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ABSTRACT
At a median survival of 14 months, glioblastoma multiforme (GBM) is practically
incurable. Recent genome-wide sequencing efforts underscore the immense heterogeneity
of these tumors. It has been hoped that these studies will reshape current classification
schemes and by identifying key players in gliomagenesis will impact on t herapeutic
modalities. This thesis focuses on the regulation of TRIM3, a potentially important new
player in this disease.

TRIM3 protein expression is reduced in approximately 20-40% of human GBM.
Reducing expression of TRIM3 in mice increases the frequency and accelerates the
development of proneural glioma in mice, indicating that it is a tumor suppressor. The
orthologs in flies and worms regulate the asymmetric divisions of stem cells and loss of
these gene products leads to an increase in the number of stem and progenitor cells.
TRIM3 and its orthologs suppress growth through at least three different mechanisms
including ubiquitination of myc, ubiquitination of p21, or through the miRISC complex.
Additionally, TRIM3 may also have a role in vesicular transport. I set out to determine if
protein interactions and phosphorylation could affect the growth suppressive activity of
TRIM3.

Using a combination of molecular, cellular, and proteomic approaches, I identified a
cluster of seven phosphorylation sites located between the NHL domain and the ABP
domain of TRIM3. These were phosphorylated in a growth-dependent manner. Mutation
of these sites to alanine increased the growth-suppressive activity, whereas mutation to
iv

the phosphomimetic amino acid aspartate decreased growth suppressive activity.
Therefore, phosphorylation inhibits the growth suppressive activity of TRIM3

I next set out to identify the kinases that could phosphorylate these sites. Using a
combination of biochemical, bioinformatic, and proteomic approaches I identified a
number of kinases that interact with TRIM3. Some of them bound t o the NHL domain
and others to the RBCC domain. These kinases phorphorylate TRIM3 in a growth
dependent manner. One of these, CDK16 was needed for the proliferation of a PDGFdriven glial cell line. My work begins to define a regulatory circuit between CDK16,
TRIM3 and growth suppression, and suggests a promise for CDK16 targeted therapy in
proneural glioma.
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CHAPTER 1
INTRODUCTION

I. Glioblastoma Multiforme
Although Glioblastoma Multiforme (GBM) only occurs in about 3 out of every 100,000
people (CBTRUS, 2012), it is one of the deadliest cancers and represents an enormous
unmet medical need. Current treatment strategies are largely ineffective; less than 5% of
patients survive 5 years after diagnosis (CBTRUS, 2012). Part of the difficulty of treating
patients with this disease stems from its complex nature. On both the genetic and the
cellular level, there are many different kinds of gliomas. Although we are already able to
stratify gliomas into several subclasses with different behaviors and prognoses, standard
first-line clinical treatment is uniform: surgical resection, radiation and temozolomide.
This presents a great opportunity for improvement. Understanding the key differences
between subtypes of this disease may allow us to develop targeted, personalized therapy
strategies.

1

Revolutions in sequencing, microarray and mass spectrometry technologies have driven
down the cost of genome and proteome-wide analyses, allowing these relatively unbiased
approaches to be used to discover new pathways and players in this disease. The wellestablished signaling pathways in gliomagenesis are the upregulation of PDGF and
EGFR signaling, and the loss of tumor suppressors INK4a/ARF, p53 and PTEN. Recent
large-scale genomic studies such as The Cancer Genome Atlas both confirmed these
known pathogenic signaling pathways and uncovered the importance of several lesserknown genes. Newly discovered alterations include neurofibromatosis 1 (NF1) (TCGA,
2008) and isocitrate dehydrogenase 1 (IDH1) (Parsons et al, 2008). This new data is
beginning to clarify the genetic heterogeneity of the glioma landscape.

The current WHO glioma classification scheme is primarily dependent on histologybased grading, differentiation status, patient age, and 1p and 19q deletion status (Louis et
al, 2007; Vitucci et al, 2011). Gene expression profiling has shown that there is
significant heterogeneity within the classically defined subtypes, and it can be a better
predictor of survival than histological grade or age (Freije et al, 2004; Gravendeel et al,
2009; Liang et al, 2005; Vitucci et al, 2011). In an attempt to glean practical utility from
this wealth of molecular data, researchers have performed clustering studies on both
genomic and proteomic datasets and produced more nuanced classification schemes.

Although there is no clear consensus for the best way to stratify glioma subclasses based
on gene expression profiling, patterns are beginning to arise. For example, clustering of
the TCGA dataset identified four subtypes: proneural, neural, mesenchymal and classical
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(Verhaak et al, 2010). These subtypes have significant overlap with those identified in
previous studies (Chen et al, 2012; Vitucci et al, 2011). The classical subtype often
exhibited EGFR amplification, and the mesenchymal subtype had PTEN, P53 and NF1
mutations (Verhaak et al, 2010). The proneural class correlated with chronic PDGF
signaling (Verhaak et al, 2010), a characteristic of several similar classes identified in
other studies (Brennan et al, 2009; Gravendeel et al, 2009; Vitucci et al, 2011). Mouse
modeling underscores the importance of PDGF signaling in this subtype; targeted
overexpression of PDGF in nestin-expressing cells faithfully recapitulates many aspects
of this disease (Dai et al, 2001). Nevertheless, these newly defined subgroups are still
heterogeneous, indicating that there may be other important alterations not specific to a
certain class (Chen et al, 2012; Vitucci et al, 2011).

Genomic approaches have proven invaluable for hypothesis generation, and have guided
clinicians and scientists designing new classification schemes. However, to parse out and
understand the regulatory networks that impact the true drivers of this complex disease,
genomics must be combined with traditional molecular biology and state-of-the-art
mouse modeling.

II. TRIM3 is a tumor suppressor in glioma
Recent genome-wide efforts have identified another player in gliomagenesis. TRIM3
maps to the chromosomal region 11p15.5, w hich is lost in about 20% of brain tumors
(Boulay et al, 2009). In addition, approximately 15% of tumors in the TCGA data set
exhibited loss of heterozygosity or homozygous deletion at the TRIM3 locus (Liu et al,
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2012; TCGA, 2008). However, TRIM3 protein expression may be reduced more
frequently, as TRIM3 protein levels were low or undetectable in 7 out of 11 fresh surgical
glioma resections with intact 11p15.5 loci. The physiological relevance of this genomic
and expression data was confirmed in a PDGF-driven mouse model of glioma, where
TRIM3 depletion led to increased tumor formation (Liu et al, 2012). However, loss of
TRIM3 expression is not unique to the PDGF driven class of gliomas, and therefore may
be its own classification marker. Altogether, the data strongly support a tumor
suppressive role for TRIM3 in gliomas.

III. The TRIM Family
TRIM family members are defined by a highly conserved tripartite motif (TRIM)
consisting of a ring finger domain, one or two B-boxes, and a coiled-coil region
(Reymond et al, 2001). The spatial organization of these domains is well conserved,
suggesting that proper orientation and cooperation may be key to their function. The
nature of the variable C-terminus divides the TRIM family into several subclasses (Fig.
1). TRIM family members are involved in a multitude of processes including cell growth
and tumorigenesis (Bodine et al, 2001; Hatakeyama, 2011), differentiation and
development (Wulczyn et al, 2011), apoptosis (Horn et al, 2004; Shyu et al, 2003), viral
response and innate immunity (Nisole et al, 2005; Ozato et al, 2008; Uchil et al, 2008),
and vesicular transport (Yan et al, 2005). Many TRIM family members have
ubiquitination activity, and the presence of the RING domain has led some to suggest that
the entire family could be E3 ubiquitin ligases (for review see (Bernardi et al, 2008;
Meroni & Diez-Roux, 2005).
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The oncogenic and tumor suppressive mechanisms of the TRIM family vary widely and
are often context dependent. Some TRIM family members are involved in translocation
resulting in oncogenic fusion proteins. One notable example is TRIM19, more commonly
known as promyelocytic leukemia protein (PML). It fuses with retinoic acid receptor-α to
form the PML-RARα fusion protein found in 99% of acute promyelocytic leukemia
patients (Bernardi et al, 2008). Several TRIM proteins, including PML, TRIM13,
TRIM24, TRIM28 and TRIM29, can affect carcinogenesis through p53 regulation at
either the transcriptional or post-translational level. In addition, a number of TRIM
proteins control the growth and differentiation of stem and progenitor cells. For a
comprehensive review of the oncogenic functions of TRIM proteins, see (Hatakeyama,
2011).
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IV. TRIM-NHL proteins in neuronal differentiation and stem cell renewal
The ~70-member TRIM family can be subdivided into several classes based on the
structure of their C-terminal functional domains (Fig. 1). TRIM3 is part of an
evolutionarily conserved subfamily including TRIM2, TRIM32, and TRIM71 (Sardiello
et al, 2008). These proteins are characterized by an actin binding (ABP)/filamin motif
and/or a series of NHL repeats. TRIM32 has been the most extensively studied, and its
mutation is associated with muscular dystrophies. Note that with the exception of TRIM3
and brat, TRIM-NHL proteins have not been directly implicated in tumor suppression.
However, a broad look at the TRIM-NHL proteins in a variety of species uncovers
common roles in neuronal differentiation and stem cell renewal. Both differentiation and
cell growth are deregulated during tumorigenesis. Therefore, the roles of TRIM-NHL
proteins in these processes are briefly discussed in the next two sections (reviewed in
(Wulczyn et al, 2011).
1. Mammalian TRIM-NHL proteins
All four mammalian TRIM-NHL proteins are expressed in the brain, where they have
important roles in neurite outgrowth and stem cell renewal. TRIM2 regulates neuronal
cytoskeleton dynamics through neurofilament light chain (NFL) ubiquitination (Balastik
et al, 2008; Khazaei et al, 2011), and TRIM3 is required for neurite extension in the rat
neuronal cell line PC12 (El-Husseini & Vincent, 1999). Occasional asymmetric
inheritance of TRIM32 in neural progenitor cells favors cell cycle exit and neuronal cell
fate, perhaps through miRNA regulation and ubiquitination of MYC (Schwamborn et al,
2009). Furthermore, mice deficient for TRIM32 have altered axon morphology
(Kudryashova et al, 2009). TRIM71 plays a key role during development in zebrafish and
7

mouse models. It is required for neural tube closure and facilitates the self-renewal of
pluripotent stem cells, perhaps through association with Argonaute2 and miRNA
mediated repression of the cyclin-dependent-kinase inhibitor p21CIP1/WAF1 (Chang et al,
2012; Lin et al, 2007; Maller Schulman et al, 2008). Altogether, it is clear that TRIMNHL proteins play key roles during neurogenesis through both ubiquitination and
interaction with miRNA regulatory proteins. Whether they promote or repress progenitor
cell renewal is not always clear and may be context dependent.

