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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

v



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 to 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 PDGF-
driven 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.



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 well-
established signaling pathways in gliomagenesis are the upregulation of PDGF and
EGEFR 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 lesser-
known 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 histology-
based 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



(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.

I1. 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, which 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,



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.

I11. 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).



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 TRIM 19, more commonly
known as promyelocytic leukemia protein (PML). It fuses with retinoic acid receptor-a to
form the PML-RARa 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).






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



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 p21</"//WAF!

(Chang et al,
2012; Lin et al, 2007; Maller Schulman et al, 2008). Altogether, itis clear that TRIM-
NHL 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 TRIM-
NHL proteins results in arange 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



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.



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 donot 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
WDA40-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.

10



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 GABAARY2 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 dominant-
negative mutant, as well as TRIM3 depletion by RNAIi 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.

11
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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 from
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 to 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 p21-

independent.

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 modifications (including
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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, p53is
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 pl16/INK4a (Poznic, 2009). It has at least 16 phosphorylation 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 interacts, 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, including 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 for 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 Sicl (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 3;¢-helix of
the tumor suppressors p27 and p21. By affecting the ability of the 3;o-helix to bind in the
ATP-binding pocket of CDKs, this single phosphorylation event may determine whether
p27 and p2l inhibit 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 ont 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). p27t 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-damage-
induced 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, SCFS*? 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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V1. Scope of Thesis

With the above mechanisms in mind, I wanted to understand how TRIM3 growth-
suppressive 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 t-
translational 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 (PCTAIRE-
1), a growth-regulated cytoplasmic kinase also involved in vesicular trafficking and
neural differentiation, as a T RIM3 kinase and thereby define a novel 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 lug/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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I1. Immunoblot, phos-tag and immunoprecipitation

Cell extracts were prepared in ‘Buffer B’ containing 50mM HEPES-KOH, pH 7.5,
150mM NaCl, ImM EDTA, 2.5mM EGTA, 1mM DTT, 0.1% Tween-20, 10% glycerol,
80mM B-glycerophosphate, ImM NaF, 0.1mM Na-orthovanadate, lug/mL leupeptin,

apropoteinin and soybean trypsin inhibitor, and ImM 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 sc-

751), 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 MnCl,, 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.

I11. 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 KCI,
0.5mM MgCl,. 100mM NaCl, 2mM PMSF, 0.5mM DTT). Recombinant GST-TRIM3
was incubated in 200-800ng lysate for 1 hour onice. 20uL of glutathione-agarose
(Sigma) and 300uL Buffer B (described above) were added and rotated overnight at 4°C.
Beads were washed 2 times in Buffer B, and 3 times in kinase buffer without ATP
(20mM Tris pH 7.5, 7.5mM MgCl,, ImM DTT), and subsequently resuspended in kinase
buffer with 0.3mM ATP and [7-32P]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.

V1. Kinase assays

CDK2-Cyclin A, CDK5-p35, active EGFR, active Raf-1 and all p38MAPKs (MAPKI1,
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 Hl or MBP) and [y-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.

VI1. 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. Nano-
LC-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 ImL aTRIM3 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-ul bed volume of Poros 50 R2 (Applied Biosystems,
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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 pl) were loaded onto a trapping guard
column (0.3 x Smm 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 ul/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 C 18
column (LC Packings, Sunnyvale, CA). The eluent was directed to a 75-micron (with 10-
micron orifice) fused silica nano-electrospray needle (New Objective, Woburn, MA).
The electrospray ionization needle was set at 1800 V. A linear ion quadrupole trap-
Orbitrap 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 (Matrix Science, version 2.3.02;
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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 N-
terminal 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.
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CHAPTER 3
THE GROWTH SUPPRESSIVE ACTIVITY OF TRIMS3 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 p21 VA" 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 beta-
propeller 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
pS3 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.

