to the protocol above (95, 173). GSTO or GST-BTrCP1 bead
was mixed with 200-600 ng of each his-TAp63y preparation and incubated with constant
agitation for 30 mins at room temperature. The samples were then washed with 1 ml
volumes of the following buffers: 1x WB lysis buffer, 2x SNNTE buffer (50mM Tris-
HCI, pH 7.4, 5mM EDTA, 500mM NaCl, 1% NP-40, 50% sucrose), 1x WB lysis buffer.
Between each wash, the samples were centrifuged for 30 sec at 6K. The final samples
were approximately 30 pl containing 1x SDS loading buffer.
2.7 Immunoprecipitation (IP)

GFP-TAp63y, GFP-ANp63y, and Flag-BTrCP1 vectors were co-expressed in
HEK293 or H1299 cells, according to protocols above and the Figure Legends. Clarified
whole cell lysate (concentration indicated per figure) was pre-bound for 2 hrs using 2 pg

antibody, monoclonal, or polyclonal IgG, at 4°C, then 30 uL protein G agarose bead

slurry (Santa Cruz) was added and the samples continued to rotate at 4°C overnight. The
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samples were then washed 1x with WB lysis buffer, 1x with SNNTE buffer, and a second
time with lysis buffer. The samples were then prepared using SDS sample buffer and
analyzed by WB according to the above protocols. For endogenous assays, the co-IP was
performed using the noted endogenous antibodies under the same conditions as above
with 800 pg protein lysate harvested from keratinocytes.
2.8 Stability assays

Cells were plated onto 60 mm culture dishes and transfected, as noted above, for
regular transfection or SIRNA depletion. 48 hrs post transfection, cells were treated with
100 ug/ml cycloheximide and harvested at the indicated time points before preparation
for WB.
2.9 Semi-quantitative and quantitative (real-time) PCR

For RT-PCR, cells were plated according to the protocols above. If transfection
was used, cells were harvested 24-48 hrs post-transfection. The RNA was isolated using
TRIZOL reagent (Invitrogen), according to the manufacturer’s directions. cDNA was
produced and PCR was performed using our previous protocol and the same primers for
p63, p21, Aactin and Bax, as noted previously (95, 173). STrCP1 primers were as
follows: 5’-ATTGTGCCCAAGCAGCGGAAAC-3’and 3’-
TGTTCTCAGCGATGTGGTCCAG-5’. Endogenous mouse TAp63 primers were kindly
provided by Dr. M. Koster in Dr. D. Roop’s laboratory. Image J software was used to
estimate band density. Quantitative (QPCR) and gRT-PCR was performed with 2 puL
cDNA, as described previously, using the listed primers against p21 and GAPDH (91).
Levels were normalized to input and GAPDH, then graphed using Microsoft Excel. Data

was analyzed for statistical significance using the Student’s-T test.
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2.10 Flow cytometry

H1299 cells were transfected with vectors as indicated. After 1.5 days, the cells
were treated with 150 ng/mL nocodazole to arrest them in G2. The cells were then
harvested according to the following protocol: the cells were washed 1x with PBS,
trypsinized as for passage and the original media was added back to neutralize the
reaction and also for a record of any apoptotic cells, the samples were then washed once
in PBS and fixed with 4% paraformaldehyde in PBS for 15 mins, washed 1x with PBS,
permeabilized in 0.1% triton X-100 in PBS 2x for 5 mins, washed 2x with PBS, and
stained with 300 pl of staining buffer containing 0.1 mg/ml propiduim iodide (PI), 0.2
mg/ml RNase A, and 0.1% triton X-100, for at least 60 mins at 4°C (95, 173). Cells were
sorted for the GFP tag as a positive control for transfection and then analyzed for DNA
content with a Becton Dickinson FACScan flow cytometer. Data were analyzed using a
multicycle software program (FloJo) using a polynomial S-phase algorithm.

2.11 Chromatin immunoprecipitation (ChlP)

H1299 cells were transfected according to the protocol above. 24 hrs post-
transfection, the cells were fixed and processed according to the following protocol (91):
the cells were fixed with a final concentration of 1% formaldehyde added directly to the
media and were rocked gently at room temperature for 10 mins, then 0.125 M final
concentration of glycine was added to the plates and they were rocked for an additional 5
mins at room temperature. The cells were then washed twice with PBS, scraped into 1 ml
of PBS with protease inhibitor and centrifuged for 10 mins at 3 K to pellet the cells. For
these assays, two 10 cm plates of cells were collected and fixed individually for each

assay before being combined for lysis and the following IPs. After the spin, the

52



supernatant was removed and the pellet was reusupended in 1 ml RIPA lysis buffer (150
mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0, and 5 mM
EDTA) containing protease inhibitors and sonicated 10x for 10 sec each with a 1-2
minute rest on ice between each cycle to yield chromatin fragments of approximately
600-1000 bp. The debris was then removed by centrifugation for 10 min at high speed.
The supernatant was retained and precleared with a 1:1 50 % protein A agarose: protien
G agarose bead slurry for 30 mins at 4°C. The bead was removed with a centrifugation of
6 K for 30 secs, and the supernatant was removed. 50 pl of this supernatant was kept and
the rest was used for IP. The IP was carried out with 2 ug ChiP-grade Pab4A4 (Abcam),
or 2 ug monoclonal 1gG (Sigma) with rotation overnight at 4°C, with the 50 pl of 50 %
protein G agarose slurry added 2 hrs from the initiation of the IP step. The following day,
the beads were washed as follows, using 1 ml solution each time and centrifuge steps of
30 sec at 6 K between each wash: 2x RIPA buffer, 4x ChIP wash buffer (100 mM Tris,
pH 8.0, 500 mM LiCl, 1% NP-40, and 1% deoxycholic acid), and 2x RIPA buffer. After
all of the RIPA from the final washed was removed, 150 pl of elution buffer (50 mM
NaHCOs3, and 1% SDS) was added to each sample, it was rocked for 15 minutes at room
temperature, and this elution was repeated. The elutants were combined and spun
quickly to remove any residual bead. The input samples, which were stored at -80°C,
each received 250 ul of the elution buffer as well. All samples were treated with 1.5
ug/ml final concentration of RNase A before being incubated at 65°C overnight. 2 pL of
the purification elutant was loaded onto a 96 well plate and g°PCR was performed as
noted above using several previously published primer sets against regions of the p21

promoter or gene (38). Each sample was normalized to input using Microsoft Excel.
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2.12 Preparation of Roc1-SCFFT"*" Complex

Hi-5 cells were maintained in HfQ SFX insect cell medium (Perbio, Belgium)
with 1x penicillin-streptomycin (Cellgro, Herndon, VA) at 25°C. Baculoviral expression
constructs of Roc-1, HA-Cull, his-Skp1, and Flag-BTrCP1 were titered for optimal
expression in Hi-5 cells. Hi-5 cells were grown to approximately 50% confluence on 100
mm plates before infection. The constructs were infected separately for maximum
expression. After 4 days, the cells were then harvested and centrifuged at 3000 rpm for
10 mins at 4°C. The medium was removed, and the cells were washed once in 20 ml of
PBS and centrifuged a second time. The pellets were lysed by vigorous pipetting and
repetitive freeze-thaw in nickel lysis buffer (50 mM NaH2PO, pH 8, 300 mM NacCl, and
10 mM imidazole) with phenylmethylsulfonyl fluoride and pepstatin A. Lysates were
spun at high speed for 10 mins to remove debris, and the supernatants from each
construct were combined. The combined lysis was rotated at 4°C for 2 hrs, and then 1 ml
of clean 50% Ni-NTA agarose bead slurry (Qiagen, Valencia, CA) was added. The bead
was rotated for an additional 2 hrs. The lysate was then centrifuged at 6000 rpm for 3
mins, and the supernatant was removed. Bead pellet was resuspended in Ni wash buffer
(50 mM NaH,PO, pH 8, 300 mM NaCl, and 20 mM imidazole) and loaded onto an
elution column where it was washed with 1 ml of Ni wash buffer for six times. Proteins
were then eluted in 200 pl of a Ni elution buffer (50 mM NaH,PO,4 pH 8, 300 mM NaCl,
and 250 mM imidazole) for six fractions. The fractions were pooled into two groups,
according to concentration, and dialyzed in 4 L of Buffer C-100 (20 mM Tris-Cl pH 7.5,
100 mM KCI, 0.2 mM EDTA, and 20% glycerol) for at least 4 hrs. The fractions were

checked by WB using polyclonal anti-Roc1 (Neomarkers, Fremont, CA), monoclonal
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12CA5 a-HA (generated in Lu Laboratory), monoclonal a-Flag (Sigma), and monoclonal
a-his (Covance, Princeton, NJ) antibodies to detect separate complex components. A
typical Coomassie for this complex and the accompanying WB are shown in Figure 2.2.
2.13 Preparation of Roc2-SCFFT™"! Complex (Appendix A)

The Roc2-SCFPT™P* complex was prepared as above, except for the Roc2, which
was purified separately before complex reconstitution. GST-Roc2 was grown in LB
broth to log phase and induced using 0.4 mM IPTG (Fisher, Chino, CA). Bacteria were
harvested after 6 hrs at 37°C, centrifuged at 35,000 for 20 mins, and lysed in 20 ml of
bacterial lysis buffer (1x PBS, 10% glycerol, and 0.1% NP-40) by French press. The
lysate was spun at high speed for 10 mins to remove cell debris and then incubated for 5
mins at room temperature with 500 pl of GSH slurry. After binding, GST-Roc2 beads
were washed three times in GST wash buffer (1x PBS, 10% glycerol, and 500 mM NacCl)
and eluted using 5 mM reduced glutathione (Sigma). The fractions were dialyzed using
the same conditions as above, and the protein was examined for concentration and purity
using SDS-PAGE followed by Coomassie staining. The fraction with the highest purity
was combined with insect lysates obtained by the same procedure as above. After the
steps noted above, purified complex fractions were rebound to GSH beads, washed twice
in lysis buffer (50 mM Tris pH 7.5, 5 mM EDTA, 150 mM NacCl, and 0.5% NP-40), and
diluted to 50% slurry. In vitro ubiquitylation was performed on the same day to maintain
complex activity.

2.14 In vitro ubiquitylation assays
The SCFPT".mediated in vitro ubiquitylation assay was performed similarly to

previous assays (50), with some modifications. The p63 in vitro ubiquitylation assay was
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Figure 2.2 — SCFBTCPL purification. SCFPT™®Pl was purified as noted, and 30 pl
complex was run on a 8%-15% gradient SDS gel and stained with Coomassie (top).
Bands for each protein are noted. Below, WB for 10 ul complex stained with
noted antibodies.



carried out in 40 pl of a reaction mixture containing 50 mM Tris-HCI (pH 8.0), 5 mM
MgCl,, 0.5 mM dithiothreitol, 2 MM NaF, 3 UM okadaic acid, and noted concentrations
of his-TAp63y, 10 uL SCF*™P* 400 ng of UBA-1 (Boston Biochem), 400 ng of UbcH3
(Boston Biochem), 1000 ng of HA-ubiquitin, 5 mM ATP (Amersham Biosciences), and
1.5 mM ATPS (Fisher ICN). The mixture was incubated at 37°C for 1.5 hrs and
analyzed afterward by SDS-PAGE electrophoresis followed by WB, as noted above.
2.15 In vivo ubiquitylation assays

10 cm plates were transfected as noted above. 24 hrs post-transfection, the cells
were treated with 10 uM MG132 (a protease inhibitor) for 6 hrs. The cells were harvested
and the pellet was split in half. Half underwent standard WB sample preparation (above),
and half was prepared using our denaturing protocol (59) as follows. The cell pellet was
harvested in 250 pl fresh buffer A (6M guanidine-HCI, 0.1 M Na;HPO4/NaH,PQO,, pH
8.0, 0.01 M Tris, pH 8.0, 5 mM imidazole, and 10 mM B-mercaptoethanol) and
thoroughly dissolved in the lysis buffer with vigorous pipetting. 50 ul of a 50 % Ni-NTA
agarose slurry washed and resuspended as noted above in Ni-NTA wash buffer was
added and the samples were rotated at room temperature for 4 hrs. Then the beads were
washed three times with 1 ml of each of the following buffers with centrifugation steps of
30 sec at 6 K between each buffer change to sediment the bead: buffer A, followed by
buffer B (8M urea, 0.1 M Na,HPO4/NaH,PO,, pH 8.0, 0.01 M Tris, pH 8.0, and 10 mM
B-mercaptoethanol), followed by buffer C (8M urea, 0.1 M Na;HPO4/NaH,PO4, pH 6.3,
0.01 M Tris, pH 8.0, and 10 mM B-mercaptoethanol). On the last wash with buffer C,
900 pl of the wash buffer was removed, and 100 ul of the wash buffer was used to push

the bead down the sides of the tube for complete collection before precipitating the bead
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with another spin and removing all of buffer C. 20 pl of elution buffer D, was then added
(200 mM imidazole, 0.15 M Tris, pH 6.7, 30% glycerol, 0.72 M B-mercaptoethanol, and
5% SDS) and the samples were then agitated at room temperature for 20 mins, before
SDS loading buffer was added to 1x final concentration and the samples were boiled as
for WB. All the samples were then run on an 8% SDS-PAGE gel, transferred and probed

as in the standard WB protocol.
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CHAPTER 3

ACTIVATION OF p63 BY BpTRCP1

A majority of the contents of Chapters 3 and 4 was published in The Journal of

Biological Chemistry under the title, “SCFT"“" activates and ubiquitylates TAp63y” (35).

