TRIM7, a Novel Binding Protein of the mTORC2

Component Sin1

A thesis submitted to The University of Manchester for the degree of
Doctor of Philosophy

in the Faculty of Life Sciences

2013

Sulaiman K Marafie



Contents

L0 o 0 1 (= 1 1 =R 2
List Of FIQUIreS.....ciiiiiii s s e e 5
List of Tables.......cviiiiii e 6
List of Abbreviations...........ccoiiiiiiiiiii 7
ADSTract. ... 11
Declaration and Copyright Statement..............cooiiiiiiiiiiie, 12
Acknowledgement...........ooiiiiiiii 13
1. INtrodUCtioN.......oe 15
1.1 The Discovery of MTOR. ... 15

1.2 Regulation of mMTORC1 Signalling..........cccooiiiiiiiiiee, 15
1.2.1 The MTORCT pathWay ..........cooneeie i 15

1.2.2 Negative regulators of MTORCT ... i 19

1.3 Regulation of mMTORC2 Signalling............ccoiiiiiiiiea, 22
1.3.1 The MTORC2 pathWay ...........oeueeiii e 22

1.3.2 mTORC2 regulates other members of the AGC kinase family....... 26

1.3.3 Regulators of MTORC2..........oee e 27

1.3.4 mTORC?2 is activated by rbOSOMES............cccovviiiiiiiiiiiiiiinnn, 28

1.3.5 Functional roles of mTORCZ2 signalling..............c.cocoviiiiiinanan.. 29

1.4 mTORC1 and mTORC2 Orthologues in Yeast and Worms................. 32

1.5 Anti-Cancer Drugs that Target mTORC1 and mTORC2..................... 33

1.6 TOR @nd AQING. .. eueniiie e e 34

1.7 Sin1 - An mTOC2 Component Involved in the SAPK Pathway............. 35
1.7.1 Sin1is part Of MTORC2.........oeeeie et 35



1.7.2 Sin1 and the SAPK pathway ............ccooiiiiiiiiiiiiiiieieea 36
1.8 TRIM7 - A Novel Sin1-Binding Protein..............coooiiiiiiiiiis 37
1.8.1 TRIM proteins exhibit ubiquitin and SUMO E3 ligase activities.......39

1.8.2 TRIM proteins and CanCer..............c.uuueieeeiiiaii et aiaaaannnn, 42

1.8.3 TRIM7 is a member of the TRIM proteins superfamily.................. 44

1.9 Aim and Objectives of the Project............cooiiiiiiiii 46

2. Materials and Methods..........c.cooiiiiiiii 48
2.1 Generating TRIM CoNnStruCtS..........coiuiuiiii e 48

2.2 Cell Culture and Transfections. ... 50

2.3 Generating TRIM7 Knockdown Stable Cell Lines.....................ooooini. 50

2.4 gPCR Analysis for TRIM7 Knockdown Stable Cell Lines..................... 50

2.5 GST (glutathione S-transferase) Pull Down and Immunoprecipitation...51

2.6 ANtIDOAIES. .. et 54
2.7 SDS-PAGE and Western Blotting...........ccooviiiiiiiiie 56
2.8 Immunofluorescence MICrOSCOPY......ouueuiuiiiiieeie e 57
2.9 Expression and Purification of TRIM7.1 and TRIM11 from E. coli......... 58
2.10 TRIM7.1 Phosphorylation and in vitro Kinase Assays....................... 58
2.11 in vivo and in vitro Ubiquitination Assays...........cccoooviiiiiiiiiiiene. 59
2.12in vivo SUMOVYIation ASSaYS.......c.viiiiiiiiiiii i 60
213 MTT Cell Proliferation ASSay..........covuiuiiiiiiiiiiiiieiee e 61
3. RESUIS. .. 64
3.1 Characterisation of TRIM7 Binding Partners.............c.ccccviiiiiiiininne 64
ST INIrOAUCHION . ... 64
3.1.2 Characterising the binding of TRIM7 to SinT.........cc..cc.ooviiiiena... 64
3.1.3 TRIM7 binds to MTOR........oneee e 68



3.1.4 TRIM7 is @ phoSphoprotein............cccovieeeiiiiiiee i 70

3.1.5 TRIM7 binds to other TRIM family members.............................. 72
3.1.6 TRIM27 binds t0 SiNT ..o 81
3.1.7 CONCIUSION ... e e 81
3.2 TRIM7.1 Possesses E3 Ligase Activity.........coccoviiiiiiiiiiiiiiniinnene, 85
.21 INTrOAUCHION . ... e e 85