I1. 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 growth-

dependent 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. 1 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 TRIM3-

mediated 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 EAU (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 (AWD40) 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 EAU compared to cells transduced with wild type TRIM3 (Fig. 6A-
B). 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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Figure 6: Mutation of S7 to aspartate modestly increases TRIM3 growth suppressive
activity. (A) 293T cells were co-transfected with TRIM3 mutants and GFP. After 48 hours,
cells were treated with 10mM EdU for 90 mins, fixed, stained with anti-EdU antibody and
analyzed by flow cytometry. Plots were gated on the top 30% of GFP-expressing cells.
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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. 1
expressed the Hinge A and Hinge D mutants in cells and measured S-phase cells by EAU
incorporation and flow cytometry. Cells expressing the TRIM3 Hinge A mutant
incorporated approximately 2-fold less EAU 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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I11. 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 Weel

(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 TRIMS3 structure

Given the role of p21 and 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 multi-
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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, -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, ERKSs 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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1. 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 —

44



CDK2, CDKS5, MAPKI11, MAPK12 and MAPKI13 - to phosphorylate recombinant
TRIM3 in vitro. Of the kinases tested, CDK2 and CDKS5 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 CDKS 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 CDKS5 in vitro (Fig. 9). Altogether,

these data demonstrate that CDK2 and CDKS5 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 MAPKSs. 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 CDKS 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 anuclear 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 ab 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 [y-
32P]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 GST-
TRIM3. Subsequent mutagenesis studies (Fig. 11B), as well as the CDK2 and CDKS5
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 the 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 growth-
dependent. 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 set of N-
terminal 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 to 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 C-

terminal 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 TRIM3-
interactome (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 o-actinin-4, as well as a network of
known a-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, CDK 16 seemed quite attractive for the

following reasons:

(1) CDK16 can bind and phosphorylate TRIM3 (see below)

(2) CDK2 and CDKS5 can phosphorylate TRIM3 (Fig. 8A), and CDKI16 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 TRIMS3 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 HA-
CDK16 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 CDK 16 associated with the C-
terminus 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.
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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, 1 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 EAU (Fig. 19B). This is consistent with the growth promoting role for CDK16.
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I11. 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 CDKI16 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, itis 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

NSEF itself and COPB2, suggesting that CDK 16 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 CDKI16 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 anovel 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 CDK 16 may inhibit its growth suppressive activity.
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I1. 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 discussion 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 co-
immunoprecipitated 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 CRMI1 nuclear export inhibitor did not result in
significant TRIM3 nuclear accumulation (data not shown). As TRIM3 has no known

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 by TRIM3 accounts for at least some of its tumor
suppressive activity (Liu et al, 2012; Raheja et al, 2012). Binding of p21 to cyclin D1-
CDK4 stabilizes the complex and sequesters p21 away from TRIM3. Therefore, in this
pathway, TRIM3 may simply not always be able to access p21 directly. 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.

I11. 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 (lakoucheva 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 one 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 N-
and 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 TRIM-

NHL 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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APPENDIX: TRIMS Interactome

Hukkelhoven Thesis
Appendix: TRIM3 Interactome

Cells:
Antibody:
Elution:
Bait

Growing YH/112 cells

BD 610760

0.1M triethylamine pH 11.5

Unique

International Peptide Mascot Sequence

Protein Index  Protein Name _ kDa Count Score Coverage

IPIDO123181 Myha 226.2 51 1902 35.4
1PIDO229509 Plecl 517.1 48 1334 16.3
IPIDO227299 Wimn 53.7 35 2638 751
IPIDO1 18899 Actng 104.9 30 1056 47.6
IPIDO208205 Hspag 70.8 26 975 46.4
IPIDOZ09082 Actnl 102.9 22 GEG 34.8
IPIDO206624 Hspas 72.3 22 518 40.8
IPIDO133503 Hspa% 73.5 19 1038 8.6
IPIDO110B50 Acth 41.7 18 3243 65.1
IPIDOB 74482 Actgl 41.8 18 3216 65.1
IPIDO117352 Tubbs 49.6 15 555 48
IPID0G20256 Lmna 74.2 15 420 30.1
IPIDO316740 Ddbl 126.8 15 299 17
IPID0169463 Tubb2c 49.8 12 4498 39.1
IPIDO122928 Tubbi 50.1 12 385 33.6
IPIDO468481 ArpSb 56.3 12 351 32.9
IPIDO129020 Trim3 BO.7 12 311 21.1
IPIDO1108B27 Actal 432 11 1475 42.7
IPIDO109061 Tubb2b 49.9 11 470 41.8
IPIDO117348 Tubalb 50.1 11 364 34.6
IPIDO110753 Tubala 50.1 11 3585 34.6
IPIDO79E592 Spna2 285.2 11 332 B.7
IPIDO119478 Tmod3 39.5 10 216 37.2
IPIDO112251 Tubb3 50.4 9 388 21.3
IPIDO229080 Hsp9Dabl B3.2 8 213 14.1
IPIDO393B67 Myole 119.7 8 140 9.9
IPIDO130280 Atphal 59.7 i 251 19.2
IPIDO109044 2900073G15RIk 19.9 7 251 50.6
IPIDO2B3476 Sh2bl 70.8 7 250 18.5
IPIDO126120 Gstzl 24.3 i 189 51.4
IPIDO112223 Efhd2 26.8 7 130 34.6
IPID0221528 Acthl2 42 & 989 31.9
IPIDO111265 Capza2 32.9 & 193 39.5
IPIDO210357 Hernpf 45,7 & 188 23.9
IPIDO1963T2 Eeflal 50.1 [ 172 18.4
IPIDOSS3E40 Zfp36l2 50 3] 159 15.1
IPIDO131138 Flma 281 5 192 4.4
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IFID0226593
IFIDO372520
IFIDO122698
IFID0138692
IPIDOSS6768
IFIDO127450
IPID02125969
IFIDO365852
IPIDO5SG3424
IFID0226275
IFIDO18B059
IFI0117288
IPIDO407130
IFIDO362409
IPID0225312
IFIDOS68014
IPIDO204365
IFIDOBT0042
IFIDO117705
IPIDO122547
IFIDO330649
IPIDO130757
IFIDO123119
IPIDO223047