2. Non-mammalian TRIM-NHL proteins
The importance of TRIM-NHL proteins in progenitor cell differentiation and self-renewal
is well conserved through flies, worms and mollusks (Bae et al, 2001; Kohlmaier &
Edgar, 2008; van Diepen et al, 2005). L-TRIM knockdown inhibits neurite outgrowth in
molluscs (van Diepen et al, 2005). In C. elegans, disruption of each of the five TRIMNHL proteins results in a r ange of embryonic polarity defects (Hyenne et al, 2008).
Interestingly, NHL2 may play an opposing role to other TRIM-NHL proteins such as
LIN41. Loss of NHL2 led to stem cell maturation and partially rescued a lin-41 mutant
(Hammell et al, 2009). Like some of the mammalian TRIM-NHL proteins, NHL2 may
function through miRNA pathway modulation. It associates and cooperates with
components of the miRISC complex to repress target gene expression (Hammell et al,
2009).

TRIM-NHL proteins have been most extensively studied in flies, where brat and mei-P26
have well-characterized roles in establishing cell polarity and regulating daughter cell
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fate. Brat and mei-P26 both promote differentiation of progenitor cells in different
Drosophila stem cell niches. Mutation of mei-P26 results in cystocyte tumors in the
ovarian stem cell niche, where mei-P26 normally inhibits miRNAs during cyst
differentiation (Caussinus & Gonzalez, 2005). Brat (brain tumor) was named after its
mutant phenotype, as brat mutant flies form tumor-like tissue with close to 100%
penetrance (Caussinus & Gonzalez, 2005; Loop et al, 2004). Brat plays a key role in
neuroblast differentiation. In the neural stem cell niche, a large neuroblast cell divides
asymmetrically, sequestering brat in a secondary neuroblast termed a transit amplifying
cell. This cell self-renews rapidly and divides asymmetrically, producing a ganglion
mother cell which gives rise to two neurons. Mutation of brat results in overproliferation
of uncommitted transit amplifying cells in the neuroblast stem cell niche (Betschinger et
al, 2006; Bowman et al, 2008; Kohlmaier & Edgar, 2008; Lee et al, 2006; Reichert,
2011).

How brat promotes differentiation is not entirely clear. Brat inhibits general protein
translation, which may prevent cell growth and support differentiation. Brat also
posttranscriptionally inhibits dMYC, which could lead to suppression of growth related
processes (Betschinger et al, 2006; Bowman et al, 2008). Interestingly, mutations in the
NHL domain of brat are sufficient for fly tumorigenesis, suggesting that this domain
might be critical for tumor suppression (Arama et al, 2000). This domain has been
crystallized and resembles a W D40 beta-propeller blade, a structure known to mediate
protein-protein interactions (Edwards et al, 2003). Disruption of these protein interactions
is therefore likely to lead to tumor-like overgrowth.

9

3. TRIM3 Functions
Of the mammalian TRIM-NHL proteins, only TRIM3 has been clearly implicated in the
control of cell proliferation and tumorigenesis. Like many of its family members, it has a
N-terminal tripartite motif, followed by an ABP/filamin domain. A ~40 amino acid
unstructured linker region (“hinge”) connects the filamin domain to the 6 NHL repeats,
which likely form a 6-bladed beta-propeller (Fig. 2). TRIM3 is highly expressed in the
brain (El-Husseini & Vincent, 1999), and maps to 11p15.5, a region commonly deleted in
many tumor types, including brain tumors (Boulay et al, 2009; El-Husseini et al, 2001).
TRIM3 knockout mice are viable and do not

display any gross or histological

abnormalities (Cheung et al, 2010). Although these mice have not been crossed to any
other tumor models, work from our lab using shRNA to deplete TRIM3 levels in a
PDGF-driven model for glioma increased tumor incidence (Liu et al, 2012). How TRIM3
exerts its proliferative control is still unclear, but may be related to its function in several
processes. Therefore, a short review of known TRIM3 activities, interactions and
functions is provided below.

Several reports have implicated TRIM3 in vesicular trafficking (El-Husseini et al, 2000;
El-Husseini & Vincent, 1999; Mosesson et al, 2009; Yan et al, 2005). TRIM3 was first
described as a myosin V interacting protein (El-Husseini & Vincent, 1999). The TRIM3
WD40-like beta propeller domain binds to the C-terminal tail of myosin V, a region of
myosin V usually involved in cargo transport. Shortly thereafter, the same group reported
that TRIM3 interacts with alpha-actinin-4, another protein that can associate with the
actin cytoskeleton (El-Husseini et al, 2000). This data was tied together when Yan et al.
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identified a ‘CART’ complex containing all three proteins and the endosome-associated
protein hrs. The CART complex is necessary for efficient transferrin receptor recycling
(Yan et al, 2005). Another group linked TRIM3 to EGFR sorting through interaction with
Lst2. Intriguingly, the ability of Lst2 to bind endosomes and direct EGFR trafficking is
regulated by ubiquitination, although TRIM3 did not appear to be the ubiquitin ligase
(Mosesson et al, 2009). Most recently, Cheung et al. correlated GABAARγ2 activity and
protein expression with TRIM3 presence and suggested that TRIM3 may regulate
GABAAR intracellular trafficking (Cheung et al, 2010). Further work needs to be done to
understand the specific role TRIM3 plays in receptor recycling – which receptors are
involved, how it exerts its control and in which cellular contexts.

TRIM3 also regulates neuron morphology. Overexpression of a TRIM3 mutant lacking
the beta-propeller domain, a presumptive dominant negative mutant, inhibited neurite
outgrowth in PC12 cells (El-Husseini & Vincent, 1999). Expression of this dominantnegative mutant, as well as TRIM3 depletion by RNAi in hippocampal neurons resulted
in enlarged dendritic spine heads. In these spine heads, TRIM3 ubiquitinates the
postsynaptic scaffold protein GKAP, thereby modulating synaptic strength (Hung et al,
2010). Whether the roles of TRIM3 in receptor trafficking or neurons are important for
tumor suppression is unclear.
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Recently, our lab has discovered a novel function of TRIM3 that may account for some
of its tumor suppressive qualities. In PDGF-driven gliomas, where expression of p21 is
associated with cellular growth, TRIM3 ubiquitinates and promotes the degradation of
newly translated p21 (Liu et al, 2012; Raheja et al, 2012). This prevents p21 f rom
stabilizing cyclin D1-cdk4 complexes, reducing cell proliferation and tumor growth in
mice. However, even mice lacking p21 form tumors when TRIM3 is depleted, suggesting
that other pathways are also important for TRIM3 tumor suppressive function.

V. Regulation of tumor suppressors by phosphorylation
I wanted to understand how the tumor suppressive activity of TRIM3 is inactivated such
that p21 can accumulate to promote cell growth. Some studies in our lab indicated that
p21 bound t o cyclin D1-cdk4 complexes is protected from TRIM3 binding (Liu et al,
2012). This suggests that in growing cells, where cyclin-cdk complexes are prevalent,
p21 binds these complexes and enters the nucleus. In this scenario, p21 is sequestered
away from cytosolic TRIM3, thereby indirectly inactivating the tumor suppressive
activity of TRIM3. However, it is also possible that TRIM3 itself is regulated in some
fashion, especially since some of the TRIM3 tumor suppressive activity is p21independent.

The regulation of tumor suppressors that are directly implicated in cell cycle control or
indirectly by modulating key cell cycle regulators occurs at two levels: the level of
protein accumulation (including transcriptional, translational and post-translational
mechanisms)

and

the

level

of

post-translational
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modifications

(including

phosphorylation, ubiquitination and methylation). I quickly discovered that the protein
levels of TRIM3 were not regulated in a growth-dependent manner in glial cells (see
Results), and therefore turned towards post-translational modifications. The most
common of these is phosphorylation. In this section I will focus on how phosphorylation
can regulate tumor suppressive activity.

Tumor suppressors can be modulated by single and/or multi-site phosphorylation events.
Often both single and multi-site phosphorylation changes the structure of the tumor
suppressor. Structural alterations, in turn, can directly affect the biochemical activity of
the protein (such as kinase or ubiquitination activity), affect the ability to interact with
other proteins, and/or change the localization of the protein. These mechanisms are not
mutually exclusive, and a few examples of each will be described below.

Multisite phosphorylation presents the opportunity for incredibly complex regulation of
protein function. Therefore, it is not surprising that many tumor suppressors are multiply
phosphorylated in their regulatory domains. The more phosphorylation sites there are, the
greater number of possible phosphoforms, which may have distinct functions within the
cell. Many phosphoforms may be present at the same time – kinases and phosphotases
can act in concert to, in theory, create an unlimited number of stable phosphoforms
(Thomson & Gunawardena, 2009). Regulation of these phosphoforms provides flexibility
for the cell in responding to various upstream signals and stresses.

One example of such a tumor suppressor is p53, which is mutated in over 50% of human
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cancers (Toledo & Wahl, 2006). Known as the “guardian of the genome”, p53 directs the
cellular response to stress signals such as DNA damage primarily by regulating the
transcription of genes involved in processes ranging from DNA repair to senescence
(Kruse & Gu, 2009). As a central signaling conduit, it is not surprising that p53 is
carefully regulated. Levels are quite low in growing cells, but in stressed cells, p53 i s
stabilized

and

activated

by

several

mechanisms,

including

post-translational

modifications, especially phosphorylation (Dai & Gu, 2010). Most of the phosphorylation
sites reside in the regulatory domains at the N and C termini, and at steady state, most of
them are unphosphorylated (Bode & Dong, 2004). However, conditions of cellular stress
can quickly induce the phosphorylation of many of these sites, stabilizing the protein and
directing it to various functions (some discussed below).