3.2.2 Autoubiquitination of TRIM7.1 is dependent on its RING domain...85

3.2.3 TRIM7.1 is monoubiquitinated in cells and in vitro....................... 87

3.2.4 Modulation of TRIM7.1 ubiquitination.....................ccccceveieieinn 91

3.2.5 TRIM7.1asa SUMO E31igase..........ccoooiiiiiiiiiiiiiiiiiia 94
3.2.6 CONCIUSION . ...t e e 95

3.3 Functional Roles of TRIMT.........ccociiiiiiiiiii e 98

3. 3.1 INtrOAUCHION . ... e 98

3.3.2 The effect of TRIM7 knockdown on mTORC2 signalling............... 98

3.3.3 TRIM7 knockdown increases cell proliferation........................... 100

3.3.:4 CONCIUSION . ...t e 101

L L= oW L= o o R 104
5. REferenNCeS. ... .cuieiiiiii i 113

Word Count: 23,713



Figure 1.1

Figure 1.2
Figure 1.3
Figure 1.4
Figure 1.5
Figure 1.6
Figure 1.7

Figure 1.8

Figure 1.9
Figure 1.10
Figure 3.1
Figure 3.2

Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6
Figure 3.7
Figure 3.8
Figure 3.9
Figure 3.10
Figure 3.11
Figure 3.12
Figure 3.13
Figure 3.14
Figure 3.15

List of Fiqures

Positive and negative regulators of mMTORC1 and their role

in cell growth

mTORC2 activation and its role in Akt S473 phosphorylation

mTORC2 phosphorylates Akt at both HM and TM sites
A model of mMTORC2-induced Akt degradation
The two functional domains of Rictor

The role of mTORC2 signalling in metabolism

A schematic representation of the Sin1 orthologues and their

domains

TRIM proteins are classified based on their C-terminal

region

TRIM proteins as ubiquitin E3 ligases

TRIM7 alternative splicing generates four different isoforms

TRIM7.1 binds to Sin1

IGF-1 and H20O, do not modulate the binding of TRIM7.1 to

Sin1

TRIM7.1 binds to the C-terminal region of Sin1
Differential binding of TRIM7 isoforms to Sin1

mTOR binds to TRIM7.1

TRIM7.1 is a phosphoprotein

Purification of MBP-TRIM7.1

TRIM7 is not a substrate for mTOR, Akt1, or PKCa
TRIM7 forms homo-oligomers

TRIM7 forms hetero-oligomers with TRIM11 and TRIM27
TRIM7.1 is downregulated by TRIM11 and TRIM27
Localisation of TRIM7.1 in COS7 and Hela cells
Co-localisation of TRIM7.1 with TRIM11 and TRIM27
TRIM7.1 does not co-localise with endosomes
TRIM27 binds to Sin1

21

24
25
27
30
36

39

41
45
65
66

67
68
69
70
7
72

73

75
77
78
80
81



Figure 3.16
Figure 3.17
Figure 3.18
Figure 3.19
Figure 3.20
Figure 3.21
Figure 3.22
Figure 3.23
Figure 3.24
Figure 3.25
Figure 3.26

Figure 3.27
Figure 4.1
Figure 4.2

Table 2.1

Table 2.2
Table 2.3

Table 2.4

TRIM7.1 ubiquitination in cells

TRIM7.1 is monoubiquitinated in cells

MG132 does not stabilise TRIM7.1

Cellular localisation of TRIM7.1 RING domain mutants

In vitro autoubiquitination of TRIM7.1

TRIM7.1 may modulate Sin1 ubiquitination

TRIM11 can monoubiquitinate the RING-deleted TRIM7.1
TRIM11 and TRIM27 bind TRIM7.1 Del-R mutant

TRIM7.1 does not SUMOylate Mdm2

TRIM7 knockdown by shRNA

TRIM7 knockdown leads to increased protein levels of
MmTORC2 components

TRIM7 knockdown enhances cell proliferation

The importance of TRIM7.1’s RING domain integrity

A hypothesis showing the potential role of TRIM7.1 on cell

proliferation

List of Tables

A summery of the primers used to generate the TRIM
constructs
A complete list of constructs used during the experiments

A list of antibodies used for immunoprecipitation, Western
blotting, and immunofluorescence

Buffers used for SDS-Page and Western blotting

87
88
89
90
91
92
93
94
95
99
100

101
108
110

49

52
54

57



4E-BP1/2
AKT/PKB
Ala
AMPK
APL

APS

ARF
ATM
ATR

BR

BSA
BSTA
C44A

CcC
cDNA
CKO
COS Box
cPKC
cQ

Cys
DAPI
DMEM
DNA
DNA-PKcs
DR

DTT

E1

E2

E3

EEA1
EMT

FBS

FIL
FKBP12
FN3

GAP
GDP/GTP
GFP
GNIP
GST
H46A
HCC
HDAC

List of Abbreviations

4elF4E-binding protein1/2

Protein kinase B

Alanine

AMP-activated protein kinase

Acute promyelocytic leukemia

Ammonium persulfate

ADP ribosylation factor-like
Ataxia-telangiectasia mutated
Ataxia-telangiectasia and Rad3-related
Bromodomain

Bovine serum albumin

BSD domain-containing signal transducer and Akt interactor
Cystine to Alanine substitution at amino acid residue 44
Coiled-coiled