Txnl
Eeflb2l
Rbbp?
Ubb
Thrap3
Manlel
Hrarnpa2bl
Erh
Vdacl
Wdr2e
Rpn2
Hnrnpab
Pkm2
Hrrnpal
Msrh3
Hsphl
Rpnl
Tipl
Ddast
Wdac2
Myole
Mkinl
Alr
Ckapd

11.7

47.8
14.7
108.1
115.6
339
12.3
31.3
70.6

30.8
57.8
37.4
20.2
596.5
6H.4
193.9
49
31.7
126.7
B4.8
300.8
63.7
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Hukkelhoven Thesis
Appendix: TRIM3 Interactome

Cells: Growing YH/112 cells
Antibody: BD 610760
Elution: 0.2M Glycine pH 2.2
Bait

Unique
International Peptide Mascot Sequence
Protein Index Protein Mame kDa Count Score Coverage
IPIDOL23181 Myh3 226.2 63 2424 38.8
IPIDO4AE273 Plecl 515.2 63 2070 21.7
IPIOO22729% Wirm 53.7 L3 8824 #1.1
IPIOO118B99 Actnd 104.9 30 1125 50
IPIDO3 19830 Spnb2 274.1 23 G6H7 14.5
IPIDOL 1OBS0 Acth 41.7 22 3772 76.3
IPIOO208205 Hspah 70.8 21 802 37.6
IPIOO380436 Actnl 103 20 728 33.3
IPIDO7S3793 Spnaz 282.2 19 628 12.6
IPIDOL33503 Hepal 738 18 699 4.9
IPIOO117352 Tubbs 49.6 17 561 50.5
IPIOOG49184 Myole 121.9 17 544 21.7
IPIOO4A4223 Ferll3 233.2 17 319 11.6
IPIDO46B481 AtpShb 56.3 16 GHE 53.3
IPIOOLG9463 TubbZc 49.8 15 579 47.6
IPIDO122928 Tubbi 50.1 15 510 a7
IPIDO114593 Actel 42 14 2304 58.6
IPIDOL31138 Fina 281 14 321 B
IPIDOL 10753 Tubala 50.1 13 433 41.2
IPIOO211813 Myhld 2325 13 375 9.5
IPIOO206624 Hspas 723 12 445 24.2
IPIDOLG991E Clee 191.4 11 356 10
IPIDOE20256 Lmna 74.2 10 353 21.4
IPIOOL 19478 Tmod3 39.5 g 3g4 33.8
IPIDO317794 MNel 76.7 g 267 19.2
IPIDOGG362T Fink 277.6 g 230 6.9
IPIOOL 24700 Tire BS.7 g 212 19.5
IPIOOL 29020 Trim3 BO.7 8 312 19.9
IPIOO311682 Atplal 112.9 8 237 13
IPIDOL30280 ArpSal 59.7 7 387 23.3
IPIDOL 18120 MyoSa 215.5 7 30 7.8
IPIDO230035 Dl 3 731 7 233 19.5
IPIDO195372 Eeflal 50.1 7 164 23.6
IPIDO283476 Sh2bl 70.8 & 255 19.3
IPIDO453692 MNes 207 [ 250 7.3
IPIDO225080 Hepd0abl B3.2 5 241 0.9
IPIOO223047 Ckapd 63.7 5 191 14.4
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IPIOO475154
IPIOOG7 1847
IPIOOL35571
IFID0109044
IPIDO112339
IPIOOSS3840
IPIOO231525
IPID0205693
IPIDO153375
IPIOOL 24287
IPIOO358175
IPIDO354819
IPIDO311344
IPIOO3 16623
IPIOO204365
IPIDO420363
IPIDO132474
IPIOO323349
IPIOOSGS507
IPIOOL17689
IPID0231555
IPIDO121577
IPIOO210566
IPIOOB28461
IPIDO170232
IPIDO119618
IPIOOL17705
IPIOO210090
IPIDO112223
IPID0191444
IPIOOL11265
IPIOO330063
IPIDO123316
IPIDO381563
IPIOOG 70247
IPIOO3 78485
IPIOOG78133
IPID0210357
IPID0229645
IPIOOL111416
IPIOOL12963
IFIDOFBOG08
IPID0G53624
IPIOO407425
IPIOOL 22549
IPIDO3 20459
IPID03295913
IPIOOL190557
IPIOOL 22547