Another multiply-phosphorylated tumor suppressor is retinoblastoma protein (Rb).
Multisite phosphorylation of Rb by CDKs leads to its inactivation and the release of E2F
transcription factors that drive the cell cycle forward (Poznic, 2009). Although rarely
mutated in cancer, Rb is often inactivated by alterations in its regulators, particularly the
CDKs and p16/INK4a (Poznic, 2009). It has at least 16 phos phorylation sites, many in
unstructured regions of the protein. Recent structural studies have shown that
phosphorylation at some of these sites results in specific changes in the structure of Rb,
which in turn change its affinity for E2F transcription factors through distinct
mechanisms (Burke et al, 2012; Heilmann & Dyson, 2012). Since Rb can interact with
~200 proteins, it has been suggested that these individual changes in structure could
direct the complexes with which it in teracts, and thereby the functions it can perform
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(Heilmann & Dyson, 2012).

There are several common themes of regulation by multi-site phosphorylation. The first
theme is promiscuity - multiple kinases can phosphorylate multiple sites, and multiple
sites can be phosphorylated by multiple kinases. P53, for example, has multiple
phosphorylation sites at the N-terminus that can be phosphorylated by several kinases
(see (Bode & Dong, 2004) for a list of p53 kinases and their phosphorylation sites). S15
can be phosphorylated by at least seven kinases, including ATM, ERKs and p38 kinases
(Toledo & Wahl, 2006). A single kinase can also phosphorylate multiple sites. For
example, p38 kinases can phosphorylate multiple sites on p53, i ncluding S15, S33, S46
and S392. Similar promiscuity has been found for the Rb (Poznic, 2009) and the mTOR
regulator raptor (Foster et al, 2010). This flexibility allows the cell to regulate these
proteins through multiple upstream pathways.

The second theme is redundancy and fine-tuning. A single phosphorylation event often
does not affect function measurably, however multiple phosphorylation events together
can regulate activity dramatically. S15 and S20 phosphorylation of p53, for instance,
reduce its affinity for HDM2, an E3 ubiquitin ligase that marks p53 f or degradation.
While single point mutations of S15 or S20 in p53 knoc k-in mice barely affect p53
stability (S18 and S23 in mouse p53), double-mutants are more severely compromised
(Chao et al, 2006; Sluss et al, 2004; Toledo & Wahl, 2006; Wu et al, 2002). This suggests
that there is some redundancy, or “fail-safe” mechanism in the way that p53 is regulated
by phosphorylation.
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Multi-site phosphorylation has been particularly important in cell cycle control, where it
can result in switch-like behavior. In yeast, degradation of the Cdk1 inhibitor Sic1 (p27 is
the human homolog) is regulated by multiple multi-site phosphorylation cascades that
carefully control protein docking and thereby the G1/S transition (Koivomagi et al,
2011). The same is true for Rb – a single phosphorylation event doesn’t abolish E2F
binding, but multiple phosphorylation events by various cyclin-cdk complexes act in
concert to ultimately release E2F (Brown et al, 1999; Burke et al, 2012).

In some instances, however, a single phosphorylation event can change the activity of a
tumor suppressor. One example is tyrosine phosphorylation of the inhibitory 310-helix of
the tumor suppressors p27 and p21. By affecting the ability of the 310-helix to bind in the
ATP-binding pocket of CDKs, this single phosphorylation event may determine whether
p27 and p21 i nhibit or stabilize cyclin-cdk complexes (Grimmler et al, 2007). This
modification has been shown to affect tumor development in a mouse model of
gliomagenesis (Hukkelhoven et al, 2012).

Phosphorylation of tumor suppressors can also determine their cellular localization,
which can have profound effects on t umorigenesis. Among other mechanisms, the
localization of p27 is regulated by phosphorylation of S10, a residue within the nuclear
localization signal (NLS) (Chu et al, 2008; Connor et al, 2003). p27 t hat is
phosphorylated at S10 preferentially binds to the CRM1 exportin, thereby inducing its
nuclear export. Cytoplasmic p27 c an interact with cytoplasmic proteins such as the
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GTPase RhoA, and is associated with poor prognosis in tumors in mice and humans
(Besson et al, 2008; Serres et al, 2011). Phosphorylation can also promote nuclear
localization. For example, the nuclear accumulation of p53 is enhanced by DNA-damageinduced phosphorylation of S15, a residue in one of its nuclear export signals (Zhang &
Xiong, 2001).

In some instances, changing protein complexes can directly affect the degradation and/or
stabilization of tumor suppressors. As mentioned above, the interaction of p53 with the
E3 ubiquitin ligase HDM2 is inhibited by phosphorylation at S15 and S20, thereby
stabilizing the protein (reviewed in (Toledo & Wahl, 2006)). Similarly, the control of p27
degradation by two different ubiquitin ligase complexes is partially regulated by specific
phosphorylation events. While KPC1 interacts with and ubiquitinates unphosphorylated
p27 in the G1 phase of the cell cycle, SCFSKP2 specifically recognizes and ubquitinates
p27 that is phosphorylated at T187 in the S and G2 phases (Follis et al, 2012; Tsvetkov et
al, 1999).

As detailed above, phosphorylation can regulate the activity of tumor suppressors through
a wide variety of mechanisms, ranging from changes in complex formation to changes in
subcellular localization. Many of these mechanisms are cell-context dependent. It is
hoped that understanding these mechanisms in detail will help guide the development of
therapeutic strategies aimed at modulating their activity.
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VI. Scope of Thesis

With the above mechanisms in mind, I wanted to understand how TRIM3 growthsuppressive activity was regulated. After determining that protein levels are unchanged in
growing and non-growing PDGF-driven glial cells, I decided to focus on pos ttranslational modifications. In this thesis I combined state-of-the-art mass spectrometry
approaches with traditional biochemical and cell biology to uncover a novel regulatory
circuit in gliomagenesis. I found that TRIM3 can be multiply phosphorylated in a region
adjacent to the beta-propeller WD40 domain. Furthermore, if phosphorylation is
prevented in this region by mutating these sites to alanine, the growth suppressive
activies of TRIM3 are enhanced. Together this suggests that TRIM3 activity can be
regulated by phosphorylation in cycling cells. I then sought to identify the kinases that
can phosphorylate this region of TRIM3, and find that multiple N and C-terminally
associated kinases can phosphorylate this hinge region. I identified CDK16 (PCTAIRE1), a growth-regulated cytoplasmic kinase also involved in vesicular trafficking and
neural differentiation, as a T RIM3 kinase and thereby define a n ovel CDK16-TRIM3
regulatory circuit.
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CHAPTER 2
METHODS

I. Cell Culture, transfection and infection
YH/J12 cells are PDGF-transformed primary glial cells described previously (Liu et al,
2007). T98G and 293T cells were purchased from ATCC. All cell lines were cultured in
DMEM containing 10% heat-inactivated fetal calf serum and 2mM glutamine. 293T cells
were transfected using standard calcium phosphoate methods. T98G cells were
transfected using lipofectamine 2000 (Invitrogen) as per the manufacturer’s instructions.

To generate stable cell lines expressing lentiviral shRNA against CDK16, T98G cells
were selected with 1ug/mL puromycin 72 hours after infection. Myc-TRIM3 vector was
described previously (Raheja et al, 2012). Deletion and point mutation constructs were
generated by site-directed mutagenesis.
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II. Immunoblot, phos-tag and immunoprecipitation
Cell extracts were prepared in ‘Buffer B’ containing 50mM HEPES-KOH, pH 7.5,
150mM NaCl, 1mM EDTA, 2.5mM EGTA, 1mM DTT, 0.1% Tween-20, 10% glycerol,
80mM β-glycerophosphate, 1mM NaF, 0.1mM Na-orthovanadate, 1ug/mL leupeptin,
apropoteinin and soybean trypsin inhibitor, and 1mM PMSF.

Immunoblot and immunoprecipitation was performed as described previously (Liu et al,
2007). We used the following antibodies: TRIM3 (mouse IP and immunoblot: Santa Cruz
sc-136363, human IP and immunoblot: Lifespan LS-B2870, IP for mass spectrometry:
BD 610760 and Bethyl A301-209A), myc (Santa Cruz sc-40), Cyclin A (Santa Cruz sc751), CDK16 (Santa Cruz, sc-174), and tubulin (Santa Cruz).

Phosphorylated TRIM3 species were resolved using 8% acrylamide gels containing 75
mM Phos-tag reagent (Wako Pure Chemical Inudstries) and 75 mM MnCl2, prepared and
run according to the manufacturer’s instructions (phos-tag.com). Prior to transfer, gels
were soaked in transfer buffer with 1 mM EDTA for 30 min, and then in transfer buffer
without EDTA for 10 min.

III. Recombinant proteins
GST-tagged TRIM3 was generated in E.coli using the GST Gene Fusion System and
pGEX expression plasmids (Amersham Biosciences).
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IV. EdU incorporation assay
Click-iT EdU Flow Cytometry assay kits were purchased from Invitrogen. Cells were
pulsed with 10uM EdU for 90 mins 48 hours post transfection, and then processed as per
the manufacturer’s instructions.

V. TRIM3 associated kinase assay
YH/J12 cells were lysed in HKM buffer (20mM HEPES-KOH pH 7.5, 5m M KCl,
0.5mM MgCl2. 100mM NaCl, 2mM PMSF, 0.5mM DTT). Recombinant GST-TRIM3
was incubated in 200-800ng lysate for 1 hou r on i ce. 20uL of glutathione-agarose
(Sigma) and 300uL Buffer B (described above) were added and rotated overnight at 4°C.
Beads were washed 2 t imes in Buffer B, and 3 times in kinase buffer without ATP
(20mM Tris pH 7.5, 7.5mM MgCl2, 1mM DTT), and subsequently resuspended in kinase
buffer with 0.3mM ATP and [γ-32P]ATP. Reactions were terminated after 30mins at
30°C with the addition of 4X SDS Sample Buffer and heating to 95C for 5 mins. Samples
were resolved by SDS-PAGE, stained with CBB, and kinase activity was detected by
autoradiography and phosphorimager. Quantitation was done with ImageGauge software.