3.1 BTrCP1 expression stabilizes TAp63y

To determine if BTrCP1 could act as a regulator for TAp63y, | wished to
determine if BTrCP1 would have an effect on the stability of TAp63y. To answer this
question, | used primary MEFs at passage 2 derived from STrCP1*" and ATrCP1”
littermates, kindly provided by Drs. Keiko and Keiichi Nakayama (Kyoto, Japan) (104)
and examined the endogenous levels of TAp63y mRNA and protein. Strikingly, there
was a significantly lower amount of TAp63y protein in the ATrCP1” MEFs compared to
the ,b’TrCPl”‘ MEFs (approximately 30%), though the TAp63p protein level was not
affected (Figure 3.1, top). Since the p63 antibody is pan-specific, 03C keratinocytes were
used as positive control for the p63 isoforms (70, 84). Further, when the mRNA levels
were examined using semi-quantitative RT-PCR with TA-specific p63 primers, little
change was observed (less than 0.5 fold) in TAp63 between the ATrCP1*" and the
ﬂTrCPl"' MEFs (Figure 3.1, bottom). Since the protein level of TAp63p is minor
compared with the level of TAp63y, by WB, this RT-PCR measurement was interpreted
as representative of the TAp63y RNA levels. It should be noted that while p63p levels
are usually low in differentiated tissue, in this case | am confident that the upper band on

the WB is in fact TAp63p, versus ANp63a, because of the 03C loading control and the
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Figure 3.1 — The steady-state level of TAp63y is reduced in fTrCP17- MEFs.
BTrCP1*- or ATrCP17- primary MEFs were harvested for either WB (top) or RT-
PCR (bottom). In the WB, 150 pg whole cell lysate for MEFs was loaded beside
30 ng whole cell lysate from 03C mouse keratinocytes.



fact that when mRNA levels were examined with AN-specific primers there was not a
detectible signal after more than 30 cycles (data not shown). Next, to determine if this
observation was specific to BTrCP1 expression, | repeated this experiment in H1299 cells,
a non-small cell lung cancer line that is p53 null and has undetectable endogenous
expression of p63 and p73 by WB. In fact, in the presence of increased BTrCP1, the
protein level of TAp63y increased significantly above the level of TAp63y alone (Figure
3.2, lane 4 vs. lane 2). This increase was also only at the protein level, as demonstrated
by our later control in Figure 3.12. Therefore, TAp63y protein levels are also increased
by a subsequent increase of BTrCP1. These results suggest that BTrCP1 mediates
TAp63y’s protein stability though a post-translational mechanism.

In order to verify these intriguing observations, | measured the half-life of
exogenous TAp63y in the presence of BTrCP1 by treating the cells with 100 pug/ml
cycloheximide, a commonly used protein translation inhibitor, and looking at the protein
half-life over a time course. Again, to my surprise, even though BTrCP1 has been shown
to be involved in the degradation of its other substrates, my data demonstrates that
BTrCP1 stabilizes TAp63y. As shown in Figure 3.3, while the exogenous GFP-TAp63y
alone has a half-life of approximately 2-3 hrs, comparable with others’ published data
(129), the GFP-TAp63y co-expressed with the Flag-BTrCP1 was highly stabilized over 6
hours. | also confirmed this result using **S labeled pulse-chase (data not shown).

Further, to examine the effect of BTrCP on endogenous p63 stability, | used a
human keratinocyte line with several p63 isoforms and BTrCP1 (HaCaT). The cells were
treated with siRNA oligos against TrCP1/2 (as BTrCP2 often rescues BTrCP1 if

knocked down alone) (34). An initial experiment was performed to determine the
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Figure 3.2 — The exogenous steady-state level of TAp63y is increased when co-
expressed with BTrCP1. H1299 cells were transfected for 48 hrs and harvested
for WB. 50 pg whole cell lysis was used. Loading control denotes non-specific
band.
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efficiency of knockdown at both 24 and 48 hrs post-knockdown to find the optimal time
to start the degradation assay. Knockdown was confirmed, at 0.47 fold versus the
scramble control at 48 hours (Figure 3.4). This degree of reduction is biologically
significant, since several groups have shown that BTrCP1 is effected by both
haploinsufficancy and dominant-negative mutants in vivo (34, 36). The degree of
knockdown could not be maximized further owing to the typical low transfection
efficiency of the keratinocytes (about 30%) coupled with their sensitivity to the
transfection reagent. Therefore, the half-life time O for the cycloheximide exposure in
Figure 3.5 is 48 hrs after oligo transfection. As predicted from the data above, the half-
life of TAp63y in the BTrCP1/2 knockdown cells was shorter (about 1.5 hrs), versus the
control (about 3.5 hrs) (Figures 3.5A and B). The half-life for the ANp63a also showed a
significant decrease in the presence of BTrCP1/2 siRNA. However, for reasons discussed
in Chapter 5, | believe the control of p63a happens through a different mechanism;
therefore | did not show or further pursue this result. The BTrCP1/2 siRNA treatment
also reduced the level of endogenous steady-state p63 at low exposure (data not shown),
supporting the result in Figure 3.1. Therefore, BTrCP1 co-expression stabilizes
TAp63y exogenously and endogenously.
3.2 p63 binds BTrCP1

In order to determine how BTrCP1 regulates TAp63y’s stability, I next asked
whether BTrCP1 could bind TAp63y in cells. HEK293 cells, which express an
undetectable endogenous level of p63, were transfected with GFP-TAp63y, GFP-ANp63y

or Flag-BTrCP1, followed by co-IP and WB. As shown in Figure 3.6, both TAp63y and

ANp63y immunoprecipitated using Flag antibody for BTrCP1 (lanes 11 and 12). Also,
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Figure 3.4 - BTrCP1 levels are reduced by BTrCP1/2 siRNA. HaCaT cells
were treated with control scramble siRNA oligos or BTrCP1/2 siRNA oligos
and harvested after 24 or 48 hrs. 80 ug of whole cell lysate was used for WB
analysis. The protein levels were quantified and normalized to tubulin.
Numbers shown above are calculated fold reduction. Lane numbers are denoted

below.
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Figure 3.5 - Endogenous p63 is destabilized by BTrCP1/2 knockdown. A.
HaCaT cells were transfected with TrCP1/2 siRNA oligos, or scramble control
oligos. 48 hrs later they were treated with cycloheximide and harvested over the
indicated time course. B. Compiled duplicate experiments. The three points with
no discernable error bars have error less than 0.01. In this case statistical

significance was not determined because n = 2.
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Flag-BTrCP1 immunoprecipitated with GFP antibody for both TAp63y and ANp63y
(lanes 5 and 6). This result was also repeated in H1299 cells (data not shown). Also of
note, TAp63y bound to BTrCP1 much more efficiently than to ANp63y (compare lanes 5
and 11 to 6 and 12). Next, to determine if TAp63y and BTrCP1 interacted directly in
vitro, | performed GST-pulldown assays with purified his-TAp63y (Figure 3.7, A) and
GST-BTrCP1 (Figure 3.7, B). As shown in Figure 3.7, C, | found that TAp63y
precipitated on the GST-BTrCP1 bead, but not on the GSTO bead (compare last lane with
middle lane), when probed with a p63 specific antibody. This result demonstrates that
TAp63y and BTrCP1 interact directly in vitro. | then determined if BTrCP1 could bind
other p63 isoforms, using co-IP, as in Figure 3.6, with p63a constructs. HEK293 cells
were transfected with a combination of Flag-BTrCP1, myc-TAp63a, myc-ANp63a, and
empty vector, as noted. Again, both the TAp63a and the ANp63a isoforms bound to
BTrCP1 (Figure 3.8).

Since | observed that p63a and p63y could interact in cells, and p63y could
interact in vitro, with BTrCP1, | then tested whether these interactions could exist
endogenously using co-1P in HEKn-E6/E7 cells, a human keratinocyte line which has
high levels of p63 and BTrCP1 (Figure 3.9, A). By co-IP, BTrCP1 immunoprecipitated
with ANp63a and TAp63y, but not with TAp63p endogenously (lane 2, Figure 3.9, B).
Also, p63 immunoprecipitated with TrCP1 endogenously (lane 1). These results were
also repeated using HaCaT and HeLa cell lysates (data not shown). Therefore, BTrCP1 is

able to interact with several isoforms of p63 both exogenously and endogenously.
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Figure 3.6 - TAp63y and ANp63y bind BTrCPL1 in cells. GFP-TAp63y, GFP-
ANPp63y, and Flag-BTrCP1 were expressed in HEK293 cells. 448 pg clarified
whole cell lysate co-immunoprecipitated per sample, with 15.6% of the pre-bound
lysate loaded as input. WB was performed using the indicated antibodies.
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Figure 3.7 - TAp63y binds BTrCP1 in vitro. A. Purification of his-TAp63y. His-
TAp63y was run beside noted BSA standards. B. Generation of GSTO0 and GST-
BTrCP1. GSTO and GST-BTrCP1 bead were generated and equalized. Shown are
the controls for GST normalization used in C. C. In vitro binding assay. 60 ng

purified his-TAp63y was bound to GSTO or GST-BTrCP1 bead. 10% input, and
binding samples were analyzed by WB.
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Figure 3.8 - TAp63a and ANp63a bind BTrCP1 in cells. myc-TAp63a, myc-
ANp63a, and Flag-BTrCP1 were expressed in HEK293 cells. 448 pg clarified
whole cell lysate co-immunoprecipitated per sample, with 15.6% of the pre-bound
lysate loaded as input. WB was performed using the indicated antibodies.
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Figure 3.9 - ANp63a and TAp63y, but not TAp63p bind TrCP1
endogenously. A. HEKn-E6/E7 cells have endogenous p63 isoforms and BTrCP1.
100ug whole cell lysis from the passage previous to the experiment below and
WB with noted antibodies. B. Co-immunoprecipitation of p63 and BTrCP1.
HEKnN-EG6/E7 cells were harvested and 850 pg of total lysate was
immunoprecipitated using the noted antibodies (left). The panel on the right
shows the IgG control taken from the same gel, same exposure.
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3.3 BTrCP1 binds TAp63y’s N- and C-termini

In order to further characterize the interaction of TAp63y with TrCP1, | mapped
the regions where TAp63y contacts BTrCP1 in vitro. | generated four his-tagged deletion
mutants of TAp63y, termed TAp63yF1-F4 (Figure 3.10). The purification of these
fragments is shown by Comassie in Figure 3.11, A. TAp63yF1, the TA-containing
deletion mutant (lane 6), bound strongly to GST-BTrCP1, while TAp63yF3 and
TAp63yF4, the C-terminus-containing mutants, also bound, but less efficiently than
TAp63yF1 (lanes 10 and 12), but not the DBD domain containing mutant, TAp63yF2
(Figure 3.11, B). These results suggest that the N-terminus and, to a lesser extent, a
region in the last 59 residues of the protein were important in BTrCP1 binding; this
region contains the residues unique to TAp63y. These results are also consistent with the
weaker interaction shown between ANp63y and BTrCP1 in Figure 3.6.
3.4 TAp63y's upregulation of p21, but not Bax, is amplified by BTrCP1 expression