Complementary DNA

Conditional knockout

C-terminal subgroup one signature
Conventional protein kinase C

Chloroquine

Cystine

4',6-diamidino-2-phenylindole

Dulbecco’s modified Eagle’s medium
Deoxyribonucleic acid

DNA-dependent protein kinase catalytic subunit
Dietary restriction

Dithiothreitol

Ubiquitin/SUMO-activating enzyme
Ubiquitin/'SUMO-conjugating enzyme
Ubiquitin/SUMO ligase

Early endosomal antigen-1
Epithelial-mesenchymal transition

Fetal bovine serum

Filamin-type immunoglobulin

FK506-binding protein 12

Fibronectin type 3

GTPase activating protein

Guanosine diphosphate/Guanosine triphosphate
Green fluorescent protein
Glycogenin-interacting protein

Glutathione S-transferase

Histidine to Alanine substitution at amino acid residue 46
Hepatocellular carcinoma

Histone deacetylase



His
HM
HRP
Hsp90
IGF-1
IP
IPTG
IRS-1
JNK
K48
K48R
K63
K7R
KD

LB
LRS
Lys
MAPK
MATH

MBP
MEFs

MID

MK2
MMP9
MOTC
MmRNA/rRNA
mTOR
mTORC1/2
MTT

NBs
NDRG1
NIP7
NP-40
PBS

PC-3 cells
PCBP2
PCR

PD

PDK1

PFA

PH

PHD

PI3K
PIKKs
PIP,

Histidine

Hydrophobic motif

Horseradish peroxidase

Heat shock protein 90

Insulin-like growth factor-1
Immunoprecipitation

Isopropyl -D-1-thiogalactopyranoside
Insulin receptor substrate-1

c-Jun N-terminal kinase

Lysine residue 48

Lysine to Arginine substitution at amino acid residue 48
Lysine residue 63

All seven Lysine residues substituted with Arginine
Kinase-dead

Liquid broth

Leucyl-tRNA synthetase

Lysine

Mitogen-activated protein kinase

Meprin and tumor-necrosis factor receptor-associated factor
homology

Mmaltose binding protein

Mouse embryonic fibroblasts

Midline

MAPK-activated protein kinase 2

Matrix metalloprotease 9
Microtubule-organizing center

Messenger ribonucleic acid/Ribosomal ribonucleic acid
Mammalian target of rapamycin

Mammalian target of rapamycin complex1/2
Thiazolyl blue tetrazolium bromide

Nuclear bodies

N-myc downregulated gene 1

Nuclear import 7

Nondet P-40

Phosphate-buffered saline

Prostate cancer cells null for PTEN
Poly(rC) binding protein 2

Polymerase chain reaction

Pull down

Phosphoinositide-dependent kinase 1
Paraformaldehyde

Pleckstrin homology

Plant homeodomain

Phosphatidylinositol 3-kinase

PI3K-related protein kinases
Phosphatidylinositol-4,5-biphosphate



PIP;
PKC
PML
PRAK
PRAS40
Protor
PTEN
qPCR
RAR«
RBCC
REDD1
RING
RNAIi
ROS
Rpl17
Rps16
S20
S292
S422
S473
S6K1/2
SAPK
SDS-PAGE
SGK1
shRNA
Sin1
siRNA
SREBP-1c
STAT3
SUMO
T1135
T18
T256
T256
T308
T449
T450
TBC1D7
TBS
Tel2
TEMED
TGF-B
TGF-BR
TIF1
TLB
™

Phosphoinositol triphosphate

Protein kinase C

Promyelocytic leukemia

p38-regulated/activated kinase

Proline-rich Akt substrate 40 kilo Dalton protein
Proline-rich 5 observed with Rictor

Phosphatase and tensin homolog

Quantitative real-time PCR
PML-retinoic acid receptor-a

RING domain, B-box domain, and CC domain motif
Regulated in development and DNA damage responses 1
Really interesting gene

Ribonucleic acid interference

Reactive oxygen species

60S ribosomal protein L17

40S ribosomal protein S16

Serine residue 20

Serine residue 292

Serine residue 422

Serine residue 473

p70 S6 kinase 1/2

Stress-activated MAP kinases

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
Serum- and glucocorticoid-induced protein kinase 1
Short hairpin RNA

Stress-activated protein kinase-interacting protein 1
Small interfering RNA

Sterol regulatory element-binding protein 1c

Signal transducer and activator of transcription 3
Small ubiquitin-like modifier

Threonine residue 1135

Threonine residue 18

Threonine residue 256

Threonine residue 256

Threonine residue 308

Threonine residue 449

Threonine residue 450

Tre2-Bub2-Cdc16 (TBC) 1 domain family, member 7
Tris-buffered saline

Telomere maintenance 2
N,N,N’,N’-Tetramethylethylenediamine
Transforming growth factor receptor-f3
Transforming growth factor receptor-f receptor
Transcriptional intermediary factor 1

Tris lysis buffer

Turn motif



™

TR

Trc
TRIM
TRIM7.1AR
TSC1/2
Tti1
UBCs
WCL
WT
YFP

Transmembrane
Transferrin receptor
Triconered

Tripartite motif-containing
RING-deleted TRIM7.1
Tuberous sclerosis complex1/2
Tel2-interacting protein 1
Ubiquitin-conjugating cores
Whole cell lysate