Rpn2
Ppplrlza
Tipl
2900073G15RIk
Limal
Zfp3612
Gnal2
Atplaz
Pdlirn2
Pabpcl
Flnc
Myl&
Caldl
Ctnnd1
Rpnl
Ddx5
Itgbl
Tip2
Slc25a5
Ptrf
Calml
Cttn
Hsp90aal
Tmpo
Swil
Canx
Ddast
Hrrnpu
Efhd2
Capzb
Capza2
Capzal
Tpml
Speccl
Srgapl
Atplad
2610204M08RI
Harnpf
Speccll
Stxl2
Ctnnal
Hrrnpk
Pabpecd
Myol8a
Wdacl
Eppkl
Pemitl
Phb2
Wdacz

69
114.9
194.6

19.9

B

40.5
112.1
377
70.6
290.8
17
B9.3
102.5
68.4
69.3
Ba.2
131.2
32.2
43.9
16.8
57.1
B4.8
46
243
67.2
49
B7.7
26.8
3Lz
32.9
32.9
32z
109.8
121.4
114.7
138.5
45.7
124.4
31.2
100
47.5

195.8
323
7242
24.6
333
3.7
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IPIOOL 26090
IPIOO323134
IPIOO231229
IPID0230133
IPIDO129276
IPIOOL15627
IPIOOL23281
IPIDO1Z1378
IPIDO118101
IPIOO417227
IPIOOL 12460
IPID0230394
IPIDO1108B52
IPIOO1 38406
IPIOO1301148
IPIDO124771
IPIDOYE9254
IPIOOL 26120
IPIOO207370
IPIOOL 28504
IFID0388454
IPID0130343
IPIOOL 10487
IPIOOL 29519
IPID0114641
IPID0203390
IPIOOL 25267
IPIOOL2319%
IPIDOB45851
IPIDO7 78B60
IPIOOL192274
IPIOOL 22696
IPIDO336529

Itga3
Cdh2
Gstpl
Histlhlb
Eif3a
Actr3
Lrre59
Alcam
Rafl
Synpo
Ndel
Lmnbl
Ssrl
Rapla
Rab10
Slc25a3
Arp8b2
Gstzl
Ppplrob
Pcbpl
H2ba
HArnpe
Bwkl
Baspl
Slc3az
Ppplch
Vapa
MNaplll
Syned
TrHm2e
Hrarnpa3
Rbbp4
2310014H0LRIK

116.7
99.7
23.4
22.6

161.9
47.3
34.9
65.1
729
96.7
38.5
66.7
33.7

21
22.5
39.6
B4.4
24.3
B9.6
37.5

14
36.9
26.8
22.1
58.8
372
27.8
45.3

ez
36.5
31.1
47.6
67.1

96

e e o T e e e e e e e e el el el e o T ST ST O R R N N N N S N

2.2

14.8

P
n sk

._
w s S
=f ek =)