VI. Kinase assays
CDK2-Cyclin A, CDK5-p35, active EGFR, active Raf-1 and all p38MAPKs (MAPK11,
12 and 13) were purchased from Millipore. Kinases were incubated for 30 mins at 30°C
in the manufacturer’s recommended kinase buffer supplemented with 0.5ug substrate
(recombinant TRIM3, Histone H1 or MBP) and [γ-32P]ATP. Recombinant human
CDK16 was purchased from Creative Biomart and kinase reactions were performed as
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per the manufacturer’s instructions. All quantitation was performed using a
phosphorimager and ImageGauge software.

VII. Phosphopeptide MS analysis
Endogenous TRIM3 was immunopurified from 20mg of protein extract with a mixture of
TRIM3 antibodies (30ug each of Santa Cruz sc-136363, Life Span LS-B2870 and BD
610760). The immune-purified material was resolved by SDS-PAGE, stained with CBB
for 15 mins, and the visible TRIM3 band was excised and digested with trypsin. NanoLC-MS/MS analysis was done as outlined below, with additional variable modification of
serine, thereonine and tyrosine phosphorylation used in database searches.

Protein identification by nano-Liquid Chromatography coupled to tandem Mass
Spectrometry (LC-MS/MS) analysis
Endogenous TRIM3-containing protein complexes were immunopurified from 30mg of
YH/J12 protein extract on a 1mL αTRIM3 affinity column. This column was generated
by cross-linking 200ug of antibody to protein A sepharose (Sigma) with
dimethylpimelidate as described previously (Raheja et al, 2012). One half of the column
was eluted using 0.1M triethylamine pH 11.5, the other half with 0.2M glycine pH 2.2.
TCA protein precipitation was performed to purify and concentrate protein mixtures into
a single, 3-mm wide “stack” by electrophoresing through an SDS ‘stacking gel’ until
entering the ‘separation gel’, followed by brief staining with Coomassie Blue and
excision of the stacked protein gel bands. In situ trypsin digestion of polypeptides in
each gel slice was performed as described (Sebastiaan Winkler et al, 2002). The tryptic
peptides were purified using a 2-µl bed volume of Poros 50 R2 (Applied Biosystems,
23

CA) reversed-phase beads packed in Eppendorf gel-loading tips (Erdjument-Bromage et
al, 1998). The purified peptides were diluted to 0.1% formic acid and then subjected to
nano-liquid chromatography coupled to tandem mass spectrometry (nanoLC-MS/MS)
analysis as follows. Peptide mixtures (in 20 µl) were loaded onto a trapping guard
column (0.3 x 5mm Acclaim PepMap 100 C18 cartridge from LC Packings, Sunnyvale,
CA) using an Eksigent nano MDLC system (Eksigent Technologies, Inc. Dublin, CA) at
a flow rate of 20 µl/min. After washing, the flow was reversed through the guard column
and the peptides eluted with a 5-45% acetonitrile gradient over 85 min at a flow rate of
200 nl/min, onto and over a 75-micron x 15-cm fused silica capillary PepMap 100 C18
column (LC Packings, Sunnyvale, CA). The eluent was directed to a 75-micron (with 10micron orifice) fused silica nano-electrospray needle (New Objective, Woburn, MA).
The electrospray ionization needle was set at 1800 V . A linear ion quadrupole trapOrbitrap hybrid analyzer (LTQ-Orbitrap, ThermoFisher, San Jose, CA) was operated in
automatic, data-dependent MS/MS acquisition mode with one MS full scan (450-2000
m/z) in the Orbitrap analyzer at 60,000 mass resolution and up to five concurrent MS/MS
scans in the LTQ for the five most intense peaks selected from each survey scan. Survey
scans were acquired in profile mode and MS/MS scans were acquired in centroid mode.
The collision energy was automatically adjusted in accordance with the experimental
mass (m/z) value of the precursor ions selected for MS/MS. Minimum ion intensity of
2000 counts was required to trigger an MS/MS spectrum; dynamic exclusion duration
was set at 60 s.
Initial protein/peptide identifications from the LC-MS/MS data were performed
using

the

Mascot

search

engine
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(Matrix

Science,

version

2.3.02;

www.matrixscience.com) with the rodent segment of Uniprot protein database (25,897
sequences; European Bioinformatics Institute, Swiss Institute of Bioinformatics and
Protein Information Resource). The search parameters were as follows: (i) two missed
cleavage tryptic sites were allowed; (ii) precursor ion mass tolerance = 10 ppm; (iii)
fragment ion mass tolerance = 0.8Da; and (iv) variable protein modifications were
allowed for methionine oxidation, cysteine acrylamide derivatization and protein Nterminal acetylation. MudPit scoring was typically applied using significance threshold
score p<0.01. Decoy database search was always activated and, in general, for merged
LS-MS/MS analysis of a gel lane with p<0.01, false discovery rate averaged around 1%.
Scaffold (Proteome Software Inc., Portland, OR), version 3.5.1 was used to
further validate and cross-tabulate the tandem mass spectrometry (MS/MS) based peptide
and protein identifications. Protein and peptide probability was set at 95% with a
minimum peptide requirement of 1.

25

CHAPTER 3
THE GROWTH SUPPRESSIVE ACTIVITY OF TRIM3 IS
REGULATED BY PHOSPHORYLATION

I. Background
TRIM3 is a novel tumor suppressor in gliomas. One or two copies of the TRIM3 gene are
lost in 15-20% of human glioblastoma multiforme, and protein expression may be
reduced in an even greater number (Boulay et al, 2009; Liu et al, 2012). The mechanism
for TRIM3 tumor suppression in glioma is still unclear, but may be related to its ability to
ubiquitinate and promote the degradation of the cell cycle regulator p21WAF1/CIP1. TRIM3
and its family members have multiple other roles and activities, and what regulates
switching between these activities is an open question.

TRIM (tripartite motif) proteins are divided into several sub-families based on the
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structure of their C-terminus. TRIM3 and three other TRIMs (TRIM2, TRIM32 and
TRIM71) have C-terminal NHL repeats, which together compose a W D40-like betapropeller domain (Sardiello et al, 2008). This TRIM-NHL sub-family is conserved
throughout flies (brat and mei-P26), worms (NHL-2) and mollusks (L-TRIM) and
members play key roles in neuronal stem cell maintenance and tumor suppression. It is
not entirely clear how TRIM-NHL proteins participate in these processes, but correlative
evidence suggests that ubiquitination activity and miRNA regulation may be involved
(Hammell et al, 2009; Kohlmaier & Edgar, 2008; Lee et al, 2006; Reichert, 2011).

The most is known about a Drosophila TRIM-NHL family member, brain tumor (brat).
In Drosophila neural progenitor cells, brat promotes differentiation (Betschinger et al,
2006; Lee et al, 2006). Brat mutant secondary neuroblasts cannot differentiate, and brat
mutant flies form tumor-like growths in the brain at nearly 100% penetrance (Caussinus
& Gonzalez, 2005; Loop et al, 2004). Interestingly, mutations in the beta-propeller
domain of brat are sufficient for fly tumorigenesis, suggesting that this domain might be
critical for tumor suppression by brat (Arama et al, 2000).

Mammalian TRIM3 has not been extensively characterized, but like brat, it can regulate
cell growth of various stem and progenitor cells, and reducing its expression can
cooperate with overexpression of PDGF to drive gliomagenesis (Liu et al, 2012). Unlike
brat and other TRIM-NHL family members, TRIM3 has not been found to regulate the
miRNA pathway (Hammell et al, 2009; Lin et al, 2007; Maller Schulman et al, 2008;
Schwamborn et al, 2009; Wulczyn et al, 2011).
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Understanding the regulation of tumor suppressors is of utmost importance. I wanted to
understand how upstream growth signals could inactivate TRIM3 growth-inhibitory
activity, thereby permitting cell growth. Other tumor suppressors such as Rb, p27 and
p53 are regulated at the transcriptional level, by post-translational modification, and by
changes in protein interactions. Therefore, I asked whether TRIM3 was regulated by
similar mechanisms. In this chapter I focus on the growth dependent regulation of TRIM3
by the most common post-translational modification – phosphorylation. In the next
chapter I look broadly at TRIM3 protein interactions and ultimately suggest a kinase that
may be phosphorylating TRIM3.

II. Results

1. TRIM3 phosphorylation is complex and growth-regulated
I set out to understand the mechanism by which cells control TRIM3 activity. Because I
was interested in its role in glioma, I focused my work on glial cell lines. YH/J12 is a
spontaneously immortalized PDGF expressing cell line derived from the infection of
nestin-tva transgenic whole brain cell cultures with the avian retrovirus RCAS expressing
the PDGF oncogene. These cells can be growth arrested by treatment with PTK787, a
PDGFR inhibitor. I found that TRIM3 is expressed at equal levels in growing and
arrested cells (Fig. 3A), suggesting that TRIM3 protein expression is not regulated in a
cell growth-dependent manner.
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To determine whether TRIM3 was regulated by post-translational modifications, I mixed
phos-tag into our gels. Phos-tag is a cationic compound that retards the mobility of
phosphorylated proteins. The migration of endogenous TRIM3 from growing cells was
complex (Fig. 3B-C). The complexity of this pattern was reduced when we treated
lystates with calf-intestinal phosphotase (Fig. 3B), suggesting that TRIM3 was
phosphorylated in growing lysates. The migration of TRIM3 from PTK787 treated cells
was simple and comparable to the CIP treated lysates from growing cells (Fig. 3C).
Together, these data suggest that TRIM3 phosphorylation is regulated in a growthdependent manner.
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2. TRIM3 is multiply phosphorylated at the hinge region and at S7
The complex migration pattern in cycling cells suggested the possibility that TRIM3 was
highly phosphorylated. I set out to identify TRIM3 phosphorylation sites by using mass
spectrometry to identify the specific site, and then I attempted to validate individual sites
by resolving overexpressed mutants by phos-tag SDS-PAGE. I immunoprecipitated
endogenous TRIM3 from two different PDGF-driven glioma cell lines (YH/J12 and
T98G) and a rat neuronal cell line (PC-12) by LC-MS/MS, and found 80 dalton peak
shifts consistent with phosphorylation at S7 and S427 (Fig 4A). However, mutation of
these two sites to alanine only modestly reduced the complex pattern of migration
through phos-tag gels (Fig 4B), suggesting there might be other phosphorylation sites.