Wild-type

Yellow fluorescent protein

10



Abstract

TRIM7 is a member of the TRIM (tripartite motif-containing) protein superfamily.
This family has been implicated in many disorders such as genetic diseases,
neurological diseases, and cancers. Little is known about the function of TRIM7
except that it interacts with glycogenin and may regulate glycogen biosynthesis.
Recently, a yeast two-hybrid protein-protein interaction screen revealed the
binding of TRIM7 to Sin1, a protein found in a complex with the mammalian
target of rapamycin (MTOR) protein kinase. mMTOR can form two complexes,
MmTORC1 and mTORC2, which are important for cell growth, differentiation, and
survival. Sin1 is a core component of mMTORC2 and is critical for mTORC2
stability and activity. It was confirmed by co-immunoprecipitation that TRIM7
associates with Sin1 and mTOR in cultured mammalian cells. Furthermore, it
was demonstrated that TRIM7 is a phosphoprotein, although it was not directly
targeted by mTOR in vitro. Similar to some other TRIM family proteins, it was
demonstrated that TRIM7 has a ubiquitin E3 ligase function allowing it to
autoubiquitinate both in vitro and in cells. The autoubiquitination of TRIM7 was
dependent on its RING domain. Further characterization of TRIM7 indicated that
it can both homo-oligomerise as well as hetero-oligomerise with other members
of its sub-class of TRIM proteins and that it co-localises with them into discrete
cytoplasmic loci. To determine the cellular function of TRIM7, a stable cell line
expressing an shRNA directed against TRIM7 was generated. Successful knock
down of TRIM7 was achieved and this led to an increase in the protein levels of
components of the mTORC2 complex, including Sin1. This coincided with an
increase in cell proliferation. In conclusion, this research identifies a novel role for
TRIM7 as a ubiquitin ligase involved in regulating cell proliferation and provides a
potential link between TRIM7 and the mTOR pathway, a major transducer of

proliferative and cell survival signals.
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1. Introduction

1.1 The Discovery of mTOR

Cancers arise from a combination of gene mutations that impact on the activity of
a variety of signalling pathways within the cells. Some pathways are involved in
cell growth and proliferation whereas others are involved in other cellular
processes such as apoptosis or survival. One of the main pathways exploited by
many human cancers is the mammalian target of rapamycin (mMTOR) pathway
that plays an important role in cell proliferation, differentiation, and survival
(Guertin and Sabatini 2005). Early studies in the 1990s on the drug rapamycin
using yeast and mammalian models, revealed its 250 kDa binding target to be a
serine/threonine protein kinase, that was subsequently named target of
rapamycin (or mammalian target of rapamycin in mammals) (Kunz and Hall
1993). Since its discovery, many cellular processes were shown to be regulated
by mTOR such as ribosome biogenesis, autophagy, and metabolism (Guertin
and Sabatini 2005, Sarbassov et al. 2005a). mTOR is mainly regulated by growth
factors and nutrients, and it was originally shown to form a rapamycin-sensitive
complex that is now known as mTOR complex 1 (mTORC1) (Hara et al. 2002,
Kim et al. 2002). A few years later it was revealed that another complex is formed
which is less sensitive to rapamycin, the mTOR complex 2 (mTORC2) (Jacinto et
al. 2004, Loewith et al. 2002).

1.2 Regulation of mMTORC1 Signalling

1.2.1 The mTORC1 pathway

The two mTOR complexes share some common components, but they also
consist of proteins specific to each complex and the mode of activation for each
complex is slightly different. mMTORC1 is composed of Raptor, mLST8, and
proline-rich Akt substrate 40 kDa (PRAS40) (Hara et al. 2002) that is activated by
responding to changes in energy levels, amino acids, growth factors, and oxygen

levels (Figure 1.1). Less is known about mTORC2, but studies have shown that it
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is activated by growth factors (Ma and Blenis 2009). Both the telomere
maintenance 2 (Tel2) and Tel2-interacting protein 1 (Tti1) have been recently
shown to be important novel components of mMTORC1 by interacting with Raptor
(Kaizuka et al. 2010). Tel2 was first characterized in budding yeast (Kota and
Runge 1999) and has been shown to regulate the stability of PI3K-related protein
kinases (PIKKs) including mTOR, ATM/ATR (ataxia-telangiectasia
mutated/ataxia-telangiectasia and Rad3-related), and DNA-PKcs (DNA-

dependent protein kinase catalytic subunit) (Lovejoy and Cortez 2009).