.
Bwma BN

[

-
Db F D LN WD N S D L B R LR
0000 00 = =R RO =IO = D B A A WA~ D

...
il
A R WD



Hukkelhoven Thesis

Appendix: TRIM3 Interactome

Cells:
Antibody:
Elution:
Bait

International

Protein Index Protein NarKDa

IPID0208205
IPID0133503
IPIOO22729%
IPIOO206624
IPID0329913
IPID0169463
IPIOOL17352
IPIOOL 29020
IPIOO110753
IPIDO130280
IPIOO308213
IPIOOL 22528
IPIDO1108B27
IPIOO124640
IPIOO468481
IPIOOL17063
IPIOOL31224
IPIOO7B550%
IPIOOSS53840
IPIOOL195372
IPIOO283476
IPIOO314550
IPIOO221841
IPIOO325146
IPIOO269661
IPIOO331507
IPIOO131695
IPIOO231340
IPIOO231615
IPIDO457467
IPIOA319731
IPID0215229
IPIOOL 21758
IPIOOL 14052
IPID0229080
IPID01335916
IPIOO7 81839

S5uM PTE 48h ¥H/112 cells
BD 610760
0.1M triethylamine pH 11.5

Hspal8
Hspad
Vim
Hspas
Pcmitl
Tubb2e
TubbS
Trim3
Tubala
AtpSal
Ighgl
Tubb&
Actal
Grn
ArpSh
Fus
Teeb2
Igwv
Zfp3612
Eeflal
Sh2bl
Rplpd
Pemitd2
Anxaz2
Hrrnpa3
Culs
Alb
Histdb
Anxal
Igh
Gapdh
Pemitdl
Tardbp
Snrpb
Hsp30ab1
Hrarnphl
Hnrpe

Unique
Peptide Sequence
Count Coverage
70.8 25 2625 48.9
73.5 29 3698 47.6
53.7 22 728 50.2
72.3 20 1381 42
30.4 13 1107 47.4
49.8 11 767 2B.5
49.6 10 7hl 248
80.7 17 B31 22.3
50.1 9 523 31.5
59.7 9 290 18.8
43.4 10 4243 35.2
50.1 9 401 23
42 5 203 21.2
65 3 72 9.5
56.3 11 671 34
52.6 9 708 15.4
13.2 6 215 70.3
26.6 6 2002 271
50 8 523 17.2
50.1 7 327 21.2
70.8 5 171 14.8
34.2 < 133 15.6
40.7 3 242 B.1
38.7 1 39 3.2
39.6 5 276 21.6
90.9 3 35 71
GE.6 3 142 11.5
11.5 1 39 16.5
38.8 1 [:01] B.1
12.8 4 GLS 37.4
37.4 4 114 16.7
42.3 3 128 10.2
44,5 2 a7 9.7
23.6 1 56 3.5
#3.2 1 G 6.5
49,2 1 34 3.8
37.1 9 406 31.3
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IPIOOL38B92
IPIOO458190
IPIOO194694
IPIDO113427
IPIDO1B9519
IPIOO19986S
IPIOO365852
IPIDO1Z7071
IPID0134599
IPIOO203523
IPIOO317794
IPIDO911185
IPID0& 70004
IPIOOL 24287
IPIOO213546
IPID0231693
IPIDO324583
IPIOO204295
IPIOOL17288
IPIOOL19224
IPID01155992
IPIDO131357
IPIOOL 12407
IPIOOL10724
IPID0G626233
IPIDO390829
IPIOO331461
IPIOO323800
IPIDO1BES524
IPID0201060
IPIOOL32443
IPIOO7 68214
IPIDO108271
IPIDO364510
IPIOOL23617
IPIOOL 20886
IPIOOL13430
IPIDOYSTE53
IPID0115644
IPIOOBS0220
IPIOOLZ22421
IPID0B49793
IPIDO130B85
IPIOOL30147
IPIOO211116
IPIDO229475
IPIDO112131
IPIOO201032
IPIOO2125969

Ubb
Pdedd
Mettl3
Lyzl
Hist3
Farsa
Erh
Ddx41
Rpe3
Rpl23a
Mel
Igh
Hrarnpa3
Pabpcl
Hspall
Rps3a
Rpsl?
Pabpcd
Hrarnpab
Snrpd3
Rps25
Rps23
Rpsld
Rpl2211
Rpll7
Rpll3

Rplll
Mefm

MNerh
Limina
HArnprm
Hist2a
Elawil
Cul2
C330007P0E
hxl
Trim2
SRp25
Sarla
Rpsl&
Rpl2?