Since TAp63y was stabilized by BTrCP1 and they interacted directly, | then asked
whether BTrCP1 could affect TAp63y’s function as a transcription factor. Two well
described target genes of TAp63y are p21 and Bax (12, 101, 112), so | examined the
effect of TAp63y and BTrCP1 co-expression on p21 and Bax. Consistent with our
previous reports (173), TAp63y alone increased p21 mRNA levels by RT-PCR (Figure
3.12, A, lane 2), and had little effect on Bax (lane 4). By qRT-PCR of the assay shown in
3.12, A (Figure 3.12, B), when TAp63y was co-expressed with BTrCP1, p21 mRNA
levels increased 55% (Figure 3.12, lane 4 and graph). Triplicate qRT-PCR experiments

were also highly significant Figure 3.12, C). Additionally, the TAp63y mRNA
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Figure 3.10 - Schematic of the TAp63y truncation mutants. The TA, DBD and
OD are indicated. The fragments (F) 1-4 and the encompassing amino acid
residues are noted.
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Figure 3.11 - BTrCP1 binds the N- and C-termini of TAp63y in vitro. A.
TAp63y fragment purification. TAp63y fragments were purified and concentration
was determined by Coomassie stain. On TAp63yF2-F4 stain, B = bead with
purified protein, fragments labeled TAp63yF2-F4 are unbound protein fractions.
BSA standard is noted. B. In vitro binding of BTrCP1 and TAp63y fragments.
BTrCP1 was incubated with 40 ng of his-TAp63yF1-F4, as indicated (bottom).
100% input was loaded as a control. The upper band in lanes 3 and 10 is non-
specific. Below is a summary of the binding of BTrCP1 to TAp63y. TAp63y is
shown as in A, with the stronger and weaker interaction with BTrCP1 shown as the
solid and dashed lines, respectively.
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Figure 3.12 - TAp63y’s activation of p21, but not Bax, is increased by pTrCP1
expression at the mRNA level. A. p21 increases with co-expression of TAp63y
and BTrCP1 by RT-PCR. RT-PCR for p21, Bax, fTrCP1, p63, and f-actin was
performed in H1299 cells as shown. B. p21 increases with co-expression of
TAp63y and BTrCP1 by gRT-PCR. gPCR was also performed on samples in A.
and p21 was normalized to GAPDH. Representative data are shown, as in
Gallegos, JR et al. * = P <0.0002. C. gRT-PCR triplicate quantification for p21.
gPCR was also normalized to TAp63y alone * = P = 0.0013. Cells were harvested
at 24 hrs.
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expression levels do not change in the presence of BTrCP1, again suggesting that the
upregulation of the protein level is occurring through a post-translational mechanism,
supporting my endogenous result in Figure 3.1.

This result was also examined at the protein level. When TAp63y was co-
expressed with BTrCP1 protein levels increased significantly, approximately 50% over
the TAp63y control (Figure 3.13, A, lane 4 and 3.13, B). In contrast, Bax expression did
not increase over the TAp63y control at either the mRNA or protein level (Figure 3.13
and 3.14, lane 4). Therefore, the co-expression of TAp63y with BTrCP1 causes
significant upregulation of p21, but not Bax, over the level of either TAp63y or BTrCP1
alone. Other downstream targets were also examined by mRNA and protein level,
including MDM2, PIG3, and Noxa, but these displayed negative results (data not shown).

An important note for both of these assays is that they are taken at 24 hr and 48 hr
time points for mRNA and protein level, respectively. Initially, time courses were run to
find approximate kinetics for these experiments. The GFP-TAp63y gene comes about 16
hrs after transfection. This is the earliest time point where the TAp63y gene is detectible
by RT-PCR, as in 3.13, BTrCP1 also is upregulated at about the same time. While the
MRNA level is displayed at 24 hrs in these panels, mRNA assays were also taken at 48
hrs with little variation in the combined result with TAp63y and BTrCP1 co-expression,
though the overall expression load of both TAp63y and BTrCP1 decreases slightly
between 24-48 hrs. Maximum protein expression occurs between 36-48 hrs. This timing
is reasonable for both p21 and Bax levels in an exogenous system (173) and also an
endogenous developmental or tumorigenic setting where the timing of the reactions tend

to occur more slowly (42, 108). However, it is important to note that the kinetics of these
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Figure 3.13 - TAp63y’s activation of p21, but not Bax, is increased by pTrCP1
expression at the protein level. A. p21 increases with co-expression of TAp63y
and BTrCP1. 70 ug whole cell lysate was analyzed by WB (top). B. Compilation
of repeat WB experiments. Triplicate WBs were quantified with Adobe Photoshop
software, normalized to tubulin and p63 and graphed. * =P =0.048
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responses would be expected to differ significantly from this timing in an endogenous
stress situation (on the order of minutes to hours, versus days).

3.5 TAp63y’s binding at the p21 promoter increases in the presence of BTrCP1 in
cells

Since BTrCP1 stabilized TAp63y, and BTrCP1 also augmented TAp63y’s
activation of p21 protein and mRNA levels, | next asked if BTrCP1 could enhance
TAp63y’s presence at the p21 promoter. As an initial assay to determine if fTrCP1 could
enhance the level of TAp63y on chromatin, | performed a fractionation assay where
sonicated whole cell lysates were loaded beside a soluble fraction (non-chromatin) and an
insoluble (chromatin) fraction. As shown in Figure 3.14, where there is little visible
change in the levels of p63 and BTrCP1 between the whole and soluble fractions, there is
an enrichment of p63 in the insoluble fraction in the presence of BTrCP1, though the level
of BTrCP1 in the insoluble fraction is consistent with the other fractions. This result
suggests that while there is a large soluble pool of both TAp63y and BTrCP1, as would be
expected in the case of exogenous expression, that BTrCP1 is able to increase the amount
of TAp63y on chromatin.

Therefore, | continued to look specifically at TAp63y’s interaction with the p21
promoter region. The regions on the promoter that were used for analysis began at amino
acids -2283, -20, and +7878 and spanned 50 bp downstream in each case. These regions
are called P1, P2, and P3, respectively (Figure 3.15). The P1 primers include a high
affinity site for the p53 family members, while the P3 primers are a negative control.
Lastly, sequence analysis of the p21 promoter revealed both CATG sequences, as well as

CGTG sequences which may be favorable for p63 binding, near the P2 primer set (112).
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Figure 3.14 - BTrCP1 co-expression increases the amount of TAp63y bound to
chromatin in vivo. H1299 cells were transfected as noted and fractionated, as
shown by the diagram above, into whole sonicated lysate, the soluble (hon-
chromatin) fraction, and insoluble (chromatin) fraction, run on a gel, and WB with
indicated antibodies.
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Figure 3.15 - Schematic of the p21 promoter. The primer regions used for ChlP
at the p21 promoter are shown by grey boxes with labels according to primer set.
+ =a CATG core sequence, * =a CGTG core sequence. qPCR primer sets P1, P2,
P3 noted and shown by shaded boxes, as described in the text.
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Thus, | also tested this region for TAp63y binding. Consistent with our earlier results,
TAp63y alone resulted in a 20 fold increase of promoter binding over the vector alone
control, while co-expression of TAp63y with BTrCP1 resulted in an increase of over 50
fold of TAp63y bound to the p21 promoter (Figure 3.16, A). The P3 primers in the gene
were negative, as were other primer pairs between -2 and -0.5 kb (data not shown).
Interestingly, the P2 primers also detected an active site of TAp63y recruitment on the
p21 promoter (Figure 3.16, A), demonstrating the existence of a novel site for p63
binding at the p21 promoter. The data for triplicate experiments is shown in Figure 3.16,
B. Therefore, the increased stability of TAp63y in the presence of BTrCP1 leads to the
increase of p21 promoter-bound TAp63y at both a canonical p53 family binding region
and a novel p63 binding region.

In this case, | forewent the use of the luciferase, or other similar reporter assay as
a test of active transcription of p63 on p21. As noted in the introduction, p21 is a well
established target gene of p63 and the other p53 family members (reviewed in (101)).
However, it should be noted in the case of these studies that luciferase assay was
performed successfully with TAp63y on both MDM2 and IGFBP3 reporter constructs,
but the results showed no additional increase with co-expression of BTrCP1, similar to
MRNA assays. Considering that there have been no studies documenting an effect of p53
family members or BTrCP1 on p21 mRNA stability, as of yet there are no known
endogenous micro RNA which might be encoded from the expression of p63 or TrCP1
which would indirectly activate p21 transcription, and that p21 levels are well-established
as being controlled at the protein level (see Discussion), it is a more than reasonable

conclusion given the results of our mRNA expression, protein expression, and our ChlP
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Figure 3.16 - TAp63y binding at the p21 promoter increases in the presence of
BTrCP1 in cells. A. Quantitative ChlP analysis of TAp63y at the p21 promoter.
H1299 cells were transfected and ChlPed using the indicated ChlP antibody/qPCR
primer combinations. Representative data is shown. * = P <0.02 (top) as in
Gallegos, JR et al. B. ChlIP repeat experiments. Triplicate repeats for P1 and P2
primers normalized to p63, left and right bottom, respectively * = P <0.04. The
above data was measured 24 hrs post-transfection.
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experiments that increased p63 binding at the p21 promoter directly equates to an
increase of p21 through a transcriptional mechanism.
3.6 TAp63y’s activation of growth arrest is increased by BTrCP1 expression

Since our data clearly pointed to a role of BTrCP1 in the enhancement of
TAp63y’s increase of p21 expression, and p21 is an established regulator of cell cycle
arrest, | asked whether the upregulation of p21 protein would translate to a functional role
in G1 cell cycle arrest. To examine the cell cycle profile, transfected H1299 cells were
treated with 150 ng/ml nocodazole, which induces a G2 block, for 16 hrs and looked for
cells that remained in G1 by FACS. Consistent with my previous data, while TAp63y
alone increased the proportion of cells in G1 (26%), the cells co-expressing TAp63y and
BTrCP1 showed a significant increase (42%) (Figure 3.17). Therefore, the increased
activity of p21 upon TAp63y co-expression with BTrCP1 translated to an equally striking

upregulation of G1 cell cycle arrest.
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Figure 3.17 - TAp63y’s activation of growth arrest is increased by BTrCP1
expression. Representative curves of H1299 cells treated with nocodazole,
subjected to FACS and gated for GFP positive signal are shown below as
generated by FloJo software and plotted to scale on the same axis, as indicated.
G1 = 2n peak by PI staining, G2 = 4n by PI staining. The percent of GFP-positive
cells in each phase of the cell cycle was determined and data for three experiments
were plotted (top). *=P =0.02
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CHAPTER 4

UBIQUITYLATION OF p63 BY BTRCP1 ACTIVATES p63

4.1 p63y is ubiquitylated by SCFPT""*
Our data in Chapter 3 identifies BTrCP1 as a positive regulator of TAp63y which

BTrCP1

acts by increasing TAp63y through a post-translational mechanism. Since SCF is an

active member of the SCF complex, | examined whether SCF? ™!

could ubiquitylate
TAp63y and whether this modification could be responsible for p63 activation. First, |
wished to examine the general ubiquitylation of p63 in H1299 cells. Using a Ni-NTA
binding assay, GFP-TAp63y, myc-TAp63a, and myc-ANp63y showed a shift to higher
weight moieties in the presence of ubiquitin (Figure 4.1 left, lanes 4, 6 and 8), but not
when transfected alone, demonstrating that all of the isoforms in this case are
ubiquitylated. Interestingly, the ANp63y isoform, though expressed at similar levels to
the TAp63y (compare WB, lanes 5-8), has less ubiquitylation than the TAp63 isoforms,
as shown by the much lighter laddering. Therefore, several isoforms of p63 are
ubiquitylated, with the TA isoforms ubiquitylated to a greater degree, suggesting that
ubiquitin may be one way to account for the differences in individual p63 isoform
activity in the cell. Next, to ask if BTrCP1 could ubiquitylate p63, I first performed an in
vitro ubiquitylation assay using a purified SCF complex, p63, E1, E2, and ubiquitin. In
fact, in the presence of all the ubiquitylation components, TAp63y shifted to several
ubiquitylated forms of the protein, which were absent in the control lanes (Figure 4.2,

lane 7). | then tested whether Flag-BTrCP1 expression would increase the ubiquitylation

of TAp63y in H1299 cells. In this assay, | used Flag-BTrCP1, or the F-
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Figure 4.1 - Ap63 is ubiquitylated less than TAp63 in cells. H1299 cells were
analyzed by WB with 50 ug whole cell lysis (bottom) or by Ni-NTA precipitation
(top). JRG repeated, final figure by Joel Litersky.
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Figure 4.2 - SCFPTCPL ybiquitylates TAp63y in vitro. 100 ng purified his-
TAp63y was added to an ATP reaction buffer with noted substrates and analyzed
with a-p63 antibody. * = degradation of purified TAp63y.
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box mutant of BTrCP1, Flag-AFBTrCP1. AFBTrCP1 is a dominant-negative truncation
mutant of BTrCP1 which lacks the F-box. Therefore, the AFBTrCP1 protein can bind
BTrCP1’s substrates, but those substrates are not presented to the SCF complex for
ubiquitylation (data not shown) (8, 34). Consequently, the level of generally
ubiquitylated TAp63y precipitated in cells (Figure 4.3, lane 3) increased specifically in
the presence of Flag-BTrCP1 (lane 5), and decreased in the presence of the Flag-
AFBTrCP1 (lane 7). Further, as an additional control to ensure that this result was not
due to the function of another SCF complex, | also performed experiments co-expressing
TAp63y with another SCF substrate-recognition component, such as Skp2, and these
experiments were negative (data not shown). Also, p53 and p73a were not ubiquitylated
by BTrCP1 under similar experiments in cells, suggesting that this ubiquitylation is
specific to p63 (data not shown). Thus, this data demonstrates that SCF*T™“" could act as
a specific E3 ubiquitin ligase for TAp63y and that the ubiquitylation of TAp63y requires
the presence of the entire SCF complex. Therefore, while also acting functionally as a
regulator of TAp63y, BTrCP1 acts as an E3 ubiquitin ligase for TAp63y.