One of the main upstream regulators of mTOR signalling is the
phosphatidylinositol 3 kinase (PI3K) (Manning and Cantley 2007). PI3K is a lipid
kinase that targets the 3’-hydroxyl ring of the phosphoinositides for
phosphorylation. PI3K phosphorylates phosphatidylinositol-4,5-biphosphate
(PIP2) converting it to phosphatidylinositol-3,4,5-triphosphate (PIP3) creating a
membrane docking site for pleckstrin homology (PH) domain-containing proteins
including PDK1 and AKT. PI3K activity is countered by PTEN (phosphatase and
tensin homolog) a lipid phosphatase that dephosphorylates PIP; to PIP; (Cantley
and Neel 1999). Akt, also known as protein kinase B (PKB), is a serine/threonine
kinase downstream of PI3K (Burgering and Coffer 1995). It is part of the AGC
kinase family which also includes p70 S6-Kinase (S6K), serum- and
glucocorticoid-induced protein kinase (SGK), and protein kinase C (PKC)
(Peterson and Schreiber 1999). Akt has a role in cell metabolism, survival,
growth, and proliferation which allows cancer cells to promote angiogenesis and
metastases only under conditions when it is constitutively active (Manning and
Cantley 2007). In mammals, Akt has three main isoforms encoded by separate
genes; Akt1, Akt2, and Akt3. Akt1 and Akt2 are ubiquitous, while Akt3 is mainly
found in the brain and testes (Walker et al. 1998). Upon PI3K activation, Akt is
recruited to the plasma membrane by PIP3 and binds to it via its PH domain. The
binding to PIP; is the rate-limiting step in Akt activation (Yang et al. 2002). In
order for Akt to be fully active, it requires to be phosphorylated both at its
threonine (T308) and serine (S473) residues. T308 is localised in the activation

loop (A-Loop) of the catalytic domain whereas S473 is in the hydrophobic motif
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(HM) towards the carboxy-terminus. Phosphoinositide-dependent kinase 1
(PDK1) phosphorylates the activation loop for Akt and it was recently found that
the HM kinase is mTORC2 which will be discussed in Section 1.3.1 (Sarbassov
and Sabatini 2005).

Akt is negatively regulated by PTEN (Sulis and Parsons 2003) where PTEN
mutations and deletion have been demonstrated in many human cancers leading
to PI3K hyperactivity promoting carcinogenesis (Manning and Cantley 2007).
Similarly, Wang and colleagues have shown that PTEN deletion in mice leads to
Akt hyper-phosphorylation in the prostate epithelium, and eventually, prostate
cancer (Wang et al. 2003). It has been reported that Akt activates mTORC1 by
phosphorylating tuberous sclerosis complex 2 (TSC2) and liberating its inhibitory
effect on Rheb (Hahn-Windgassen et al. 2005). TSC1-TSC2 forms a heterodimer
that prevents continuous activation of mTORC1, a feature in many types of
cancers. The discovery of the association between TSC1-TSC2 with mTORC1
was the first to link mTORC1 to cancer (Crino et al. 2006). TSC2 is a GTPase-
activating protein (GAP) that prevents mTORC1 activation by inhibiting Rheb
(converts it from its GTP-bound to GDP-bound form) (Figure 1.1). Studies on
mice have shown that deleting either Tsc1 or Tsc2 genes leads to continuous
activation of mTORC1 (Bhaskar and Hay 2007). A recent study has
demonstrated a novel third component of the TSC1/TSC2 complex, Tre2-Bub2-
Cdc16 (TBC) 1 domain family, member 7 (TBC1D7). TBC1D7 is required to
maintain the TSC1-TSC2 complex and promote its GAP activity (Dibble et al.
2012). However, Haar et al. have shown that Akt can activate mTORC1 by
mechanisms independent of TSC1-TSC2. One example is by phosphorylating
PRAS40 liberating its inhibitory binding effect on Raptor and allowing enhanced
growth factor-induced mTORC1 activation (Vander Haar et al. 2007).

Signals can be transmitted to mTORC1 in at least three ways; the Rag GTPase
proteins that monitor the levels of amino acids, the Rheb GTPase which
transmits signals emitted by growth factors and changes in energy levels, and

finally the signals that directly activate mTORC1 by interacting with its
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components (Figure 1.1) (Guertin and Sabatini 2007). mTORC1 is mainly
diffused throughout the cytoplasm (Sancak et al. 2008), but in the presence of
amino acids, it is recruited to the cell's endomembrane compartments (i.e.
endoplasmic reticulum and Golgi apparatus) where Rag interacts with Raptor.
This re-localisation of mMTORC1 is not sufficient for its full activation as binding to
Rheb is also required (Long et al. 2005). This activation through Rheb occurs
independently from the regulation of Rheb activity by the Akt-TSC axis (explained

above), but the exact mechanism is not fully understood.