Rpl12
Rbmxrt

Raly

Petkl

Jup

1gl-v1
Hrrpd
HAarnpa2bl

14.7
85.5
50.6
18.4
19.4
57.7
12.3
69.7
26.7
17.7
6.7
51.2
36.6
70.6
70.5
29.9
15.5
70.8
30.8
13.9
13.7
16
16.3
14.5
26.1
24
20.2
95.9
115.3
74.3
77.6
27.7

86.9
25.6
35.7
#1.4
24.5
22.3
18.4
15.8
17.8
42.2
331
52.5
81.7
14.2
38.2
33.9
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IFIDO7 78340
IPID0225294
IFIDO3 10646
IFIDO117083
IPIDO310026
IFIDO368403
IFIDO355808
IPIO0121311
IPIDO123335
IPID0284525
IFID0207533
IFI00129350
IPIDO110641

Hrrnpal
Gufl

Grl3
Grpell
Gal3stl
Flg2
Ddef2
Csda
Crbn
Chchd2
Axl
Aldh18al
2200002001

28.5
7i.4
227
24.3
48.9
101.6
106.7
33.3
50.8
15.7
97.2
87.2
12.1
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Hukkelhoven Thesis
Appendix: TRIM3 Interactome

Cells: 5uM PTK 48h ¥H/112 cells
Antibody: BD 610760

Elution: 0.2M Glycine pH 2.2

Bait

Unique

International Peptide Mascot Sequence

Protein Index  Protein Nam kDa  Count Score Coverage

IPIDOZ08205 Hspal 70.8 25 1953 49.1
IPIDOL 33503 Hzpad 735 24 2287 361
IPIOO22729% Wim 53.7 21 1064 50.6
IPIOO206624 Hspas 723 16 928 34.9
IPIDO329913 Pemtl 30.4 13 1259 53
IPIDOLES4E3 Tubb2ce 49.8 13 1177 R
IPIOOL17352 Tubbs 49.6 13 1029 37.8
IPIOOL 29020 Trim3 BO.7 10 483 15.3
IPIOOL 10753 Tubala 50.1 g 621 33.7
IPIDOL 30280 ArpSal 59.7 8 314 18.3
IPIOO308213 Ighgl 43.4 7 354 27.5
IPIOOL 22528 Tubbi 50.1 7 625 21.5
IPIDO110B27 Actal 42 7 294 23.2
IPIDOL 24640 Grn BS & 76 11
IPIDD468481 AtpSh 56.3 5 260 15.7
IPIOO117063 Fus 52.6 5 317 11.8
IPIOO131224 Teeb2 13.2 5 95 53.4
IPIDO7B5509 1gv 26.6 5 426 2B.8
IPIDOSS 3840 Zip36l2 50 4 216 10.2
IPIDO195372 Eeflal 50.1 4 203 13.9
IPIDO283476 Sh2bl 70.8 4 104 11.9
IPIDO3 14950 RplpD 34.2 4 128 19.6
IPIDO221841 Pemtd2 40.7 4 186 17.3
IPIDO325146 Anxa2 38.7 4 121 13.3
IPIOO269661 Hnrnpa3 39.6 3 52 15
IPIDO331507 Culs 50.9 3 66 12.6
IPIDOLZ 1695 Alb BE.G 3 148 5.8
IPIOO231340 Hist4b 11.5 3 a7 2B.8
IPIOO231615 Anxal 38.8 3 208 15.3
IPIDO457467 Igh 12.8 2 438 25.2
IPIDO319731 Gapdh 7.4 2 a7 14.4
IPIDO215229 Pemitdl 42.3 2 84 6.2
IPIOO121758 Tardbp 44.5 2 63 5.6
IPIOOL 14052 Snrpb 236 2 48 8.5
IPIDOZ229080 Hsp30abl B3.2 2 134 3.6
IPIDOL33916 Hrrnphl 49.2 2 187 7.6
IPIDO7B1B39 Hrrpe 37.1 1 63 B.4
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IPIOOL38B92
IPIOO458190
IPIOO194694
IPIDO113427
IPIDO1B9519
IPIOO19986S
IPIOO365852
IPID0366081
IPIDO118286
IPIOOSS 1802
IPIOO198466
IPID04647 76
IPIDO462013
IPIOOL13127
IPIOOL123180
IPID0BBOGG1
IPID0114560
IPIOO204261
IPIOO210566
IPIOO210357
IPID0153400
IPID0229125
IPIOO7 64841
IPIOOL1S3743
IPIDOF 765959
IPIDO113377
IPIOOGS85944
IPIOOG60166
IPIDO111258
IPIDO135730