4.2 Characterization of TAp63y’s ubiquitylation by SCFFT""

As mentioned in Chapter 1, the function of ubiquitylation can be mediated by
both the position of the placement of the ubiquitin on the substrate and the type of
ubiquitin linkage present. In order to determine the location of the ubiquitylation of
TAp63y by BTrCP1, I used the same his-TAp63y fragments as in Chapter 3 (Figure 3.10)
for in vitro ubiquitylation. As shown in Figure 4.4, the TAp63yF1 fragment (lane 2),
comprising the N-terminus, was ubiquitylated, compared to both the TAp63yF1 alone or

the substrate negative controls (lanes 1 and 3). In this case because of the various tags
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Ni-NTA
- - “ A
100kd- — . - - L GFP-TApP63y
WB: a-p63
e e GFP-TAp63y

Bl o & |
WB: a-Flag rf__ﬁ Flag-pTrCP1

Flag-AFBTrCP1

WB: a-tubulin |~.—- w—— - - o-tUbulin

1 2 3 4 5 6 7 8 9
his-ubiquitin ~ + + + + + 4+
GFP-TAp63y + + + + o+ 0+
Flag-BTrCP1 + 0+ +
Flag-AFBTrCP1 + + +

Figure 4.3 - SCFPTCPL but not AFBTrCP1 ubiquitylates TAp63y in cells.
Ubiquitylation was analyzed as in 4.1. JRG repeated, final figure by Joel Litersky.
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- his-F1 TAp63y
y -ub(n)

WB: a-p63NT - J .
- his-F1 TAp63y-ub

“ _ his-F1 TAp63y

1 2 3
his-FITAp63y + +
E1/E2/ub +
SCFBTrCPl +

Figure 4.4 - SCFBTTCPL ybiquitylates the N-terminal of TAp63y in vitro. His-
F1TAp63y was purified and used in an in vitro ubiquitylation reaction as in 4.2. *
denotes a band which co-purifies with his-F1TAp63y.
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on the SCF complex itself, | used a p63 antibody generated in our lab against p63’s N-
terminus (p63-NTA). When this reaction was attempted with the TAp63yF2-F4
fragments, | were unable to discern a result due to lack of an antibody specific for those
regions (the 4A4 antibody did not recognize the F2 fragment) that would allow us to
separate the his-TAp63y signal from that of the his-Skp1, which is also ubiquitylated.

Further, I also examined the affect of point mutations of several lysine mutations
of our GFP-TAp63y construct on TAp63y/pTrCP1 signaling. Of the 19 lysine residues in
pTAp63y, K to A mutations in 9 of them, both single and in combination, were not
sufficient to ablate ubiquitylation of TAp63y (mutated K’s shown in red italics, see
Figure 2.1) in cells (data not shown). Therefore since BTrCP1 is able to bind both the N-
and C- termini of TAp63y and | mutated half of the K residues in the molecule, that
TAp63y’s ubiquitylation by BTrCP1 is likely not restricted to a specific residue under the
conditions of our assay. It is also worth noting that K49, which is the only lysine residue
close to a putative BTrCP1 binding site I identified in TAp63y’s N-terminus (see below
and Figures 2.1 and 4.10) was included in several of these mutant constructs, also
supporting the result that BTrCP1 binds and may ubiquitylate TAp63y on both its N- and
C-termini.

I then proceeded to test the ubiquitin linkage on TAp63y to determine if there was
a correlation between the linkage and the activation | observed in our earlier assays
(Chapter 3). BTrCP1 has only been documented to ubiquitylate substrates through a
K48-mediated linkage. However, in some cases a K63-mediated ubiquitin linkage has
been associated with activity, as noted in the Introduction. Therefore to test for the type

of ubiquitin linkage, | repeated the ubiquitylation assays using his-K48R or his-K63R
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ubiquitin mutants. These mutants will ablate a poly-ubiquitin chain attached at the
specified linkage but not other types of linkages. As seen in Figure 4.5, the co-expression
of TAp63y with his-ubiquitin showed that basal ubiquitylation (lane 3) was increased in
the presence of BTrCP1 (lane 6). Strikingly, the baseline level of TAp63y ubiquitylation
was drastically reduced in the presence of his-K48R ubiquitin, but not his-K63R
ubiquitin (compare lanes 4 and 7 with lanes 5 and 8). Therefore, most of the ubiquitin
linkages on TAp63y are K48 poly-ubiquitin linkages and this is also true in the presence
of BTrCP1. Also, in the presence of BTrCP1, the level of K63 linked ubiquitylation
TAp63y ubiquitylation in the presence of BTrCP1 decreases slightly (compare lanes 5 and
8). This decrease most likely signifies that a small portion of the linkages on TAp63y are
K63 mediated and could be mediated through BTrCP1. However, this effect is still minor
compared with reduction of the K48 linkage.
4.3 p63y’s activation by SCFPT"°" is mediated by its ubiquitylation

Since | found that BTrCP1 could both activate and ubiquitylate TAp63y, | next
wished to determine if the activation was related to the ubiquitin modification. Therefore,
I repeated some of the activation assays using the Flag-AFBTrCP1 mutant. First, |
examined TAp63y half-life in H1299 cells in a similar manner to Figure 3.3, with the
addition of the AFBTrCP1 mutant. Where co-expression of GFP-TAp63y and Flag-
BTrCP1 stabilized the TAp63y (Figure 4.6, lanes 7-12), co-expression of GFP-TAp63y
with Flag-AFBTrCP1 at the same expression ratio as in Figure 4.3 did not stabilize the
TAp63y when compared with the GFP-TAp63y alone (lanes 13-18).

In order to observe if this loss of TAp63y stabilization is also correlated to a

decrease in mMRNA expression, | continued by examining the level of p21 expression by
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Ni-NTA
Low exp. - GFP-TAp63y-ub(n)
100kd- ~-GFP-TAp63y
Ni-NTA
High exp. - GFP-TAp63y-ub(n)
100kd- - GFP-TAp63y
WB:a-p63

i | - GFP-TADPG3y

e

WB: o-tubulin [ ——] -t(bUlin

1 2 3 4 5 6 7 8

his-ub + +
his-K48Rub + +
his-K63Rub + +
GFP-TAp63y + + + 4+ + o+ +
Flag-BTrCP1 + o+ +

Figure 4.5 - The ubiquitylation of TAp63y by SCFFT'CPL js through a K48
ubiquitin linkage. H1299 cells were transfected with noted plasmids, analyzed by Ni-
NTA purification as in 4.1, and blotted with noted antibodies.
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Figure 4.6 - AFBTrCP1 co-expression does not stabilize TAp63y. H1299 cells
were transfected with GFP-TAp63y, Flag-BTrCP1 and Flag-AFBTrCP1. 48 hrs
later they were treated with cycloheximide and harvested over the indicated time
course. Representative data plotted below.
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gPCR. When GFP-TAp63y and the Flag-AFBTrCP1 were co-expressed, there was no
significantly increased expression of p21 compared to the p21 induction correlated with
the expression of GFP-TAp63y alone, while p21 expression was significantly increased
in the presence of both GFP-TAp63y and Flag-pTrCP1 (Figure 4.7, A; B is triplicate
experiments). Therefore, | wanted to see if this loss of p21 expression was also true at
the level of promoter binding. Again, | used H1299 cells and performed ChIP. As
shown in Figure 4.8, A, while the GFP-TAp63y has the expected increase of binding to
the p21 P1 and P2 promoter regions (top and bottom, respectively), and GFP-TAp63y
and Flag-BTrCP1 co-expression leads to a significant increase in promoter binding, the
level of GFP-TAp63y bound to the p21 promoter in the presence of Flag-AFBTrCP1
significantly decreases compared with GFP-TAp63y alone on both the P1 and P2 regions
(Figure 4.8, B). The P3 results were similarly negative, as in Figure 3.16 (data not
shown). Triplicate experiments are shown in Figure 4.8, B. Concomitantly, these data
demonstrate that the increased stabilization and activation of TAp63y by BTrCP1 are
direct results of the ubiquitylation itself, as the AFBTrCP1 mutant is still able to bind
TAp63y, but not to ubiquitylate it.

Also in support of this conclusion are preliminary assays | carried out using two
point mutants of TAp63y in a putative BTrCP1 binding site on TAp63y’s N-terminus
(Figure 4.9). This site (61-DSDLSD-66) of p63 is not conserved in p53 and p73, as
would be expected by lack of ubiquitylation on either of those molecules, noted
previously. But the site is conserved in mouse. The deletion of this site would not be
expected to ablate binding, since BTrCP1 also binds to TAp63y’s C-terminus. However,

deletion of this site would be expected to alter the degree of ubiquitylation of the
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Figure 4.7 - AFBTrCP1 co-expression does not upregulate p21. gPCR was
performed on p21, as in Fig. 4. A. Representative data. * = P = 0.022 increase
from TAp63y alone control, ** = P < 0.003 decrease from TAp63y+BTrCP1
sample, as shown in Gallegos, JR et al. B. * =P =0.004 increase from TAp63y
alone control, ** = P = 0.03 decrease from TAp63y+BTrCP1 sample.
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Figure 4.8 - TAp63y binding to the p21 promoter decreases in the presence
of AFBTrCPL1. Legend on continuing page.
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Figure 4.8 - TAp63y binding to the p21 promoter decreases in the presence of
AFBTrCP1. A. Representative ChIP experiments. H1299 cells were transfected and
ChlPed using the indicated ChIP antibody/qPCR primer combinations. The top
panel is data from the P1 primer set, the bottom panel is data from the P2 primer set
on the same experiment. For the P1 graph: * = P = 0.006 increase from TAp63y
alone control, ** = P < 0.002 decrease from TAp63y+BTrCP1 sample. For the P2
graph: * = P = 0.005 increase from TAp63y alone control, ** = P = 0.013 decrease
from TAp63y+BTrCP1 sample, as shown in Gallegos, JR et al. B. Triplicate
experiments normalized to TAp63y alone. For the P1 graph: * = P = 0.006 increase
from TAp63y alone control, ** = P < 0.002 decrease from TAp63y+BTrCP1 sample.
For the P2 graph: * = P = 0.024 increase from TAp63y alone control, ** =P =
0.003 decrease from TAp63y+BTrCP1 sample.
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molecule, since | observed that the N-terminus of TAp63y bound BTrCP1 more
efficiently than the C-terminus, that the N-terminus could be ubiquitylated in vitro, and
that in other BTrCP1 substrates alteration of canonical sites by point mutation often
changes the kinetics of ubiquitylation (34). The mutations | focused on were the
TAp63yD61R and TAp63yS62A mutations, because mutation of these residues often
greatly affects BTrCP1’s activity with many substrates (34).