There are four members of mammalian Rag proteins; A, B, C, and D which form
a heterodimer complex (Schurmann et al. 1995). RagA/B is the GTP-charged
complex whereas RagC/D is the GDP-bound complex (Nakashima et al. 1999). It
has been shown that GTP-bound RagB interacts with the mTORC1 component
Raptor upon increased amino acid availability and the complex then translocates
to endomembrane compartments (Sancak et al. 2008). A complex known as
Ragulator further interacts with the Rag proteins and recruits them to the
lysosome triggering mTORC1 activation. It is not clear yet exactly how mTORC1
activation is mediated by this process (Sancak et al. 2010). Recently, it has been
demonstrated that leucyl-tRNA synthetase (LRS) acts as a sensor of the cellular
leucine concentration and when it is bound to leucine it binds to Rag and acts as
a GAP leading to activation of mMTORC1 signalling (Han et al. 2012). A member
of a different family of GTPases, the Rho GTPases, has also been found to
regulate mTORC1 activity. Rac GTPase directly interacts with Rheb and Raptor
independently of GTP indicating that there is collaboration between GTPases in
the regulation of mMTORC1 (Saci et al. 2011). Once mTORC1 is active, it
phosphorylates its downstream target molecules. The two best characterized
targets of mMTORC1 are the S6K (S6K1 and S6K2) and 4E (elF4E)-binding
proteins 1 and 2 (4E-BP1 and 4E-BP2). Their phosphorylation regulates
translation initiation, protein synthesis, and leads to increased cell mass (Figure
1.1) (Ma and Blenis 2009).
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The role of mTORC1 in protein synthesis has been shown to be crucial during
muscle remodeling (Quy et al. 2013). It has been implicated that autophagy-
related genes are activated during muscle denervation (Mammucari et al. 2007,
Zhao et al. 2007). However, a recent study has shown the involvement of
MmTORC1 in suppressing autophagy during muscle denervation. Moreover,
mTORC1 was required for muscle remodeling following denervation by
promoting protein synthesis and ribosome biogenesis (Quy et al. 2013). Other
downstream targets of mTORC1 include the hypoxia-inducible factor (HIF) that
has been shown to play a role in angiogenesis by forming a HIF1a-HIF1p dimer
(Hickey and Simon 2006, Land and Tee 2007). A study using zebrafish exhibiting
mutated tsc2 and p53 has shown increased levels of HIF1a that promoted tumor
growth and angiogenesis. These affects were reduced upon rapamycin treatment
suggesting a role for mTORC1 (Kim et al. 2013) as it has been previously shown
that HIF 1. is rapamycin-sensitive (Land and Tee 2007). Studies on Tsc1” and
Tsc2” cells have shown a protective mechanism exerted by mTORC1 preventing
its hyper-activity by phosphorylating the transcription factor STAT3 (signal
transducer and activator of transcription 3). STAT3 induces PTEN expression,
and thereby, prevents Akt activation inhibiting hyper-activity mTORC1-mediated
tumorigenesis (Zha et al. 2011). The p38 mitogen-activated protein kinase
(MAPK) is another upstream regulator of mTORC1 signalling under stress
conditions. There are four p38 isoforms: a, 8, y, 8, each with specific functions
(Jiang et al. 1997, Zarubin and Han 2005). For instance, p38a stimulates
mTORC1 activation via its downstream target MK2 (MAPK-activated protein
kinase 2) that phosphorylates TSC2 preventing its inhibitory effect on mTORC1
signalling (Li et al. 2003).

1.2.2 Neqative requlators of mTORC1

While p38a may support mTORC1 activity, a second p38 isoform, p38p, has
been reported to exert an opposite effect by inactivating mTORC1. This
modulation is induced by the p38-regulated/activated kinase (PRAK), in energy-
starved conditions. PRAK binds directly to Rheb and phosphorylates it causing
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the release of the GTP bound to Rheb and inhibiting its nucleotide-binding
capabilities (Zheng et al. 2011). The role of p38p in regulating MTORC1 may be
dependent upon the stimulus as a separate study has shown that arsenite
enhances mTORC1 activity via p38p phosphorylation of Raptor (X. N. Wu et al.
2011).

The AMP-activated protein kinase (AMPK) is another kinase that negatively
regulates mTORC1 activity under low energy levels (i.e. low ATP levels) by
phosphorylating and activating TSC2 (Inoki et al. 2003). It was also
demonstrated that GSK3 increases the activity of TSC2 preventing mTORC1
activation. It was concluded that in order for TSC2 to achieve full activation,
phosphorylation by both AMPK and GSK3 are required. In addition, AMPK has
also been shown to directly phosphorylate Raptor suppressing mTORC1 activity
(Gwinn et al. 2008). In order to prevent continuous activation of mMTORC1, S6K1
triggers a series of negative feedback loops and the insulin receptor substrate 1
(IRS-1) is one of its targets (Figure 1.1) (Harrington et al. 2004). The inhibitory
effect of S6K1 on IRS-1 controls the duration of activation of the PI3K thus
dampening the cell proliferation signal (Bhaskar and Hay 2007). Other negative
regulators of mMTORC1 include REDD1 (regulated in development and DNA
damage responses 1) (Inoki et al. 2006) and Promyelocytic leukemia (PML)
tumor suppressor (Figure 1.1) (Bernardi et al. 2006). DEPTOR is another
regulator of mMTORC1. DEPTOR is an mTOR-binding protein that inhibits both
mTORC1 and mTORC2 suppressing their kinase activity (Figures 1.1 and 1.2).
DEPTOR reduction in cells had an effect on increasing cell size and protecting

them from apoptosis (Peterson et al. 2009).