Ubhb
Pdedd
Mettl3
Lyzl
Hist3
Farsa
Erh

Dsp

Sfn
Hist2b
Armyla
Trg
Sethpl
Rabda
Rab3?
Rabls
Rab1l
Kpnbl
Hsp90aal
Hrarnpf
H2afj
Gsdma2
Sle25a31
Sfrs?
Rplp2
Rplpl
Rnf150
Nirplb
Mvp
Arf2

14.7
B5.5
50.6
18.4
19.4
57.7
123
332.2
7.7
14
58.8
43.1
173
24.4
4.6
21.2
227
87.1

45.7
14
49.8

27.4
11
11.5
33.5
133.5
96.7
20.7
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Hukkelhoven Thesis
Appendix: TRIM3 Interactome

Cells: Growing YH/112
Antibody: Bethyl 209
Elution: 0.2M Glycine pH 2.2
Bait

Unique
International Peptide Mascot Sequence
Protein Index Protein MarkDa Count Score Coverage
IPIDO468273 Plecl 515.2 &6 2565 238
IPIDO123181 Myhg 226.2 53 1561 32.4
IPIDOYS3793 Spna2 282.2 45 1160 28.7
IPIDO3 19830 Spnb2 274.1 34 B39 21.5
IPIDO227299 Wirn 53.7 i3 2676 70.6
IPIDO1 18899 Actnd 104.9 30 1240 46.1
IPID0169916 Clte 191.4 29 786 23.7
IPIDO380436 Actnl 103 28 1026 39.5
IPIDO208205 Hspag 70.8 21 G938 42.6
IPID0468481 AtpSh 56.3 19 679 66.2
IPID0&49184 Myolc 121.9 18 389 21.4
IPIDO7E5011 Actgl 58.8 17 2895 47.6
IPIDO206624 Hspas 72.3 17 44 31.2
IPID0620256 Lmna 4.2 17 483 32.2
IPIDO131138 Fina 281 17 329 9.7
IPIDO339428 Dock? 241 16 468 13.3
IPIDO464223 Ferll3 233.2 16 403 10.1
IPIDOBT4522 Tipl 154.9 15 410 13.9
IPIOD211813 Myhl0 2325 14 466 11.6
IPIDO133503 Hspa% 73.5 14 429 26.4
IPIDO114593 Actcl 42 13 1272 48.5
1PID01225928 Tubbi& 50.1 13 &02 35.4
IPIDO117352 TubbSs 49.6 13 G601 37.6
IPIOO117348 Tubalb 5001 13 524 39.9
IPIDO110753 Tubala 50.1 13 489 39.9
IPIDOGG3E2TY Fink 277.6 13 278 7
IPID0229080 Hsp90abl 83.2 12 287 20
IPID0GG4ET0 Flnc 2522 12 250 B.5
IPIDO130280 AtpSal 59.7 11 307 2B.B
IPIDO323349 Tip2 131.2 11 98 10.5
IPIDO119478 Tmod3 9.5 10 351 38.9
IPIOO124700 Thre 85.7 10 257 16.9
IPIDO119618 Canx 67.2 9 207 19.3
IPIDOBEE393 Culs 5.9 S 141 17.5
IPIDOZ09148 Hrrpm 73.7 7 276 18
IPID0230035 Ddx3x 731 7 243 16.3
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IPIOOG 73886
IPIOOL 29020
IPIOOL 19689
IPID0381563
IPID0O330649
IPIOOL17689
IPIOO453692
IPID01125963
IPID0204261
IPIOOL32474
IPIOO3 394648
IPID0O310131
IPIDO112223
IPIOOL 29276
IPIOOL 29350
IPIDO467104
IPID0211695
IPIOO195372
IPIOOL12339
IPIOO3 11682
IPID0225609
IPID0194558
IPIOO229645
IPIOO210090
IPIDO117705
IPIDO212014
IPIOOL15627
IPIOOL130185
IPIDO153375
IPIDO3 16623
IPIOO322712
IPIOOL 24287
IPIDO453826
IPIDO330063
IPIOO468203
IPIOO203214
IPIOO207598%
IP100643060
IPIDO309035
IPIOOG78133
IPIOO224570
IPID0475154
IPIDOS54039
IPIOO420363
IPIOO330497
IPIDOYB1602
IPID0119063
IPIOOL11265
IPIOOBS0112