These mutations would not affect TAp63y’s binding to BTrCP1. In order to
validate this prediction, | performed an IP in H1299 cells. As shown in Figure 4.10, the
D61R and S62A mutants precipitate similar levels of TrCP1 at equivalent expression
level with TAp63y (lanes 6-8) and also BTrCP1 precipitated similar levels of each of the
mutants, compared with the standard TAp63y construct (lanes 14-16). Therefore,
TAp63yD61R and TAp63yS62A do not show any difference in binding to TAp63y in
cells. 1 next wanted to determine if the D61R and S62A mutations would affect the
ubiquitylation of TAp63y in cells. Therefore, | conducted similar ubiquitylation assays as
described above. A very low exposure is shown in Figure 4.11 to show the differences in
the ubiquitylation of TAp63y between samples. In the presence of ubiquitin, the TAp63y
shows general ubiquitylation as in the previous assays (lane 2). This ubiquitylation is
reduced dramatically with the TAp63yS62A mutant (lane 3), while it is increased
dramatically in the presence of the TAp63yD61R mutant (lane 4). It should be noted that
upon longer exposure, the TAp63yS62A mutant does show a ladder typical of poly-
ubiquitylation, as in our several previous assays. Therefore, our data demonstrated that
while having no effect on binding, that the TAp63yS62A and TAp63yD61R mutants

showed striking differences in their degree of poly-ubiquitylation compared to TAp63y
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Figure 4.9 - Schematic of TAp63y’s putative canonical BTrCP1 binding
domain and mutations. The canonical domain in p63 N- terminus in red box,
with bars marking where it lies in the TA domain. The first D in the boxed
sequence is D61.
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Figure 4.10 - The TAp63yD61R and TAp63yS62A mutants bind BTrCP1 with
similar affinity to TAp63y in cells. H1299 cells were transfected as noted and

co-IP was conducted as in 3.7. WB with noted antibodies.
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Figure 4.11 - The TAp63yD61R and TAp63yS62A mutants show striking
ubiquitylation differences from TAp63y in cells. H1299 cells were transfected
as noted and analyzed by Ni-NTA ubiquitylation assay. WB was performed with
indicated antibody.
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alone. This difference in ubiquitylation has been shown on other substrates to be due to a
differential recognition of substrate contact to the WD-domain binding domain of
BTrCP1 which leads to differential ubiquitylation kinetics by the SCF complex, as noted
in the Introduction (165).

Next, | wished to examine if this difference in modification would translate to a
difference in stability. To this end, I performed stability assays with the TAp63y versus
the TAp63yD61R and TAp63yS62A mutants in H1299 cells. My preliminary experiment
demonstrates that the TAp63y half-life fell between 1.5-3 hrs, as in previous assays. Also,
the TAp63yS62A mutant has an intermediate half-life of around 4-5 hrs, while the
TAp63yD61R mutant is highly stable over the 8 hour time course (Figure 4.12). This
result supports my earlier result with the AFBTrCP1 mutant showing that loss of
ubiquitylation would not raise the stability of TAp63y above that of TAp63y alone, in
that even the low residual level of poly-ubiquitylation on TAp63y which is retained by
the TAp63yS62R is sufficient to stabilize the protein over that of the TAp63y alone,
while the hyper-ubiquitylation conferred by the TAp63yD61R mutation is in fact able to
render the protein highly stable. In accordance with this result, I also went on to see if
the p21 mRNA increase would also be conserved. Again, | co-expressed the TAp63y
constructs with BTrCP1 in H1299 cells and examined the p21 mRNA levels by semi-
quantitative PCR (Figure 4.13). In this preliminary experiment, | show that the level of
p21 mRNA is similarly upregulated with each of the TAp63y mutants compared with
TAp63y (lanes 2-4 compared with lanes 6-8). This result suggests that even a minimal
amount of ubiquitin is sufficient to confer a TAp63y-mediated increase of p21 mMRNA.

While further experiments would be needed to understand the mechanism of how these
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Figure 4.12 - The TAp63yD61R and TAp63yS62A mutants show altered
stability that is greater than TAp63y’s stability in cells. H1299 cells were
transfected as noted and treated with CHX over the labeled time course. WB was
performed with noted antibodies.
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Figure 4.13 - The TAp63yD61R and TAp63yS62A mutants activate p21
similarly to TAp63y when co-expressed with TrCP1. H1299 cells were
transfected with the vectors above and analyzed by RT-PCR with the primers

shown.
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mutations effect p63y ubiquitylation, stability, and its induction of p21 mRNA, directly,
the overall effect that these TAp63y mutations have on stability demonstrates that while
ubiquitylation works as a TAp63y activating signal (as shown with the AFTrCP1
mutant), that modulation of the degree of ubiquitylation has a direct affect on the length
of TAp63y’s stability as well. Thus, while a minimal addition of poly-ubiquitin is
necessary for TAp63y’s augmentation of p21 levels, the amount of global ubiquitylation

on TAp63y can elongate TAp63y’s stability.
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CHAPTER 5

CONCLUSIONS, DISCUSSION AND FUTURE DIRECTIONS

p63 and BTrCP1 are involved in the control of important cell fate pathways and
often deregulated in cancer. In the case of p63, its deregulation has been closely tied to
its protein stability, and the major modification which controls the stability of all the p63
isoforms is ubiquitylation. BTrCP1 is a ubiquitin ligase which has many substrates in
pathways which are critical to tumorigenesis, such as the NF-xB and Wnt pathways.
Thus BTrCP1 may provide an important clue to p63 function and also provide a better
understanding of how p63’s activation intercalates with other major signaling pathways
in cancer and development. In this dissertation, | provide evidence for a novel activation
pathway between TAp63y and BTrCP1, beginning with the observation that the
endogenous and exogenous steady-state levels and the half-life of TAp63y increase
dramatically in the presence of BTrCP1. BTrCP1 binds to TAp63y directly, and also to
ANPp63y to a lesser degree, consistent with our data mapping BTrCP1 binding to the N-
and C-termini of TAp63y. This interaction is also present endogenously. The result of
this interaction is the subsequent stabilization of TAp63y and increased upregulation of
p21 mRNA and protein, though a mechanism which includes increased binding of
TAp63y to the p21 promoter at both a well-characterized p53 family binding site and a
novel binding site for p63 on the p21 promoter. The observed increase of p21 protein is
reflected functionally as an increase of cells in G1 arrest after the induction of a G2 block.
Further, BTrCP1 is able to ubiquitylate TAp63y in vitro and in cells and this

ubiquitylation is needed for the functional activation of TAp63y, as loss of the SCFPT™™
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ubiquitin ligase activity with the dominant-negative ubiquitylation-deficient mutant,
AFBTrCP1, ablates TAp63y’s increased stability, prevents the upregulation of p21
MRNA, and drastically decreases the amount of TAp63y bound to both p21 promoter
regions. This data is supported by experiments using mutants of a putative canonical
BTrCP1 binding site in p63’s N-terminus (TAp63yD61R and TAp63yS62A). Mutations
in this domain are able to change p63’s ubiquitylation and stability without affecting
TAp63y’s binding to BTrCP1 or its activation of p21 in preliminary experiments,
suggesting that a minimal ubiquitylation was necessary for its activity but that the overall
signal length in vivo may be mediated by the degree of TAp63y ubiquitylation.

In light of our data, | would like to propose a model (Figure 5.1) in which
SCFPT® associates with and stabilizes TAp63y in the nucleus through the covalent
addition of ubiquitin. The increased load of ubiquitylated TAp63y at the p21 promoter
then leads to an increased level of p21 transcript and protein and a subsequent increase in

G1 cell cycle arrest.

5.1 Ubiquitin as an activating signal

The literature on various E3 ligases in signaling, in terms not only of the
regulation of protein degradation, but also in terms of protein activation, is increasing at
an incredible rate. While our report is the first to demonstrate a direct role for SCFPT™"
in stabilization and activation of its substrate through ubiquitylation, BTrCP1 has been
characterized previously for its involvement in activation pathways, such as its well-
established role in aiding in the activation of the NF-xB pathway both by degrading

IkBa and by aiding in the proteolytic processing of NF-kB p100 (81). Additionally, the
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—> Cell cycle Arrest
Increased TAp63y bound to -2283 and -20 regions

Figure 5.1 - Model for the ubiquitylation and activation of TAp63y by
SCFBTrCPL TAp63y associates with SCFPTCPL in response to an unknown signal.
SCFPTCPL then ubiquitylates TAp63y on unknown sites, one which is on the N-
terminal (shown), stabilizing it. The stabilized TAp63y binds the endogenous p21
promoter (bottom) at two sites. p21 levels increase, due to the increased binding
of TAp63y to the promoter, most likely through a transcriptional mechanism, and
elicit cell cycle arrest. SCFPT™CP1 complex is shown in color, with ubiquitin
represented by the gray circles.
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association between transcriptional activators and SCF E3 ligases is also well-trodden
experimental ground. For instance, another E3 ligase which forms a complex with the
SCF core is Skp2. Skp2 co-activates the oncogene c-myc through a monoubiquitylation
of c-myc on chromatin (68, 151). Our data clearly demonstrates that TAp63y is
stabilized exogenously at sub-saturating levels of both TAp63y and BTrCP1 (Figures 3.2
and 3.3). Further, TAp63y is destabilized endogenously by knockdown of BTrCP1 and
BTrCP2 (Figure 3.5). Our endogenous data in primary MEFs shows that the TAp63y
protein level is markedly reduced with the loss of BTrCP1 (Figure 3.1). Consistent with
this result, increased levels of BTrCP1 raise the steady-state levels of TAp63y (Figure
3.2), while the mRNA levels remain unchanged (Figures 3.1, 3.2, and 3.12). Taken
together, these data demonstrate that the stabilization and activation of TAp63y by
SCFPT® s present endogenously.

An intriguing result is our data showing the clear effect of the ubiquitin
modification itself on TAp63y stability which could have impact on specific p63 isoform
regulation. Our data shows that the p63 isoforms have a distinctly differing degree of
ubiquitylation, demonstrating that ubiquitylation could be used as one mechanism to
distinguish specific activition of each p63 isoform (Figure 4.1). Also, supporting this
conclusion is our data with the TAp63yD61R and TAp63yS62A mutants where the
degree of ubiquitylation, rather than the protein-protein interaction, mediates a differing
length of stability (Figures 4.10 - 4.12). However, since our mRNA data, which did not
show a difference in activity between TAp63y and the TAp63yD61R and TAp63yS62A
mutants (Figure 4.13), was taken at only a 24 hr time point | can not observe how these

differences in signal length might affect the activation kinetics of TAp63y. Future
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experiments will characterize the activation of these mutants over a time course in order
to determine if the activation length also varies similarly to the protein half-life.

Further, in terms of our assays with the TrCP1 mutant, TAp63y is ubiquitylated
in the presence of BTrCP1, but not AFBTrCP1 (Figures 4.2 and 4.3). This result is
important for our analysis, since the AFBTrCP1 mutants can still bind, but not
ubiquitylate BTrCP1 substrates due to lack of recruitment of the SCF backbone. Our data
clearly shows that significantly more TAp63y is recruited to the chromatin fraction and to
the p21 promoter in the presence of BTrCP1 (Figures 3.14 and 3.16) after its stabilization,
accounting for the significant increase of p21 at both the mRNA and protein level
(Figures 3.12 and 3.13). This upregulation most likely occurs through direct
transcriptional activation of TAp63y on the p21 promoter; characterization of the
specifics of this mechanism will be discussed below. Yet in each case when the
ubiquitylation activity is lost through expression of the AFBTrCP1 mutant, TAp63y’s
stability (Figure 4.6), its upregulation of p21 (Figure 4.7), and its binding to the p21
promoter (Figure 4.8) are lost as well. The implications for this dominant-negative
activity in vivo will be discussed below.