One of the most widely used negative regulators of mTORC1 signalling is
rapamycin. Rapamycin is a Food and Drug Administration approved drug which
is widely used to prevent organ transplant rejection (Chueh and Kahan 2005).
Rapamycin has a role in reducing the growth rate of cancer cells, promoting
apoptosis, and has anitangiogenic features making it a good antitumor agent
(Guertin and Sabatini 2005). It initially binds to an intracellular protein, FKBP12
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(FK506-binding protein 12), forming a complex which then binds to the FRB
domain upstream the mTOR kinase domain (Bhaskar and Hay 2007). Only
MTORC1 has a freely exposed FRB docking site for the FKBP12-rapamycin
complex, whereas the FRB domain on mTORC2 might be masked by the other
components of the complex or by post-translational modifications making it
rapamycin-insensitive (Jacinto et al. 2004, Sarbassov et al. 2004). The inhibitory
effects of rapamycin on mTORC1 causes a weakening and dissociation of the

complex preventing its activity (Kim et al. 2002).
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Figure 1.1 Positive and negative regulators of mTORC1 and their role in cell growth. Akt
positively regulates mTORC1 by phosphorylating TSC2 and PRAS40, whereas mTORCH1
negative regulators include GSK3, AMPK, REDD1, and PML which activate TSC2 under low
energy and oxygen levels. Rags and DEPTOR are further regulators of mTORC1 signalling.
Other targets of Akt include FoxO and GSKS3.
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1.3 Regulation of mMTORC2 Signalling

1.3.1 The mTORC2 pathway

MTORC2 consists of mLST8 plus Rictor, mammalian stress-activated protein
kinase-interacting protein 1 (Sin1), and proline-rich 5 observed with Rictor
(Protor) (Frias et al. 2006). Like mTORC1, Tel2 and Tti1 have also been shown
to be important components of mMTORC2 by interacting with Rictor (Kaizuka et al.
2010). Knocking down either of Tel2 or Tti1 blocked the assembly of both
MTORCs preventing them from phosphorylating their downstream targets. How
Tel2/Tti1 regulate mTORC1/2 association is still not clear but provides new
evidence of novel components for the two mTOR complexes (Kaizuka et al.
2010).

There is strong evidence that mTORC2 is the major kinase responsible for Akt
phosphorylation within its HM domain at S473 and its turn motif (TM) domain at
T450 (explained below) (Hresko and Mueckler 2005). mTORC2 activation allows
Akt to phosphorylate its target substrates such as FoxO, GSK3, and BAD (Figure
1.2), and it has been shown that it plays a role in cell survival (Dada et al. 2008),
metabolism (Sarbassov et al. 2005b), and the organization of the actin
cytoskeleton (Wullschleger et al. 2005). Knockout experiments on mTORC2
components in mice have shown their effect on Akt S473 phosphorylation. For
example, deleting any of Rictor, mLST8, or SIN1 abolishes Akt's S473
phosphorylation preventing it from phosphorylating its downstream target FoxO3
at T32 (DA Guertin et al. 2006, Jacinto et al. 2006). Deleting the mTOR gene
itself in mice is embryonic lethal during implantation (Gangloff et al. 2004,
Murakami et al. 2004). In contrast, mMTORC2-deficient mice survive for a longer
period up to mid-gestation (DA Guertin et al. 2006, Jacinto et al. 2006). In
addition to Rictor’s role in Akt S473 phosphorylation, it also plays a role in the
organization of the actin cytoskeleton. Knocking down Rictor increases the
spreading of the actin fibers within the cell’'s cytoplasm rather than being
restricted to the cell’s cortex (Yang et al. 2006). Conventional Rictor knockout

mice die around embryonic day 11 (D. A. Guertin et al. 2006). However, Carson

22



and colleagues generated conditional Rictor knockout (CKO) in dorsal neural
progenitor cells that remained viable, fertile, but smaller in size with reduced
MTORC2 activity (Carson et al. 2013). Similar to mTORC1, Rac1 has also been
shown to interact with Rictor and Sin1, and co-localise to the plasma membrane
indicating its potential role in regulating mTORC2. In addition, abolishing Rac1
decreases Akt's S473 phosphorylation. The co-localisation with mTORC2 to the
plasma membrane could be an explanation for the Rac1-induced S473
phosphorylation of Akt (Saci et al. 2011).
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Figure 1.2 mTORC2 activation and its role in Akt S473 phosphorylation. Full activation of
Akt allows it to phosphorylate its targets such as TSC2, PRAS40, FoxO, GSK3, and the
apoptotic protein BAD leading to cell proliferation, growth, and survival. DEPTOR negatively
regulates both mTORC2.
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It has been implicated that TM phosphorylation at T450 on Akt plays an important
role in stabilizing the kinase (Bornancin and Parker 1996, Yonemoto et al. 1997).
In the absence of TM phosphorylation, the kinase depends on Hsp90 (heat shock
protein 90) for stability. Therefore, mTORC2 regulates Akt phosphorylation both
dependent (HM S473) and independent (TM T450) of growth factors (Figure 1.3).
Moreover, studies where the HM and TM sites of Akt were mutated in both
stimulated and unstimulated cells revealed that the two phosphorylation events
occur independently of each other. This evidence provides a novel role for
mTORC?2 in protein stability (Facchinetti et al. 2008).
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Figure 1.3 mTORC2 phosphorylates Akt at both HM and TM sites. Akt's TM is
phosphorylated by mTORC2 at T450 independent of growth factor stimulation, whereas in the
absence of mMTORC2, Akt depends on Hsp90 for stabilization and remains partly activate by
PDK1. Upon induction by growth factors, Akt becomes fully active (Facchinetti et al. 2008).