A series of shotgun phosphoproteomic mass spectrometry studies cataloged in the
PhosphoSitePlus Database indicated that TRIM3 might be phosphorylated at multiple
sites between the WD40 and filamin domains (“hinge” region) (Hornbeck et al). These
sites are well conserved throughout mammals (Fig 5). The MS coverage of this region
was quite poor (Fig 4A – yellow bars). Thus I mutated all potential sites to alanine or
aspartic acid and looked at the effect on T RIM3 migration (Hinge A and Hinge D
mutants). Both mutants migrated as a doublet. Further mutation of S7 to alanine reduced
the migration of TRIM3 to a single band, suggesting that TRIM3 is phosphorylated at
both S7 and in the hinge region of TRIM3 in vivo.
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3. The effect of TRIM3 S7 phosphorylation on growth
Is phosphorylation of TRIM3 associated with its activity as a growth suppressor? TRIM3
can be expressed in cells and will inhibit cell proliferation as measured by BrdU
incorporation or FACS. Reducing TRIM3 levels is associated with increased proliferation
(Raheja et al, 2012). Since the complex migration of TRIM3 was reduced in PTK787
treated cells (Fig. 3B), I wondered whether phosphorylation would eliminate TRIM3mediated growth suppression.

Thus I co-transfected cells with various TRIM3 mutants and GFP, and measured S-phase
by EdU incorporation and flow cytometry. To distinguish transfected from untransfected
cells, I gated on the top 30% of GFP-expressing cells. Approximately half of the cells
expressing wild type TRIM3 fail to incorporate EdU (Fig 6A-B). These cells accumulate
in the G1 phase of the cell cycle (Raheja et al, 2012). As expected from our previous
work and studies in Drosophila (Arama et al, 2000), the mutant lacking the WD40
domain (ΔWD40) was inactive and cells expressing it incorporate the same amount of
EdU as vector transduced cells or untransfected cells.

Of the phosphorylation sites, I first tested S7. Mutation of S7 in addition to the hinge
region clearly reduced the migration of TRIM3 through phos-tag gels, suggesting it is
heavily phosphorylated (Fig. 4B). However mutation of this site to alanine and the
phosphomimetic aspartate did not significantly affect the growth suppressive activity of
TRIM3. Cells transduced with TRIM3 S7A and S7D mutants incorporated only a slightly
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different amount of EdU compared to cells transduced with wild type TRIM3 (Fig. 6AB). Albeit insignificant, this change trended towards a reduction in the growth
suppressive activity of TRIM3 S7A, and an increase in TRIM3 S7D. This is consistent
with a model where phosphorylation of S7 enhances TRIM3 activity. Because this
change was very small, and also inconsistent with my data indicating that TRIM3 is
phosphorylated in growing cells, I did not pursue this phosphorylation site further.
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4. Hinge phosphorylation inhibits TRIM3 growth suppressive activity
Next I turned to the hinge region phosphorylation sites of TRIM3 and asked whether
phosphorylation of these sites might affect the growth suppressive activity of TRIM3. I
expressed the Hinge A and Hinge D mutants in cells and measured S-phase cells by EdU
incorporation and flow cytometry. Cells expressing the TRIM3 Hinge A mutant
incorporated approximately 2-fold less EdU compared to wild type TRIM3 (Fig. 7A-B).
This unphosphorylated mutant was more growth suppressive than TRIM3. This is
consistent with my previous finding that the phosphorylation of TRIM3 is reduced in
non-growing cells. In addition, cells expressing the phosphomimetic Hinge D
incorporated 3-fold more EdU than the Hinge A mutant (Fig. 7A-B). Note that all
mutants were expressed at similar levels (Fig. 7C). Together, these data imply that
phosphorylation at hinge residues reduces the growth suppressive activity of TRIM3 (Fig.
7D).
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III. Discussion

1. Summary
In this chapter, I set out to understand how the growth suppressive activity of TRIM3 is
regulated. I show for the first time that TRIM3 is phosphorylated at multiple sites in the
hinge region, and at S7 near the N-terminus. I find that phosphorylation at the hinge
region is decreased in PTK787 arrested cells, and modulates the growth suppressive
activity of TRIM3. Specifically, mutating these sites to the unphosphorylatable amino
acid alanine increases the growth suppressive activity of TRIM3, whereas mutation to the
phosphomimetic aspartate decreases activity. Altogether, this data supports a model in
which growth-regulated, multi-site phosphorylation inhibits the growth suppressive
activity of TRIM3.

2. Interaction between S7 and Hinge region phosphorylation
The effects of hinge region and S7 phosphorylation on the growth suppressive activity of
TRIM3 trend in opposite directions. Where hinge phosphorylation is inhibitory, S7
phosphorylation mildly activates TRIM3. It is possible that these sites are interdependent,
and this leads to a few interesting models of TRIM3 regulation. For example,
phosphorylation at S7 could inhibit phosphorylation of the hinge region, perhaps through
modulating the ability of hinge kinases to bind to TRIM3, thereby indirectly increasing
growth suppressive activity. Conversely, the lack of S7 phosphorylation could be
permissive to hinge phosphorylation. In addition, hinge phosphorylation could inhibit
phosphorylation at S7. These types of interdependent mechanisms have been reported for
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other proteins, including p53 (Bode & Dong, 2004; Dai & Gu, 2010; Dumaz et al, 1999),
the mTOR regulator raptor (Foster et al, 2010) and the cell cycle regulator Wee1
(Watanabe et al, 2005).

As a preliminary test of the interdependence of these TRIM3 phosphorylation events, I
transfected cells with all combinations of Hinge A/D and S7 A/D mutants and resolved
the phosphorylated proteins by SDS-PAGE. There was no discernable difference between
A and D mutants (Fig. 4B and data not shown), suggesting that phosphorylation of these
regions was independent.

If these phosphorylation events are independent, the question remains which is dominant
for its effect on T RIM3 growth suppressive activity. The effect of hinge region
phosphorylation overall is greater than the effect of S7 phosphorylation, but that does not
conclusively show that hinge phosphorylation is dominant. Growth suppression assays
with all combinations of Hinge A/D and S7 A/D mutants could begin to shed light on this
question. Preliminary data indicates that mutation of the hinge region still dictates overall
TRIM3 activity, and therefore S7 likely only plays a minimal role (data not shown).

3. Affect of phosphorylation on TRIM3 structure
Given the role of p21 a nd evidence that p21 ubiquitination may be needed for tumor
suppressive activity, how does phosphorylation affect the growth suppressive activity of
TRIM3? From a structural standpoint, the introduction of negative charge through multi40

site phosphorylation at the TRIM3 hinge region could affect the folding of this region.
This, in turn, could alter the orientation of the beta-propeller domain in relation to the
ring, b-box and coiled-coil domains. Indeed, I-TASSER (Roy et al) structure prediction
comparing wildtype TRIM3 to Hinge D indicated that the addition of negative charge to
this region changed TRIM3 conformation in all five predicted models. In addition,
mutation of S412 to alanine, a residue immediately adjacent to the hinge region,
eliminated the 80kDa breakdown product otherwise present during purification. I mapped
the breakpoint of this product to the hinge region using mass spectrometry. Altogether,
this suggests that slight modifications in or near the TRIM3 hinge region may affect
overall TRIM3 folding.

There is some precedence for this type of mechanism in other growth-regulated proteins.
One example is the p68 subunit of DNA polymerase primase. Like TRIM3, this protein is
multiply phosphorylated by a cyclin-dependent kinase (Cyclin A-cdk2), and this
phosphorylation affects the activity of the entire globular primase complex (Ott et al,
2002; Voitenleitner et al, 1999). Although no direct link has been established between the
structure of this complex and phosphorylation, it is likely that these clustered sites act in
concert, gradually decreasing polymerase primase activity during S phase as DNA
replication finishes, perhaps by changing the orientation of the globular domains (Ott et
al, 2002; Zhou et al, 2012). It is possible that TRIM3 structure is regulated in a similar
manner. How structure could affect TRIM3 function in the context of a cell, however, is
much more complex. This is further discussed in Chapter 5.
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CHAPTER 4
CDK16 PHOSPHORYLATES TRIM3 AND IS
REQUIRED FOR GLIOMA CELL GROWTH

I. Background
As discussed in the introduction, many tumor suppressors are tightly regulated by
complex phosphorylation events. The kinases that regulate these tumor suppressors are of
utmost importance. A more complete understanding of the regulatory circuits controlling
the activity of several tumor suppressors including Rb and p53 has led to the
development of therapeutic strategies targeting the kinases that phosphorylate them. For
example, part of the rationale for targeting cyclin dependent kinase-4 (CDK4) is its
central role in inactivating the tumor suppressor Rb by phosphorylation (Lapenna &
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Giordano, 2009). Much work needs to be done to fully understand the impact of these
inhibitors on cell signaling and tumorigenesis.

Multisite phosphorphylation of tumor suppressors is often redundant and complex, with
multiple kinases able to phosphorylate a single site, and a single kinase phosphorylating
multiple sites. As mentioned in the introduction, p53 is primarily phosphorylated at its C
and N-terminal regulatory regions, and many of these sites are phosphorylated by
multiple kinases. S15, for example, can be phosphorylated by at least seven kinases,
including ATM, ERKs and p38 kinases (Bode & Dong, 2004; Kruse & Gu, 2009).