Further adding detail to our model is the fact that the stability of TAp63y is likely
initiated off chromatin, since our IP data is taken from a whole cell lysate that would not
contain chromatin-bound proteins. In the case of my IP conditions | was also able to
successfully detect endogenous cullin 1 by WB (data not shown), indicating that the SCF
backbone was precipitating with the sample, since TrCP1 and TAp63y do not contact
cullin directly. Further, I know that TAp63y’s stabilization and activation occur in the

nucleus, since BTrCP1 and TAp63y both are nuclear proteins, and are therefore aptly
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placed for transcriptional regulation (34, 173). Also, preliminary data using
immunofluorescence for GFP-TAp63y and Flag-BTrCP1 showed that both proteins were
nuclear, similar to their published expression patterns, and co-expression did not alter
their localization (data not shown). Further, in the process of my ChlP assays | was
unable to detect Flag-BTrCP1 bound to the same regions of the p21 promoter which were
highly positive for TAp63y using a Flag-M2 antibody that works admirably for ChIP
with other Flag-tagged proteins (data not shown). However, these findings do not rule
out that the BTrCP1 is present bound to TAp63y at the promoter, but not directly to DNA.
Important future experiments which would help to elucidate the exact sequence of
events and better understand how the ubiquitylation itself might be potentiating the
activity of TAp63y on the p21 promoter could be to precipitate the chromatin bound
versus chromatin unbound TAp63y complexes, to separate them by using a gel or column,
as described below, and to identify them using mass spectroscopy, in order to compare
the fractions for potential mediators of a larger transcription complex. Since each p63
isoform is predicted in using a different transactivation complex, elucidation of a
TAp63y/BTrCP1-specific signaling complex would provide more detailed information on
one of these complexes and allow for future experiments to understand how TAp63y
could work with the other p53 family members on common target genes, as well as its
specific transcriptional targets. Initial purification techniques which might allow for such
separation of DNA bound complexes would include a large scale DAI (DNA affinity
immunoblotting), where a biotin labeled DNA sequence of the p21 promoter is mixed
with cell lysate to IP out complexes, bound to magnetic avidin beads, and precipitated

using magnetic attraction, followed by SDS-PAGE analysis, staining and identification of
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complexes by mass spectrometry (92). An alternative to the above experiment would be
an elution, followed by analysis of co-migrating fractions with the TAp63y/BTrCP1
complex off of a DNA column. Both of these techniques might not precipitate all of the
complex components, as they use oligo sequences of DNA. However once the proteins
which precipitate with DNA-bound p63 are identified, further identification of proteins
which interact with those components could continue elucidation of the macro-complexes.
One protein which has been shown to be involved in the SCF**"? activation of c-myc and

could also be involved in a TAp63y/SCFPT™"

-containing transcription complex is p300.
Our laboratory’s earlier studies showed that p300 could bind and acetylate TAp63y on
the N-terminus and that this modification also served to upregulate p21 mRNA and
protein levels. Therefore our study has provided an important starting point for more
detailed experiments which could elucidate p63’s differing and complex function on
target genes such as p21, and since ubiquitylation has been traditionally studied for its
role in cell cycle control, p21 is indeed a very apt place to begin to build such a signaling
network.

While ubiquitin is traditionally considered a degradation signal, the list of proteins
which use ubiquitin as an activating stimulus is growing and at the root of this debate is
the concern over how important a specific type of poly-ubiquitin linkage is to signaling.
Some ubiquitin linkages have been closely tied to activation, as is the case with the K63-
ubiquitin linkage tested in this study. Our data showing that the ubiquitylation of
TAp63y by BTrCP1 occurs largely though a K48-mediated ubiquitin linkage is a very

surprising and intriguing (Figure 4.5), as a K48 ubiquitin linkage has often been shown to

mediate protein degradation, rather than stabilization (160). However, it is not as
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surprising in the sense that BTrCP1 uses a K48 linkage to poly-ubiquitylate TAp63y,
since this E3 ubiquitin ligase has been documented to use this linkage for its other
substrates to elicit their degradation (34, 81). Thus, our study, though quite preliminary
and requiring further and close validation, suggests that FTrCP1 may work similarly to
other SCF components, such as Skp2, which has been documented as using both K48 and
K63-mediated linkages. Though how the SCF**"? is able to accommodate or select for
one linkage versus another with all the core components remaining unchanged is under
current investigation (56, 69, 152, 153). It would be interesting if a K48 ubiquitin
linkage were used by BTrCP1 to mediate TAp63y polyubiquitylation and stabilization as
will be determined by further investigation.

One recent study which might explain this difference in signaling for BTrCP1
demonstrates that forked poly-ubiquitin chains created by some E2s, including UbcH5
(used in our in vitro assays), may also be a signal used for a function other than
proteasomal degradation (66, 81). This study examined the linkage and chain branching
of several types of E3s in vitro, using several E3’s including the RING proteins MuRF1,
a muscle-specific E3 critical in muscle atrophy, and MDM2, using a combination of in
vitro ubiquitylation assays similar to those in our study followed by mass spectrometry.
They found that MuRF1 and MDM2 did not show a preference for a specific ubiquitin
linkage when mixed with various lysine mutants of ubiquitin, and that they were able to
form branched chains containing many types of ubiquitin linkages when in the presence
of wild-type ubiquitin (67). They also found that the HECT domain E3s they studied,
E6AP and NEDD4 only make homogenous chains (K48 and K63 respectively) (67).

Therefore, there is a possibility that the linkage might be altered in vivo depending on the
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abundance or availability of a given E2 which could form a branched chain versus an
unbranched chain. In fact, their data suggests this E2 dictation of chain branching is in
fact the case, as MuRF1, an E3 ligase would form branched chains with UbcH5, but not
with other families of E2s (67). This result is particularly striking when looking at the
data on p63 degradation, since NEDD 4 is able to degrade p63, while MDM2 does not
(157). Also of note, this study did not test UbcH3, another E2 which also works in vivo

and in vitro with SCFPT"CP!

, and our in vitro assays showed equivalent activity to UbcH5c.
However there is another paper which shows that the SCF complex is able to form non-
K48 linked chains when functioning with UbcH5 (166). Our mutant assay is largely
preliminary and limited to the very first tri-ubiquitin linkage off of the mono-ubiquitin
attached to the molecule. Further examination of the branching in cells and in an in vivo
system would be extremely challenging future experiments since the detection of
ubiquitylated proteins, let alone poly-ubiquitin chains is difficult even with purified
protein because of the small concentration of a given ubiquitylated moiety. Further, as
the authors of the above mentioned studies conclude, deciphering how exactly these
linkages and branches work in vivo to stall degradation and potentially mediate activity
will be difficult and challenging experiments because of the milieu of other factors, such
as caspases and deubiquitylases which are also working against chain stability in vivo.
Therefore, if detailed biochemical studies were to proceed on the nature of TrCP1’s
ubiquitylation of TAp63y versus its other substrates, the preliminary studies would be

limited to an in vitro system following a similar combination of in vitro ubiquitylation

assays and mass spectrometry. However, the connection between ubiquitin linkage and
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activity will continue to be an important question which will be no doubt be explored
further as the techniques advance.

While TAp63y is the first substrate known to be activated by SCFPT""!-mediated
ubiquitylation, the p53 family members can each be activated by ubiquitylation. Both
MDM2 and NEDL2, a NEDD-4 related HECT-containing E3 ligase, stabilize p73,
though NEDL2 is the only one which ubiquitylates p73 (157). Still, perhaps the most
interesting of these studies is one paper showing that p53 is targeted for ubiquitylation by
E4F1, and this modification slightly stabilizes it for a p21-specific activation cascade
very similar to what | observe with p63 (88). While | tested several p53 family target
genes, including Bax, MDM2, and P1G3, the only downstream regulation | observed was
the regulation of p21. Albeit, while I tested a small subset of p63’s known targets, lack
of regulation of these pro-apoptotic target genes supports my observation that an increase
of apoptotic cells was not detected by FACS analysis (Figure 3.17). This lack of
apoptotic induction in conjunction with the presence of an activating ubiquitin
modification was also similar to the p53/E4F1 study. Interestingly, the ubiquitylation of
p53 by E4F1 also occurs through a K48-linked poly-ubiquitylation which they
demonstrate as having a much different pattern of p53-ubiquitin moieties by WB than an
MDM2-mediated ubiquitin linkage in cells (49, 88). Additionally, as far as the
relationship between p63 and an SCF E3 ligase, it is unsurprising that p63 is targeted by
an SCF complex, as p53 is also recognized by a cullin-containing complex during viral
infection (123). The characterization of BTrCP1’s ubiquitylation of TAp63y would be an
interesting future study, especially with the conservation of this stabilizing role of

ubiquitin among two of the three p53 family members (101). For now, what is clear in
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light of our data and earlier studies is that the relationship among p63’s DNA binding,
subsequent transactivation activity, and stability is most likely the result of subtle
modifications and interactions tailored to each isoform.
5.2 p63 isoform specificity

As mentioned above, p63’s six isoforms provide a mechanism of varied control of
their signaling pathways. In the case of BTrCP1 interaction, both p63a and p63y
isoforms can bind BTrCP1 in cells exogenously and endogenously, but not p63 isoforms
(Figures 3.6, 3.8 and 3.9). Also, BTrCP1 binds TAp63y and ANp63y isoforms in vitro
and in cells at both the N- and C-terminal segments of the protein (Figures 3.6, 3.7 and
3.11), regions known to be important for moderating stability among the p53 family
members. The interaction of the p63 isoforms in this signaling pathway could be
explained by a thorough analysis of p63/BTrCP1 binding affinity and presence of BTrCP1
in the cell. These potential differences in p63 isoform competition for SCF*"“"* binding
could translate to a difference in ubiquitylation. In fact, a difference in p63 post-
translational modification is often found in the current literature (see Introduction). For
example, the sumoylation reaction that decreases p63 stability is unique to the p63a
isoforms (37), as the ubiquitylation by Itch may also be present on only the p63a
isoforms (128). In the case of our study, binding strength seems to be dependent on more
than simply the availability of isoform-specific domains. Even though BTrCP1 binds to
both the N- and C-terminal domains of p63, regions which, taken together are common to
all the p63 isoforms, there is clearly a preference for binding to the p63a and p63y
isoforms. The reason for the lack of endogenous interaction with p63p could be that the

p63p isoform has a slightly different folding pattern than the other isoforms, or it is
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constitutively modified endogenously or bound in complexes in a way that would mask
the charged areas needed for fTrCP1 interaction. Future proteomics studies, as
mentioned above, and structural studies may reveal these differences in binding and
complexes between each isoform.

Also, it is quite intriguing that BTrCP1 makes both N- and C- terminal contacts
with p63 and has varying interaction at those regions because the difference in binding
strength could easily provide a mechanism for the modulation of TAp63 versus ANp63
isoform activity. Other than conferring a selective TA isoform-specific advantage in
binding to and subsequent activation by BTrCP1, this dual binding site may also serve
three distinct purposes. First, the placement of the N-terminal site may occlude the
binding of other substrates allowing for selective activation of specific downstream
targets involved in growth arrest, but not apoptosis, as our later mMRNA/protein activation
and cell cycle profile suggests (Figures 3.12 and 3.17). In this respect the lack of binding
in the case of endogenous TAp63p could be explained in that other interacting proteins
may have a higher affinity for TAp63p at those sites (Figures 3.15 and 3.16). Again,
characterization of isoform-specific translational complexes will provide more insight
into this question. Secondly, it could also prevent export to the cytoplasm, in the case of
MDM2 occlusion, or prevent immediate degradation by ligases, such as Itch. Lastly, it is
also possible that BTrCP1’s binding facilitates the placement of other post-translational
modifications on p63. Our preliminary data has suggested that hyper-acetylation and
hyper-phosphorylation works to block global p63 ubiquitylation (Appendix B),
suggesting that perhaps under certain stimuli, TAp63y stabilization by BTrCP1 may be

replaced in favor of an acetylation or phosphorylation modification. Of note, the S62
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residue of TAp63’s potential BTrCP1 binding site is phosphorylated in response to UV
(107), and our preliminary experiments with UVC exposure demonstrated that this
stimulus caused a decrease in global ubiquitylation, suggesting that high levels of
phosphorylation might block TAp63y’s binding to BTrCP1. Future experiments with
mutant of p63 deficient in BTrCP1-mediated ubiquitylation, or ubiquitylation and activity
assays in aﬂTrCPl"' system would be challenging but would provide a careful analysis
of the specific mechanisms involved with signaling at this site. Further, this data
suggests the presence of a potential feedback mechanism (discussed below).