Sorbs2
Trim3
Ap2bl
Speccl
Myole
Ptrf
MNes
Ctnnal
Kpnbl
Itgbl
Dhxg
Ap2az
Efhd2
Eif3a
Aldhl8al
Flii
Ppplria
Eeflal
Limal
Atplal
1600021P15
Picalm
Speccll
Hrrnpu
Ddost
Vep
Actr3
Ppplea
Pdlirm2
Ctnndl
Mrges
Pabpcl
Matr3
Capzal
Anxaz
Eef2
Myold
Akap2
Rpnl
Inf2
Prkar2b
Rpn2
Gapdh
Ddx5
Kank2
Rbml4
Lrpl
Capza2
Synpo

144.9
80.7
104.5
109.8
126.7
43.9
207
100
97.1
88.2
149.6
104
26.8
161.9
87.2
144.7
109.7
50.1

112.9
55.6
64.6

124.4
87.7

49
89.5
47.3
37.5
377

102.5
47.2
70.6

32.9
38.7
95.2
116
126
68.5
138.5
46.1

35.8
69.3
0.2
62.2
504.4
329
96.2
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218
211
139
136
111
276
274
234
183
168
147
147
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14.2
12.9
121
11.5
17.6

16.6
10.4
11.3
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IPIOOLB9723
IPIOOL 14641
IPIOOL2319%
IPID0126090
IPID0194574
IPIOO362014
IPIOOL 22450
IPID0115564
IPIDO7 79588
IPIOO331361
IPIOOL 25899
IPIDO210357
IPID0191216
IPIOO230394
IPIOO312128
IPIDO308EES
IPID0462445
IPIOOS 15654
IPIOO191391
IPIOO407130
IPIDO317794
IPIDO118143
IPIOOL38B92
IPIOO464348
IPID0122547
IPID0231726
IPIOO223047
IPIOOL133374
IPID0135475
IPID0323134
IPIOO206325
IPIOO210635
IPIDO137331
IPIDO275539
IPIOOL18101
IPIOO421357
IPIOOL11258
IPIDO1Z28E18
IPIDO330B57
IPIOOL21378
IPIOOGG1414
IPID0467447
IPID0124771
IPIOOL36883
IPIOOL32538
IPIDOBES521
IPID0223769
IPIOO319270
IPIOOL 29924

Tmadl
Slc3a2
MNaplll
Itga3
Hrarnpk
Tinl
Caldl
Slc25a4
Khdrbs1
Mybbpla
Ctnnb1
HAarnpf
Tardbp
Lmnrbl
Trim28
Hspdl
MNedds
Eefld
Slc2al
Prmi2
MNel
Cttn
Ubhb
Tmpo
Vdacz
Gnal3
Ckapd
Sqstml
Dbnl
Cdh2
Afapl
Msf
Capl
Rtn<
Rafl
Eprs
Mvp
Dhxl5
Sech3
Alcam
Arpc?
Iggapl
Sle25a3
Pthpl
Myadm
Clk2
Cda4
Meprbpl

S430020801

40.5
58.8
45.3
116.7
51
270.9
60.4
32.9
37.5
151.9
85.4
45.7
44.5
66.7
88.8
60.9
102.6
31.3
53.9
57.8
7.7
61.2
14.7
30.5
31.7
40.5
63.7
48.1
7.2
99.7
80.7
82.6
51.5
40.3
7.9
170
96.7
90.9
87.8
65.1
34.3
168.6
39.6
56.9
35.3
88.9
40.2
47.2
144.7
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IPIDO113895
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Actr2
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Hnrnpc
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Ldir
Cendbpl
ALr
Actrl0
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Ddx17

58
124
243
57.3
31.2
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4.6

134.8
71.4
50.9
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134.6
15.6
93.4
87.1
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62.8
52.9

53.2
63.2

45
30.8

161.6
71.6
44,7

105.9
63.9

145.1
33.7
50.1
58.2
21.4

102.4
371
46.4
95.1

300.8
46.2
127.8
7i4
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