The previous chapter established that phosphorylation of the hinge region of TRIM3
inhibits its growth suppressive activity. I also demonstrated that this phosphorylation is
regulated by cell growth in a mouse glioma cell line. Phos-tag gel analysis of endogenous
TRIM3 further suggests that there are multiple phosphoforms of TRIM3 present in the
cell at any one moment. Therefore, like many other phosphorylated tumor suppressors, it
is possible that a complex network of kinases and phosphotases dictates TRIM3
phosphorylation. This chapter focuses on identifying some of these growth-regulated
kinases that can directly phosphorylate TRIM3.
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II. Results
1. TRIM3 is phosphorylated by CDKs in vitro
Having identified a cluster of TRIM3 phosphorylation sites that affect TRIM3 activity, I
next sought to determine which kinases might phosphorylate TRIM3 and inactivate its
growth suppressive activity. To accomplish this, I first used two different kinase
prediction software programs, and asked whether the predicted kinases can phosphorylate
TRIM3 in vitro.

The programs use fundamentally different algorithms to make predictions. The first of
these algorithms, NetworkIN, combines consensus motifs with network context (i.e.
cellular localization, temporal and cell-type specific expression, co-localization by
protein interactions, etc) to predict in vivo kinase-substrate relationships (Linding et al,
2007). The second, Group-based Prediction System 2.0, compares a putative
phosphorylation site with over 3000 known phosphorylation site-kinase pairs and assigns
a similarity score for each. The average similarity score yields the final prediction score
for each kinase. This algorithm assumes that kinases in the same group or family identify
substrates with similar motifs (Xue et al, 2008).

Both NetworkIN and Group-based Prediction System 2.0 predicted that p38MAPKs and
CDKs could phosphorylate TRIM3 at hinge residues, particularly S427 and S437. Note
that these sites have the well-established S-P consensus motif for CDKs and MAPKs. To
determine which of these kinases, if any, could phosphorylate TRIM3 in vitro, I used
equal specific activities of the top predicted recombinant P38MAPKs and CDK kinases –
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CDK2, CDK5, MAPK11, MAPK12 and MAPK13 - to phosphorylate recombinant
TRIM3 in vitro. Of the kinases tested, CDK2 and CDK5 had the most TRIM3-directed
kinase activity in vitro (Fig 8A), suggesting that these could be possible TRIM3 kinases
in vivo.

It is possible that the CDKs are phosphorylating the GST moiety attached to the
recombinant TRIM3 used in this system. To rule out this possibility, I performed the
TRIM3 kinase assay with CDK2 and CDK5 as usual, and subsequently cleaved the GST
tag from the recombinant TRIM3 with thrombin over a timecourse. G ST is
approximately 27kDa, and TRIM3 is 81kDa. Therefore, thrombin cleavage results in a
mobility shift from 108kDa to 81kDa. I resolved the phosphorylated, thrombin-cleaved
reaction products by SDS-PAGE, and measured phosphorylation by autoradiography.
Note that the 81kDa moiety is phosphorylated, indicating that TRIM3, and not the GST
region of TRIM3, is phosphorylated by CDK2 and CDK5 in vitro (Fig. 9). Altogether,
these data demonstrate that CDK2 and CDK5 can phsophorylate TRIM3.

However, since there are multiple hinge phosphorylation sites, these data do not
definitively show that CDKs have a higher propensity to phosphorylate a single site on
TRIM3 than MAPKs. It is possible that this system is not sensitive enough to detect a
singe phosphorylation event of one amino acid, and that the CDKs simply phosphorylate
more sites. In order to compare the relative contribution of two S-P motif sites, S427 and
S7, to overall TRIM3 phosphorylation by CDK2, I used recombinant TRIM3 S7A,
TRIM3 S427A and the double mutant in the kinase assay. The hinge residue S427 largely
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contributed (~60%) to CDK2 phosphorylation (Fig. 8B), indicating that phosphorylation
of a single site could be detected by this assay. This does not, however, rule out the
possibility that MAPKs are phosphorylating TRIM3 to a level not detectable in this
assay.

To begin to validate CDK2 and CDK5 as potential TRIM3 kinases, I attempted to detect
an interaction between the proteins in lysates. The localization of CDK2 renders it an
unlikely kinase candidate - where CDK2 is a n uclear kinase, TRIM3 is cytoplasmic.
Furthermore, I could not detect a TRIM3-CDK2 interaction or a TRIM3-CDK5
interaction in lysates (Fig. 8C). Therefore I decided to develop an in vitro system to
measure the activity of lysates against TRIM3, and to look for additional kinase
candidates.
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2. TRIM3 is phosphorylated in vitro by multiple kinases at the “hinge” region
I wanted to complement my in silico approach with an approach that would help me
identify kinases in extracts. Therefore, I developed a b iochemical assay to measure
TRIM3-directed kinase activity present in extracts. In this assay, GST-TRIM3 was
incubated with lysates and re-purified with interacting proteins on glutathione beads.
Subsequently, the reaction was incubated in kinase buffer supplemented with [γ32P]ATP, and occasionally an additional substrate was added. Phosphorylation of
TRIM3 and/or the additional substrate was detected by autoradiography (Fig. 10A).

Under these conditions, kinase(s) present in lysates were able to bind and phosphorylate
TRIM3 (Fig. 10B). Phosphorylation was dependent on the inclusion of lysates and GSTTRIM3. Subsequent mutagenesis studies (Fig. 11B), as well as the CDK2 and CDK5
thrombin cleavage experiments (Fig. 9) together suggest that the TRIM3 portion of the
fusion protein, and not GST, was phosphorylated in this assay. In order for a kinase to
phosphorylate TRIM3 in this assay, two requirements must be met: (1) the kinase must
be able to bind to the “bait” TRIM3 in the first incubation, and (2) the kinase must be
able to phosphorylate sites present on the “bait” TRIM3 and/or any subsequent substrates
added to the reaction. Importantly, phosphorylation was dependent on t he presence of
bait TRIM3; even if substrate TRIM3 was added after the binding reaction, no
phosphorylation was detected. Finally, to ensure that TRIM3-directed kinases were not
binding to the GST portion of the fusion protein, GST was used as bait and TRIM3 as
substrate. Again, no ph osphorylation was detected, indicating that kinases bind and
phosphorylate TRIM3 specifically in this assay.
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In Chapter 3 I showed that TRIM3 phosphorylation is growth dependent. Therefore, I
asked whether the activity of TRIM3 directed kinases in this assay was also growthdependent. I performed the TRIM3 associated kinase assay with PTK787 treated lysates
and with growing lysates and, as expected, found that there was more TRIM3 directed
kinase activity present in the growing extracts (Fig. 10C). Together, these data support
the use of the TRIM3 associated kinase assay in evaluating TRIM3-directed kinases.
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To confirm that these kinases phosphorylate the hinge region, I generated a s et of Nterminal and C-terminal deletion mutants with and without the hinge region (N, NH, C,
HC – Fig. 11A). I used N-terminal and C-terminal mutants since I knew activity in this
assay depended on both protein binding and the availability of phosphorylation sites.
Therefore, this assay not only measured the ability of TRIM3 to be phosphorylated, but
also the binding requirements of TRIM3-directed kinases. Interestingly, only mutants
with the hinge region intact were phosphorylated (NH and HC, Fig. 11B). Simply
removing this 60 amino acid region was sufficient to eliminate any detectable
phosphorylation. This suggests that kinases bound t o the N- and C-terminal halves of
TRIM3 all target the hinge region for phosphorylation under these conditions.

Are kinase(s) associated with the N and C mutants, but simply unable to phosphorylate
these mutants due to the lack of hinge-region phosphorylation sites? Or is the hinge
region required for kinase binding? To distinguish between these possibilities, I “baited”
kinases with the C and N mutants during the binding reaction, and subsequently provided
NH or CH as substrates. Phosphorylation was detected whenever a substrate with a hinge
region was present, independent of the presence of the hinge region during the binding
reaction. Altogether, this data suggests that the hinge region is not required for binding of
N-terminal and C-terminal TRIM3 kinases, and establishes that there are both N and Cterminal TRIM3 kinases (Fig. 11B).
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3. Identification of CDK16 as a potential TRIM3 kinase
To specifically identify candidate kinases that can bind and phosphorylate TRIM3, I
immunoprecipitated TRIM3 from growing and PTK787 treated YH/J12 extracts and
identified the endogenous interacting proteins by LC-MS/MS. Three independent
experiments using two different TRIM3 antibodies identified a 306-member TRIM3interactome (Appendix). Importantly, I identified TRIM3 itself in each of these
experiments.