Also, the intrinsic balance between the p63a and p63y isoforms should be
considered. As mentioned in Chapter 1, it has been demonstrated that ANp63a and
TAp63y are often inversely correlated and that the ANp63 isoforms are very potent
inhibitors of the TAp63 isoforms (18). Our endogenous assay shows that more ANp63a
precipitates with BTrCP1 than TAp63y. | do not feel this result is a direct reflection of
endogenous binding affinity. The most likely explanation for this result is that the non-
denaturing conditions of the IP allowed a majority of the ubiquitylated TAp63y
complexes to precipitate out of solution, because while BTrCP1 is able to bind both p63a
and p63y isoforms, our data shows that the ubiquitylation of the p63a isoforms does not
increase in the presence of BTrCP1 and that BTrCP1 co-expression actually decreases the
half-life of those isoforms. | have not included this data into my study as described here
because the regulation of p63a. is clearly operating through another mechanism than what
I describe for TAp63y. Since ANp63 and TAp63 are not ubiquitylated by BTrCP1 even
though they are still able to bind BTrCP1, it is possible that the p63a isoforms are

involved with a competing BTrCP1 regulatory complex (see section 5.4 for discussion of
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two such possible related pathways). However, it is important to note that the
endogenous binding of both isoforms provides a clear mechanism for substrate
competition that could allow for a balance of the TAp63y and ANp63a isoforms. Clearly,
future studies on specific isoform binding affinity and competition assays would need to
be carried out to understand how much of this control is due to binding affinity and how
much is due to other factors, such as variance of activation complexes and sub-cellular
localization. Lastly, it would also be important to understand how this difference in
interaction directly translates to competition on p63 target promoter regions, since there
have yet to be biochemically detailed studies of promoter affinity or competition in a
system with all of the family members. It is clear that TAp63y is also the strongest
transcription factor of the p63 isoforms (101). Therefore even a small adjustment that
would alter the observed elevation of its activity would have impact on p63 function in
the cell.

Further, in each of these cases, it is important to keep in mind that not only
BTrCP1’s affinity for the individual p63 isoforms, but also BTrCP1’s affinity for its other
substrates would play a critical role in its regulation of p63 under our model, as SCFPT™*™
protein levels have been demonstrated as a limiting factor in endogenous signaling (34,
81). Our data shows that BTrCP1 also binds TAp63a and ANp63a; this binding could
provide another level of regulation through isoform competition. How this isoform
competition might function in parallel with BTrCP1’s other substrates is discussed below.
Likewise, future studies will likely elucidate the effect of the specific balance of p63
isoforms, as well as the other p53 family members, on this pathway in vivo, since these

studies focus largely on TAp63y and our binding and ubiquitylation data suggests that
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differences in binding and ubiquitylation would be important for the regulation of p63
signaling through this mechanism. Therefore, most likely a fine balance exists between
the availability of both BTrCP1 and p63 impacting BTrCP1’s ability to act as a regulator
of p63.
5.3 The function of a second p21 promoter binding region

p21 has long been known as a target gene of p53 and was later shown to be the
major cell-cycle regulatory gene for p53, since it executes p53’s primary cell growth
arrest response (28). Several groups have shown that p21 is also an active target of p63
and p73 as well (101). Since p21 is such an important cell cycle regulator, it is
unsurprising that its control is complex and under the jurisdiction of many transcription
factors, including the p53 family. The studies in MEFs null for each or a combination of
the p53 family members showed that loss of p63 or p73 alone, lowered but did not ablate
p53’s transcription of p21 or its binding to the p21 promoter, suggesting that cell cycle
regulation is both an ancient and at least partially redundant function of all three p53
family members (29). The TAp63 isoforms have long been known to activate p21
transcription (101). Also, this response was varied according to the nature of the
upstream stimulus, as UV was able to activate TAp63y’s control of p21 and elicit an
apoptotic response, but other types of genotoxic stress showed much lower activity and
apoptosis, leading them to conclude that perhaps TAp63y induces a differentiation
program under specific stress conditions (64). One group demonstrated that ectopic
TAp63y expression induced p21 in an erythroleukemia cell line to induce differentiation,
rather than apoptosis (64). Though now it is known that this apoptotic effect most likely

differs as a result tissue specific stimulus, as noted in Chapter 1. Also ANp63a has been

122



shown to be able to bind to the p21 promoter and this binding decreases during
keratinocyte differentiation along with binding to the 14-3-3c promoter (94). Our
laboratory’s previous study shows that p300 acetylation is able to activate TAp63y on
p21, similarly to this study showing that BTrCP1 co-expression is able to upregulate p21
at the transcript and protein level. This control of p21 has implications in p63’s roles in
cellular senescence, differentiation and the cell stress response, which will be better
understood with future analysis of how p63 regulates p21 transcription.

In my study, | demonstrate that TAp63y’s ability to upregulate p21 at the mRNA
and protein level is significantly enhanced in the presence of BTrCP1 (Figures 3.12 and
3.13). This upregulation is also associated with an increase of TAp63y protein load at a
well-established p53 family member site in the p21 promoter (P1) and also a site near the
promoter (P2) which has been shown by previous studies to not be a p53 binding site (38),
but in the case of my study shows significant binding of TAp63y which increases upon
BTrCP1 co-expression (Figure 3.15). The binding activity at both p21 promoter regions
is significantly decreased compared to TAp63y alone when co-expressed with the
AFBTrCP1 mutant. Since the major focus of this study was the initial characterization of
the pathway in terms of the ubiquitylation reaction and TAp63y protein stability, | used
both the RT-PCR analysis and ChIP as an indication of TAp63y function. Since many
other groups have shown that p63, particularly TAp63y, is a potent transcriptional
activator of p21 and that p21 levels are well-established to be under the control of protein
stability through proteasome-mediated degradation, rather than mRNA degradation (58,
90, 106), it would be quite reasonable to argue that our observed upregulation of p21 is at

the transcriptional level.
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However, future experiments would need to expand on the mechanism of p21
transcription by p63 through the second promoter site. Through EMSA using sequences
from the p21 promoter it would be possible to isolate the sequence that TAp63y binds
near the -20 site. Further, since our ChlP assay makes approximately 1000 bp fragments,
and the fact that the distribution of several p53 family- and p63-favored core binding
sequences is at the start of the gene and into the gene sequence itself, this assay should
also include regions at the beginning of the gene. In fact, recent genomic analysis
showed that several p63 binding sites may also be within the p63 target gene sequence
itself (169); therefore the fragment | amplified could be recognizing a region in the first
~1000 bp of the p21 gene itself. Once the second binding sequence is determined by
EMSA and DNA footprinting assays, that region could then be cloned into a vector for a
luciferase or other type of reporter assay to test de novo transcription for a relative
comparison of promoter strength of the P1 versus the P2 site. This information would be
particularly useful in discerning the effect that p53 expression would have endogenously
on this pathway. Since all of our assays (including the endogenous assays) were
conducted in cell lines that have either lost p53, or have significantly reduced p53 levels,
and p63 binding to promoters of target genes, including p21, is known to be partially
controlled by both p53 and p73 activity, reporter assays would also provide valuable
information as to the effect of the ubiquitin modification on promoter strength. Further,
studies using nuclear run-on assays would allow a quantitative assessment of endogenous
p21 activation. Also, this technique along with other real-time kinetic measurements of
gene activation are being currently adapted to the microarray chip technology, so soon

the de novo kinetics of TAp63y on the p21 promoter will be able to be studied in a variety
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of conditions so that | might better understand the details of how BTrCP1’s activation of
TAp63y influences the de novo kinetics of p21 transcription.
5.4 Potential in vivo effects — upstream signals and relationships to other pathways
One of the limitations of our study was that the assays involving p21 upregulation
and promoter binding were done at a purely exogenous level. In order to study the
endogenous role of this activation | would first need a defined upstream signaling
stimulus that | would know to be specific for fTrCP1-mediated TAp63y activation. As
of yet, | do not know what upstream signal may contribute to regulation of the
TAp63y/BTrCP1 signaling pathway described here, though there are several possibilities
in both developmental pathways and also cell stress pathways. Stimuli that have been
shown to activate both BTrCP1 and the p53 family are UV irradiation and tumor necrosis
factor o (TNFa) exposure (34, 101). UV irradiation while activating TAp63y and its
regulation of p21, has also been shown to trigger the proteasomal degradation of ANp63a.
BTrCP1 is also activated by UV, since the regulation of some of its associated kinases are
activated in response to UV irradiation. The most striking example of this regulation is
the degradation of Cdc25a and b which is mediated by a UV triggered pathway driven by
p38 and JNK phosphorylation (13, 57). In our preliminary studies, UVC irradiation 20-
100 J/m? decreased the level of global p63 ubiquitylation in a dose-dependent fashion
(data not shown). Similarly, our preliminary data with TNFa also showed no additional
increase of TAp63y ubiquitylation (data not shown). In the case of both of these
experiments, it is possible that our observations are due to the fact that the expression
level of exogenously expressed TAp63y is too high to see a difference. The ideal

scenario would be genetic experiments using stable knockdown specific for TAp63y and
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BTrCP1 or both under a variety of upstream stimuli to find an appropriate stimulus and
dosage for TAp63y/BTrCP1 pathway-mediated regulation of p21, versus the action of
BTrCP1 or p63 with other signaling pathways that might give a misleading result. A very
recent paper accomplished specific knockdown of BTrCP1 in cells (150), and isoform-
specific sSiRNAs against p63 will likely be published soon (A. Mills, personal
communication). Other than exploring dosages of the more endogenously applicable
UVB exposure, other possibilities are hydrogen peroxide, which activates TrCP1 and
p53, or other forms of genotoxic stress from chemotherapeutic agents used to activate the
p53-family members.

I did not explore developmental stimuli, but given what is known about p63
signaling and its importance to epithelial development it would be more than reasonable
to test the role of TAp63y’s activation by BTrCP1 in development. As mentioned in
Chapter 1, p63 has a major role in epithelial development which has been determined
through the use of several knockout and transgenic mouse models. The TAp63 isoforms
come on early in development (E7.5) and are involved in the commitment to stratification
(94). They then continue in expression into adult tissue. After the single layer epidermis
has committed to stratify, the ANp63 isoforms come on, at E9.5, to allow cells to respond
to terminal differentiation signals and also to maintain the stem cell niche (94). Itis
during this stratification that the balance of most epithelial tissue shifts to favor the
ANp63 isoforms, particularly ANp63a. So during development, there is an additional
layer of temporal control dictating the TAp63y/ANp63a isoform balance. This temporal
control is also to balance the regulation of p21 during development because cell cycle

arrest is a prerequisite for terminal differentiation. Thus TAp63y expression can activate
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p21, while ANp63a and TAp63a are known to inhibit p21 and 14-3-3c, allowing the cells
to resume amplification after commitment to terminal differentiation. Further feedback
maintaining p21 activation is achieved through TAp63y’s transcriptional induction of
Jagged-1, a Notchl ligand, and also the activation of IKKa as a downstream target gene
(94). When IKKau is active, this also allows for activation of NF-kB, which can also
regulate p21 activity in growth arrest in a manner that can be altered by the p53 status of
the cell depending on the stimulus and cell type (94). Further, our unpublished data
suggests that IKKao and IKKp also phosphorylate TAp63y, and that the
hyperphosphorylation induced by the IKK complex mimics that of exposure to a
phosphatase inhibitor, okadaic acid (OA) (see Appendix B). This phosphorylation also
causes a global drop in ubiquitylation of TAp63y, suggesting that the BTrCP1 activation
of TAp63y might occur in a parallel pathway which is able to perturb the post-
translational modification of TAp63y.

Once a stimulus is determined, the next question that could be addressed would be
how BTrCP1’s activation of TAp63y might play into this signaling pathway. It is likely,
given the drastic reduction of ubiquitylation of TAp63y following hyperphosphorylation
and hyperacetylation, as shown in Appendix B, that fTrCP1’s activation of TAp63y
would exist in parallel or in conjunction with its acetylation by p300. As mentioned in
the Introduction, this N-terminal region is targeted by many binding proteins and the
binding sites and potential modification sites of factors, such as pTrCP1, p300, and at
least one unknown kinase overlap in that region. Since there is one lysine (K49) on
TAp63y’s N-terminus and both p300 activation of TAp63y and BTrCP1 activation of

TAp63y involve direct binding of each respective factor to the N-terminus, it is possible
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that through shared modification of K49 of TAp63y that there might be some overlap in
function and from these two pathways, and another additional layer of regulation could
be mediated by phosphorylation on nearby residues. In fact, in the case of p53’s
stabilization by E4F1, acetylation by PCAF, but not p300, acted as a specific inhibitory
signal for E4F1-mediated ubiquitylation (88). As more downstream genes are found for
p63 and the BTrCP1-specific ubiquitylation sites and those for TAp63y acetylation are
mapped, | will be able to know with more certainty how the ubiquitylation might relate to
the acetylation. Further, given that BTrCP1 regulation is dictated largely by substrate
competition, it is reasonable to propose the existence of such a feedback loop where
TAp63y is able to bind BTrCP1, to activate p21 to mediate a growth arrest, or
stratification commitment program, which would later be downregulated by rising
ANp63a levels that would compete for the fTrCP1 pool. A second source of
downregulation would come from ANp63a’s indirect activation of IKKa through GATA-
3 which would increase the amount of phosphorylated IxB and NF-xB substrate (16) and
compete away the pool of BTrCP1 bound to p63. Given the potential interplay and
competition between the BTrCP1/TAp63y signaling axis and the BTrCP1/IkBo/NF-«xB
signaling axis this regulation also provides a potential mechanism of chemoresistance
because the interrelationship of these two pathways provides a way to uncouple the
growth arrest and apoptotic function of the p53 family members. Therefore, if cells were
arrested without undergoing apoptosis for an extended period of time, they could aquire
additional mutations that could cause their transformation. This effect could be
particularly amplified by the presence of inflammatory factors such as TNFa, which

promotes an increase of p21 through the NF-xB pathway and the p63/BTrCP1 pathway;
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both of these responses which do not trigger apoptosis, along with the concomitant
degradation of p73 and accumulation of inactive p53 (27, 65). Increased levels of p21
have been historically associated with chemoresistance in some cancers. This scenario is
one which could be assembled using the current literature, but of course would be very
complex in vivo depending on the cell type and other factors since the p53 family,
BTrCP1 and NF-kB can all be associated with apoptotic and anti-apoptotic roles.