To further validate this study, I looked for previously identified TRIM3 interacting
proteins. I found two such proteins, Myosin-Va and α-actinin-4, as well as a network of
known α-actinin-4 and Myosin-Va interactors (Fig 12). As expected, I also identified
over 20 proteins involved in protein trafficking. Ontological analysis of the entire TRIM3
interactome revealed that these proteins are primarily involved in cellular growth and
proliferation as well as cellular assembly, organization and maintenance (Fig 13). This is
consistent with the known role of TRIM3 and its homologs as a regulator of growth and
differentiation in the brain.
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As I was primarily interested in identifying TRIM3 kinases, I turned to this protein class.
Out of all the TRIM3 interacting proteins, I found nine kinases (Table 1). I used three
criteria to prioritize these kinases: (1) presence of known kinase consensus sites on
TRIM3, such as a serine followed by a proline (S-P sites) for cyclin-dependent kinases
(2) cytoplasmic localization (3) known involvement in growth regulation or other TRIM3
functions. Interestingly, one of the kinases was a cytoplasmic CDK known to be involved
in protein trafficking – CDK16 (PCTAIRE1). Because so little is known about CDK16
and its substrates, kinase prediction softwares (NetworkIN and GPS 2.0) could not
predict CDK16 as a T RIM3 kinase – it is not currently listed in the databases these
programs use. However, the structure of CDK16 is similar to CDK2 (Mikolcevic et al,
2012a), and I had already shown that CDK2 can phosphorylate TRIM3 in vitro (Fig. 8).
Although CDK16 was clearly the top hit, I also examined RAF-1 and EGFR more
closely.
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To begin to validate these kinases, I used protein interaction network analysis to look for
other proteins known to bind the top three kinases in the TRIM3 interactome. I found
several for CDK16 (Fig 14A), RAF-1 (Fig 14B), and EGFR (Fig 14C). Next I performed
in vitro kinase assays with recombinant protein to determine whether the kinases could
phosphorylate TRIM3. Although RAF-1 can bind to TRIM3 (Fig 8C), we were unable to
phosphorylate recombinant TRIM3 with active RAF-1 in vitro (Fig 15). In addition,
although EGFR is well characterized in glioma and therefore an attractive candidate,
there is only one tyrosine residue in the hinge region, and it is minimally phosphorylated
in vitro (Fig 16). In contrast to RAF-1 and EGFR, CDK16 seemed quite attractive for the
following reasons:
(1) CDK16 can bind and phosphorylate TRIM3 (see below)
(2) CDK2 and CDK5 can phosphorylate TRIM3 (Fig. 8A), and CDK16 is
structurally similar to CDK2 (Mikolcevic et al, 2012a)
(3) CDK16 and TRIM3 are both implicated in endosome sorting and growth
regulation (Liu et al, 2006; Mokalled et al; Palmer et al, 2005)
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4. CDK16 can bind and phosphorylate TRIM3 at the hinge region
I closely examined the ability of CDK16 to bind TRIM3 in vitro and in vivo. To confirm
that CDK16 can bind to TRIM3 in a cellular context, I expressed myc-TRIM3 and HACDK16 in 293T cells and co-immunoprecipitated the proteins (Fig. 17A). I next mapped
the CDK16 binding region to the N-terminus of TRIM3 using recombinant TRIM3 NH
and HC mutants (Fig. 17B). Note that I was unable to find CDK16 associated with the Cterminus of TRIM3, and since there are C-terminally associated TRIM3 kinases (Fig. 11),
there must be additional kinases that also phosphorylate this region. This could be an
avenue for future research.

62

63

To establish that CDK16 can phosphorylate TRIM3, I performed kinase assays using
both endogenous and recombinant CDK16. First, I immunoprecipitated endogenous
CDK16 from YH/J12 lysates and asked whether these complexes could phosphorylate
recombinant TRIM3. Indeed, I was able to detect phosphorylation (Fig. 18A). To confirm
that CDK16 directly phosphorylates TRIM3, I used an entirely recombinant system.
Recombinant CDK16 phosphorylated TRIM3 in a dose dependent manner (Fig. 18B),
and was unable to phosphorylate the Hinge A mutant (Fig. 18C). Together, these data
indicate that CDK16 is an N-terminally associated kinase that can phosphorylate the
hinge region of TRIM3, a region important for its growth suppressive activity.
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5. CDK16 depletion suppresses growth
To further establish CDK16 as a biologically relevant TRIM3 kinase, I probed the
relationship between CDK16 and growth suppression in cells. I generated two stable
T98G cell lines harboring an shRNA against CDK16 (Fig. 19A). Compared to a stable
T98G cell line harboring scrambled shRNA, shCDK16 cell lines incorporated 30-45%
less EdU (Fig. 19B). This is consistent with the growth promoting role for CDK16.
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III. Discussion
1. Summary
In this chapter I demonstrated that TRIM3 can be phosphorylated by N- and C-terminally
associated kinases at its hinge region. By defining the TRIM3 interactome in a mouse
glioma cell line, I identified one such kinase, CDK16, and showed that it is able to bind
and phosphorylate the hinge region of TRIM3 specifically in vitro. Furthermore, as is
expected for an inhibitory kinase, depletion of CDK16 reduced the growth of a human
glioma cell line. Altogether, this establishes the regulation of a TRIM-NHL protein by
phosphorylation, and suggests a growth-promoting role for CDK16 in gliomagenesis.

2. TRIM3 functions
Although there are less than 10 studies published on TRIM3, it has already been assigned
roles in at least three different cellular processes. First, TRIM3 is involved in cellular
trafficking. Interaction with the CART complex is necessary for this role, although it is
possible TRIM3 affects trafficking through other mechanisms as well. Second, TRIM3 is
a growth and tumor suppressor, partially through its ability to ubiquitinate the cell-cycle
regulator p21. F inally, there is some evidence that TRIM3 is necessary for neuronal
outgrowth and morphology, and it may play a role in differentiation. Biochemically the
RING domain and the ubiquitination activity of TRIM3 are necessary for its roles in
growth suppression and neuronal outgrowth.

Interestingly, unlike other TRIM-NHL family members, a RING independent role for
TRIM3 in translational or miRNA regulation has not been noted. Whether this indicates
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that TRIM3 has unique functionality, or this type of role has simply not been uncovered
is currently unclear. Nevertheless, the TRIM3 interactome I identified by IP-mass
spectrometry does not contain any miRISC or miRNA regulatory components. This
suggests that perhaps TRIM3 is not involved in miRNA regulation.

3. CDK16 and TRIM3 in neuronal vesicular trafficking and as therapeutic targets
For the first time, this study suggests that targeting CDK16 (PCTAIRE1) in gliomas may
be an effective therapeutic strategy. CDK16 depletion in T98G cells slows the growth of
these cells, possibly by reducing TRIM3 phosphorylation and thereby increasing the
growth suppressive activity of TRIM3. No CDK16-specific inhibitors exist, but as it is a
kinase, developing such an inhibitor should be possible. Furthermore, CDK16 is involved
in similar processes as TRIM3 and therefore may also play a role in tumorigenesis.

Although it is part of the cyclin-dependent kinase family, little is known about CDK16
and its related family members PCTAIRE2 and PCTAIRE3. It is a ubiquitously
expressed serine/threonine kinase, and activity peaks during the S and G2 phases of the
cell cycle (Charrasse et al, 1999). Unlike other members of the cdk family, CDK16 does
not require another subunit for activity (Graeser et al, 2002), although recently one group
has identified a membrane-associated protein, cyclin Y, that may activate CDK16 in the
testis (Mikolcevic et al, 2012b). A conditional CDK16 knockout allele revealed that
although CDK16 is not required for normal development, it is critical for
spermatogenesis (Mikolcevic et al, 2012b). Like some TRIM-NHL family members,
CDK16 is inherited asymmetrically during development (specifically, during
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spermatogenesis), although whether this also occurs in neuron development is unknown
(Besset et al, 1999; Rhee & Wolgemuth, 1995).

No relationship has been previously suggested between CDK16 and TRIM3. However,
both play key roles in neurogenesis, possibly through the regulation of vesicular
trafficking. A study of CDK16-like kinases in various species suggests that CDK16 may
have evolved along with the nervous system, as only eumetazoa have CDK16 homologs
(with the exception of insects such as Drosophila) (Mikolcevic et al, 2012a). This
underscores the importance of CDK16 in neurons. Furthermore, CDK16 is necessary for
neurite outgrowth and migration, perhaps by indirectly modulating actin polymerization
(Fu et al; Mokalled et al). Note that TRIM3 is also necessary for neurite outgrowth and
interacts with the actin cytoskeleton through alpha-actinin-4 and the CART complex.

It is possible that the roles of TRIM3 and CDK16 in neuron development are related to
their roles in vesicular trafficking. The CDK16 c.elegans homolog PCT-1 is crucial in the
directed trafficking of synaptic vesicles and proteins to axons (Ou et al, 2010), and
mammalian CDK16 interacts with the COPII complex to direct secretory cargo transport
(Palmer et al, 2005). In addition, CDK16 phosphorylates N-ethylmaleimide-sensitive
fusion protein (NSF), a component of the SNAP-SNARE complex that is essential for
membrane trafficking and fusion (Liu et al, 2006). Although TRIM3 has not been directly
implicated in these complexes, it is known to localize to vesicles and direct vesicular
trafficking through the CART complex. Intriguingly, the mass spectrometry TRIM3-
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interactome contains several proteins known to interact with these complexes including
NSF itself and COPB2, suggesting that CDK16 might regulate TRIM3 in these processes.

There are several lines of evidence that point towards functional interactions between
CDK16 and TRIM3, and thereby may implicate CDK16 in tumor development. (1) This
thesis found that CDK16 can phosphorylate TRIM3 at residues that regulate its growth
suppressive activity. (2) Both proteins are involved in neuronal development and
vesicular trafficking. (3) CDK16 and TRIM3 interact with the same or similar proteins
important in these processes. (4) Depletion of CDK16 in T98G cells reduces growth.
Despite this evidence, the potential role of CDK16 in tumor development will need to be
verified in mouse models. Both CDK16 and TRIM3 knockout mice have recently been
established (Cheung et al, 2010; Mikolcevic et al, 2012b), so there is a great opportunity
to study the effect of these genes on tumorigenesis in vivo, both individually and
cooperatively. The TRIM3 knockout mouse did not spontaneously develop tumors, yet
shRNA depletion of TRIM3 accelerated tumor development in a PDGF-driven glioma
mouse model (Liu et al, 2012). Therefore it may be necessary to cross these mice into
various tumor models to truly understand the role of CDK16 and TRIM3 in
tumorigenesis.
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CHAPTER 5
IMPLICATIONS

I. Overview
In this thesis, I demonstrate for the first time that the growth suppressive activity of a
TRIM-NHL family member is regulated by phosphorylation. In particular, I find that the
growth inhibitory activity of TRIM3 is inhibited by growth-dependent multi-site
phosphorylation. Multiple kinases can bind and phosphorylate TRIM3, and I focused on
one of these, CDK16. I identify CDK16 as a n ovel TRIM3 interacting kinase that can
phosphorylate it at the key sites important for activity. In a PDGF-driven glial cell line,
CDK16 depletion decreases cell growth. Altogether, TRIM3 is a novel CDK16 substrate,
and TRIM3 phosphorylation by CDK16 may inhibit its growth suppressive activity.
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II. TRIM3 growth-regulated multi-site phosphorylation in a cellular context
How phosphorylation inhibits TRIM3 growth suppressive activity is still an open
question. Perhaps it changes the structure of TRIM3 (see Discussion of Chapter 3), or
perhaps phosphorylation marks TRIM3 for another function in the cell (see Introduction
and Chapter 4 di scussion for other TRIM3 functions). Phosphorylation is a common
regulatory mechanism, and speculating on its potential effects yields a few interesting
insights.

There are three ways that phosphorylation could switch TRIM3 function in a cellular
context. Phosphorylation could affect (1) complex assembly (2) cellular localization or
(3) directly affect activity such as ubiquitination. These mechanisms are not mutually
exclusive, and distinct mechanisms could be important for different phosphorylation
sites. Each will be discussed briefly below.

Phosphorylation could be specifically recognized by TRIM3 binding proteins, and
thereby shift TRIM3 complex assembly. The nature of the TRIM3-containing complex
could determine the process in which it functions. For example, phosphorylated TRIM3
could preferentially associate with the CART complex, thereby sequestering it away from
p21 and/or other functions. To test this I overexpressed Hinge A and WT TRIM3 and coimmunoprecipitated alpha-actinin-4 and Myosin Va. I was not able to detect a difference
in association (data not shown). Of course this does not rule out the possibility of variable
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complex assembly, as overexpression could lead to forced binding, and phosphorylation
could affect binding of other interacting proteins.

Phosphorylation could also affect TRIM3 cellular localization, thereby limiting the pool
of available interacting proteins and TRIM3 function. In fact, there is some evidence that
compartmentalization is important for the function of the entire TRIM family (Reymond
et al, 2001). Intriguingly, one group reported two putative nuclear localization sequences
(NLS) in the hinge region - one immediately adjacent to S437 and another encompassing
S454, S455, Y457 and S458 (van Diepen et al, 2005). However, treating T98G cells
overexpressing TRIM3 with the CRM1 nuclear export inhibitor did not result in
significant TRIM3 nuclear accumulation (data not shown). As TRIM3 has no know n
nuclear functions, this NLS is still merely speculative.

Finally, phosphorylation could directly change TRIM3 activity, such as ubiquitination.
This seems especially likely if phosphorylation affects the overall conformation of
TRIM3 (See Discussion of Chapter 3). For example, p21 binds to the C-terminal WD40
domain of TRIM3, and may also require an intact filamin domain to bind (Raheja et al,
2012). However, ubiquitination activity requires the N-terminal ring domain. Therefore,
orientation of these domains to each other could be critical for efficient E3 ligase activity.

Overall, which of these mechanisms account for the effect of phosphorylation on TRIM3
growth suppression is still unclear. It is also likely that TRIM3 growth suppression is
regulated by additional mechanisms, such as the accessibility of downstream targets. For
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example, the ubiquitination of p21 b y TRIM3 accounts for at least some of its tumor
suppressive activity (Liu et al, 2012; Raheja et al, 2012). Binding of p21 to cyclin D1CDK4 stabilizes the complex and sequesters p21 away from TRIM3. Therefore, in this
pathway, TRIM3 may simply not always be able to access p21 di rectly. Given the
multiple functions of TRIM3 in the cell, as well as the evidence in this thesis that
multiple kinases phosphorylate TRIM3, I favor a combination of mechanisms, some of
which may be context-dependent.

III. The hinge region is intrinsically disordered
The regulation of disordered regions of proteins by phosphorylation is extremely
common. Intriguingly, two independent algorithms that predict intrinsically disordered
protein regions (FoldIndex and IUPred) specifically score the hinge region of TRIM3 as
unstructured ((Dosztanyi et al, 2005; Prilusky et al, 2005), Fig. 20). Note that this
disordered region entirely encompasses the seven hinge phosphorylation sites discussed
in this thesis. All the mechanisms mentioned above, from structural changes between
globular domains to changes in protein localization, are especially common for proteins
with phosphorylation sites at disordered regions. A short discussion of intrinsically
disordered proteins and parallel mechanisms is therefore provided below.

Intrinsically disordered proteins (IDPs) or proteins with large unstructured regions
compose at least one-third of all eukaryotic proteins. They are evolutionarily
advantageous, and less common in prokaryotes, possibly because of the greater need to
regulate signaling in eukaryotes (Dunker et al, 2000; Dunker et al, 2008). Several
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characteristics make disordered regions perfectly suited for the coordination of signaling
within the cell. They are (1) flexible, (2) largely solvent exposed and therefore available
for protein-protein interactions and post-translational modifications, and (3) able to fold
and unfold upon post-translational modification, thereby mediating signaling.

IDP functional importance is underscored by their tight regulation and deregulation in
disease, especially cancer (Uversky et al, 2009). Overall, on a proteome-wide level, the
activity and protein levels of IDPs are more tightly regulated than structured proteins
(Gsponer et al, 2008). This could be because deregulation of disordered proteins is often
related to human disease. Strikingly, cancer-associated and signaling proteins are
significantly enriched in unstructured regions as compared to all eukaryotic proteins
(Iakoucheva et al, 2002).
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The regulation of IDPs is often achieved through post-translational modification. Some
evidence suggests that phosphorylation may even occur predominantly in intrinsically
disordered protein regions (Iakoucheva et al, 2004). This is definitely the case for
TRIM3, where all seven phosphorylation sites studied in this thesis are located in the
disordered region of the protein. One study found a significant preference for
unstructured kinase substrates - 51% of all kinase substrates were classified as
unstructured, whereas only 19% were highly structured (even though each category
contained roughly equal numbers of proteins) (Gsponer et al, 2008). This is not
surprising, as disordered segments are readily exposed to solvent and available to mediate
protein-protein interactions with both kinases as well as proteins that interact specifically
with phosphorylated sites.

Furthermore, it is common for PTM sites to be clustered within disordered regions. This
is exactly the pattern that this thesis describes for TRIM3, with seven phosphorylation
sites a mere 30 residues apart in the unstructured “hinge” region. Another well-studied
example is p27; phosphorylation and ubiquitination of this highly unstructured protein
alter its function, localization and activities under different cellular conditions, while its
unstructured nature facilitates promiscuous binding to various cyclin-cdk complexes
(reviewed in (Follis et al, 2012)). Whether individual TRIM3 phosphorylation sites are
regulated and specifically affect TRIM3 function in such a way remains an open
question.
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IDPs are on average substrates of twice as many kinases as structured proteins (Gsponer
et al, 2008). This is consistent with data in this thesis indicating that TRIM3 can be
phosphorylated by multiple kinases. Although this thesis focused on o ne kinase, the
TRIM3 associated kinase assay as well as the kinases found by mass spectrometry in the
TRIM3 interactome together demonstrate that multiple kinases can bind to both the Nand C- terminus of TRIM3 and phosphorylate residues in the unstructured hinge region.
In addition, kinases that regulate disordered proteins are often cell-cycle, growth or
stress-regulated (Gsponer et al, 2008). It is possible that growth and stress signals
regulate the activity of these kinases upstream, thereby altering TRIM3 phosphorylation
state and function. Whether the hinge phosphorylation sites act in concert or each
modulate specific interactions or localization signals is still unclear.

Pairing flexible regions with modular protein domains can empower proteins to act as
signaling conduits. One well-studied example of such a protein is p53. P53 is a modular
protein, with structured DNA binding and tetramerization domains, but disordered
regulatory elements at the C- and N-terminus (Ayed et al, 2001; Joerger & Fersht, 2010).
The unstructured nature of these ends facilitates promiscuous binding and thereby the
plethora of p53 functions ranging from transcriptional regulation to apoptosis to DNA
repair. Switching between these functions is largely mediated by post-translational
modification. Here again the unstructured elements contain the majority of sites for
posttranslational modification and bind to the proteins that regulate p53 f unction,
localization and degradation (Bode & Dong, 2004).
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It is tempting to speculate that TRIM3 function is regulated in a similar way. The
flexible, solvent-exposed hinge region is the ideal receptor for this type of regulation. It is
ready to bind and receive signals from multiple kinases, activated by different signaling
cascades upstream. Some of these, such as CDK16, are growth regulated. This clustered
multi-site phosphorylation could then affect TRIM3 structure, complex association,
localization and/or ubiquitination activity. This model places the TRIM3 hinge at the
center of activity, a pattern seen throughout eukaryotes for cancer-associated proteins
with disordered regions.

IV. Relevance to TRIM-NHL family, and TRIMs at large
What regulates the ability to switch from one function to another is an open question for
this entire class of TRIM-NHL proteins. This class of proteins can act as E3 ubiquitin
ligases and/or translation repressors through the miRNA pathway in a multitude of
processes including differentiation, cell growth suppression, vesicular trafficking and
apoptosis. This thesis is the first to study post-translational modifications of any TRIMNHL family member.

Two lines of evidence suggest that multi-site phosphorylation may be a common
regulatory element for this family. (1) The unstructured nature of the region immediately
N-terminal of the beta-propeller domain is a conserved element throughout much of the
TRIM-NHL family. (2) Proteome-wide mass spectrometry studies have found
phosphorylation sites in this same region for several members of this family.

In

particular, the PhosphoSitePlus database lists similar multi-site phosphorylation adjacent
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to the NHL domains for both TRIM2 and TRIM32 (Hornbeck et al). In addition, a
phosphoproteomic mass spectrometry study of Drosophila found Brat phosphorylation in
this region (Bodenmiller et al, 2008). The same is true for the N-terminal S7 residue There are seven additional TRIM family members in the PhosphoSitePlus database with
phosphorylation sites near the N-terminus, and the function of these sites has never been
elucidated (TRIM2, TRIM19 (PML), TRIM29, TRIM32, TRIM35, TRIM56) (Hornbeck
et al). Of course it is intriguing to speculate that the function of these sites is conserved,
and that this thesis has begun to uncover a regulatory mechanism that is relevant for this
entire class of proteins. However, whether these phosphorylation events affect protein
function at all, and in which way, will require further biochemical and cell biological
studies.
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