Another axis that is related to both the p53 family and is also a target for BTrCP1
is the oncogene B-catenin. B-catenin is a transcription factor well characterized for its
role in the Wnt signaling pathway, as well as an important component of cadherins
junctions which regulate cell-cell adhesion. Under normal homeostasis -catenin is
bound by a complex containing GSK3p, axin, the APC complex and CK1. This complex
phosphorylates B-catenin on its BTrCP1 canonical binding domain so that TrCP1 can
ubiquitylate it and degrade it (1). When this GSK3p complex is inhibited fTrCP1 can
not degrade B-catenin, so free B-catenin can translocate to the nucleus and act as an
oncogene (1). ANp63a is able to antagonize this loop and promote a nuclear
accumulation of B-catenin (116). ANp63a has been shown to directly bind to the B56a
subunit of PP2A and inhibit its activation of GSK3p, preventing B-catenin’s recognition
by BTrCP1 and allowing B-catenin to accumulate in the nucleus (116). Thus under cell
stress it is quite possible that TAp63y’s stabilization by BTrCP1 and its upregulation of
p21 would provide an important tumor-suppressor signal to counteract the oncogenic
effects of B-catenin. In this case, the activation of B-catenin would cause a rise in the
pool of free TrCP1 in the nucleus, which would then activate TAp63y and trigger

growth arrest. Further, B-catenin activates p53 transcription and active p53 is able to
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downregulate B-catenin levels (131). Therefore it is unsurprising that aberrant
accumulation of B-catenin in tumors is often associated with p53-inactivating mutations.

TAp63y’s activation by BTrCP1 could provide an extra layer of redundancy in
p53 tumor suppression in cells that have lost p53 function in this way, allowing them to
arrest rather than remain in the replicative pool. In fact, in cancers such as colorectal
cancer where increased expression of BTrCP1 is associated significantly with increased
B-catenin and NF-kB levels, separate experiments have also showed that p53 is also often
inactive (34, 143). Itis also important to note that this regulation has also been shown to
be particularly sensitive to the dominant-inhibitory effects of extreme BTrCP1
overexpression or F-box function compromised mutants that would act similarly to our
AFBTrCP1 construct. Not surprisingly, increases in AFBTrCP1 are also associated with
higher levels of B-catenin and NF-xB (34, 44). Therefore in cancers with upregulated or
mutated BTrCP1 that have lost p53, TAp63y signaling could also be compromised due to
increased binding of a mutated BTrCP1 which would cripple its activation of p21. This
scenario could manifest as an increase of the TAp63y isoforms in the tumor as a result of
a large pool of stable but inactive TAp63y.

Since there was a postulated link between ANp63a and -catenin which could
explain ANp63a’s pro-oncogenic role, two studies examined this relationship in human
tumors. One study examined the relationship between ANp63a and B-catenin in a large
tissue array of human neoplasms (75 each of several different tissue types, including
breast, colon and lung). This study found no significant correlation between ANp63 and
levels of nuclear accumulation of B-catenin (126). However a downfall of this study is

that the authors did not examine the levels of any other regulators, including TAp63, p53,
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and p73 status. It is more than possible that stabilization of the TAp63y isoforms would
overwhelm the levels of ANp63a. This increase in the TAp63 isoforms is seen in several
epithelial tumor types, such as head and neck squamous cell carcinoma (79), and also
non-epithelial tumor types, such as lymphomas (41). A more descriptive experiment
using a similar broad tissue array would test for specific isoforms, as well as provide
information on the p53 and p73 status of the tumors, and also provide the BTrCP1 levels
along with those of B-catenin and provide information more applicable to the variety of
mutations found in human tumors. In fact, a smaller, more specific study on both ANp63
and TAp63 in urothelial cancers found that reduced levels of ANp63a correlated with
reduced levels of B-catenin (74) However, in this study they simply state that ANp63 is
the predominant isoform, without a more intensive analysis of the samples.

Thus, if an accurate picture of p63 signaling is to be gleaned from the data, future
in vivo studies should provide a more thorough analysis of specific isoform contribution
in combination with what is known about p63 regulatory pathways. One way to begin
this work would be to perform a thorough genomic and proteomic correlation between
specific p63 isoform levels and the levels of members of pathways, such as the NF-xB
and Wnt signaling pathways, in both normal and tumor samples. Needless to say, these
experiments would be both very time- and labor-intensive, but they would be
extraordinarily valuable in providing a solid basis for the analysis of the molecular data
and the setup of future in vivo experiments concerning tumorigenesis and metastasis.
Also, these trends could be correlated more closely with the data on upstream and

downstream signaling stimuli and targets as they become available and provide a much
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more detailed understanding of how the p53 family could influence cell fate and tumor

progression.

Therefore our study showing ubiquitin-mediated TAp63y activation by BTrCP1
provides valuable information for the study of both tumorigenic and developmental
pathways. Perhaps the most important immediate experiments which would shed light on
the regulation of p63 and how it works in conjunction with shared BTrCP1 signaling
pathways would be biochemical studies comparing the binding affinity of the p63
isoforms with other known BTrCP1 substrates, and transcriptional studies examining the
effect of BTrCP1 on de novo transcription of the p63 isoforms in vivo. This information
would allow a better understanding of how p63 and BTrCP1 levels and competition might
be perturbed in response to stress and developmental stimuli. Also, as a limited amount
of information on upstream signaling and other post-translational modifications of p63 is
available, the information obtained from the above proposed studies can be incorporated
into a better understanding of what role this pTrCP1/p63 pathway has on in vivo

signaling and provide a wider range of information in disease research.
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SUMMARY

This dissertation describes a novel signaling pathway for p63 mediated by
BTrCP1. This interaction is unique, as p63 is the only p53 family member which
interacts with TrCP1. However, the most striking observation of this study is that
TAp63y is stabilized and able to activate cell cycle arrest through p21 by way of an
ubiquitin-mediated mechanism involving a non-canonical BTrCP1 binding site and an
ubiquitin linkage that is typically used for degradation. Also, p63 is the first substrate
which is stabilized by BTrCP1.

Our data shows that BTrCP1 expression stabilizes TAp63y exogenously and
endogenously, increasing its steady-state level through an increase in protein half-life and
that loss of BTrCP1 lowers the steady-state of TAp63y and decreases its half-life. This
change was determined to occur through a post-translational mechanism, since the
MRNA levels of p63 in all cases remained constant. This difference in stability was
conferred through direct interaction of BTrCP1 with the N- and C- termini of p63, as
p63a and p63y isoforms interacted with BTrCP1 in vitro and in cells both exogenously
and endogenously and that interaction was mapped in vitro to TAp63y. The result of this
increased stability was an increased upregulation of p21 mRNA and protein levels which
corresponded to an increase of TAp63y bound to the endogenous p21 promoter at both a
well-characterized p53 family binding site and a novel site for p63. This upregulation of
p21 led to the induction of G1/S arrest. Strikingly, the cause for this increase in the
stability and activity of TAp63y was shown to be the ubiquitylation of TAp63y by

SCFPT™®P as BTrCP1 was able to ubiquitylate TAp63y in vitro and in cells. Also, this
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ubiquitylation, along with the increase in stability, activity and promoter binding
conferred by BTrCP1 was lost in the presence of the AFBTrCP1 mutant. This
ubiquitylation was shown to occur through a K48 mediated ubiquitin linkage and,
through studies with mutant p63s, that modulation of the degree of ubiquitylation was
able to affect the stability of p63 and demonstrated that even a minimal level of ubiquitin
was enough to mediate upregulation of p21.

This novel pathway is a mechanism that adds to our understanding of p63
regulation in several ways. It provides a pathway specific to the p63y isoforms which
might be regulated by the p63a isoforms and can activate the growth arrest function of
p63 specifically. Further, it provides a mechanism of novel BTrCP1 interaction which
could be used to understand the effect of BTrCP1 on regulation of its many substrates.
Also, it provides another mechanism supporting the studies demonstrating that ubiquitin
can function as activating signal as well as a degradation signal. This pathway has
implications in both development and cancer and provides connections of the p53 family
with the NF-xB pathway, the Wnt pathway, and others involved in the tight regulation of
cell fate. Future studies will no doubt describe specific upstream signaling pathways
which affect the ubiquitin-mediated activation of TAp63y, add detail to the mechanism
and how it might function in the endogenous micro-environment, and how perturbation
or imbalance of this pathway directly relates to p63 deregulation in related disease

phenotypes and cancer.
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APPENDIX A
TAp63y IS ALSO UBIQUITYLATED IN VITRO BY A SCFFT™™ COMPLEX

CONTAINING ROC2

Methods on creation of the SCFPT™“"*-Roc2 complex are included in Chapter 2. The
SCFPT™P_Roc2 complex was generated as part of a co-authorship: M Tan, J Gallegos, H
Lu, Y Sun (145).

In order to determine if SCF?""“"1-Roc2 was also able to ubiquitylate TAp63y in
vitro, purified TAp63y was mixed with the noted components for in vitro ubiquitylation.
As seen in Appendix A, SCFPT®P.Roc2 was able to ubiquitylate TAp63y similarly to
SCFPT™®L_Roc1 (lane 3 versus lane 2), but TAp63y alone or the substrate negative

controls did not show the laddering characteristic of ubiquitylation.
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El (UBA1) + o+ + o+

E2 (UBCH3) +  + o+ o+

SCF-Rocl + +

SCF-Roc2 + +

HA-ubiquitin + + + +
+

his-TAp63y + +

his-TAp63y- ub(n)

his-TAp63y
- 54kd

WB:a.-p63

Appendix A: TAp63y is also ubiquitylated in vitro by a SCFET®P! complex
containing Roc2. SCFPTCPL-Roc2 (SCF-Roc2) was purified according to
Methods and used in an in vitro ubiquitylation reaction as in 4.2. SCF-Rocl
refers to the SCF complex used throughout earlier experiments. WB performed

with noted antibody. * = p63 degradation products.
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APPENDIX B
HYPERACETYLATION AND HYPERPHOSPHORYLATION INCUCED BY
TRICHOSTATIN A AND OKADAIC ACID INHIBITS THE

UBIQUITYLATION OF TAp63y

In order to determine the effect of phosphorylation and acetylation on TAp63y’s
ubiquitylation, H1299 cells were treated with Trichostatin A (TA), a deacteylase inhibitor,
or okadaic acid (OA), a phosphatase inhibitor overnight and for 4 hrs, respectively. The
cells were then exposed to MG132 for 8 hrs, harvested, and assayed for ubiquitylation.
Both TSA and OA treatment did not affect the overall amount of TAp63y alone
compared with untreated cells (lanes 7-9, Appendix B). However, in the presence of
ubiquitin it was clear that both TSA and OA lowered the global ubiquitylation of TAp63y

compared with untreated (lanes 10-12), with TSA not having as great of an effect as OA.
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his-ubiquitin + + + + + +
GFP-TAp63y + + 4+ + + 4+
TSA + + + +

OA + + + +

1 2 3456 7 8 9 10 11 12

Ni-NTA
ey
-100kd
Western
WB: a-p63

Appendix B: Hyperacetylation and hyperphosphorylation induced by
trichostatin A and okadaic acid inhibits the ubiquitylation of TAp63y.
H1299 cells were transfected with noted vectors and 10 uM TSA or 0.25 uM OA,

as indicated. The ubiquitylation assay was blotted as indicated.
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