Surprisingly, it has been recently implicated that the phosphorylation of the HM
site on Akt by mTORC2 destabilizes the protein. The destabilizing effect of Akt’s
HM phosphorylation was independent of the TM phosphorylation. This suggests
a new model where Akt exerts a negative feedback once fully activated by PDK1
and mTORC?2 in order to maintain a physiological balance within the cell (Figure
1.4) (Y. T. Wu et al. 2011).
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Figure 1.4 A model of mTORC2-induced Akt degradation. mTORC2 phosphorylates newly
synthesized Akt at its TM site which is then followed by both A-loop and HM site phosphorylation
by PDK1 and mTORC2, respectively, upon IGF-1 induction. Akt is then inactivated either by
phosphatases or targeted by Lysine 48-linked polyubiquitin chains for proteasomal degradation
(Wu et al. 2011).

A recent study has demonstrated a role for FoxO transcription factors in
regulating mTORC2 activity. An increase in Rictor mRNA and protein levels were
observed upon FoxO activation that consequently led to an increase in mTORC2
activity. However, this elevation in Rictor levels was independent of FoxO binding
to DNA indicating that FoxO might associate with other transcription factors that
can promote Rictor levels. Moreover, FoxO activation had a negative effect on
mTORC1 activity. It was suggested that this might have been as a consequence
of the increased Rictor levels that compete with Raptor for mTOR binding
affecting the assembly and overall levels of mMTORC1. This also suggests that
FoxO itself can promote Akt activation by either affecting mTORC1 activity, and
therefore, inhibiting its negative feedback loop on Akt, or by increasing Rictor
levels promoting mTORC2 activity (Chen et al. 2010).
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1.3.2 mTORC?2 requlates other members of the AGC kinase family

In addition to Akt, mTORC2 regulates other members of the AGC kinase family
including SGK1 and PKC (Garcia-Martinez and Alessi 2008, Kamada et al.
2005). Similar to the other members of the AGC kinase family, SGK1 is mainly
activated by insulin and growth factors (Kobayashi and Cohen 1999, Park et al.
1999). Upon its activation, it phosphorylates one of its main target substrates N-
myc downregulated gene 1 (NDRG1) at three threonine sites; 346, 356, and 366
(Murray et al. 2004). PDK1 phosphorylates the activation loop of SGK1 at T256
but, unlike Akt, SGK1 does not bind to PIP; (Bayascas et al. 2008). The first
indication that mTORC2 regulated SGK1 was demonstrated in mouse embryonic
fibroblasts (MEFs) deficient in Rictor, mLst8, or Sin1 which also displayed a
reduction in the phosphorylation of NDRG1. Moreover, experiments revealed that
mTORC2 phosphorylates the HM domain of SGK1 at S422 (Garcia-Martinez and
Alessi 2008). Like Akt, previous studies have indicated the ability of SGK
isoforms to phosphorylate FoxO transcription factors upon their activation (Brunet
et al. 2001, Tullet et al. 2008). Recently, it has been implicated that the mTORC2
component Protor plays an important role in the activation of SGK1. In the
absence of Protor, both a reduction in the phosphorylation of SGK1 HM site and
the phosphorylation of SGK1’s substrate NDRG1 was observed. These findings
indicate Protor’'s specific role in SGK1 activation and not other members of the
AGC kinase family downstream mTORC2 signalling such as Akt and PKC.
However, Protor is not important for mTORC2 assembly nor its kinase activity
(Pearce et al. 2011).

Another member of the AGC kinase family that is regulated by mTORC2 is PKC.
It has been implicated that mTORC2 phosphorylates the HM of conventional
(c)PKCs independent of growth factors, unlike the case with Akt (Kamada et al.
2005, D. A. Guertin et al. 2006). In addition, the TM site which is a conserved
domain in the AGC kinase family of both Akt and cPKC is also phosphorylated by
mMTORC2 (Hauge et al. 2007). Studies on MEFs null for either Sin1 or Rictor
have shown reduced phosphorylation of the TM in cPKC indicating the
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importance of mTORC2. Degradation of PKC via the ubiquitin-proteasome
pathway was observed in Sin1” MEFs due to the lack of TM phosphorylation
(Facchinetti et al. 2008).

1.3.3 Requlators of mTORC?2

A number of mechanisms have been proposed for regulating mTORC2 activity. A
study by Glidden and colleagues demonstrated a link between acetylation and
mTORC2. They have shown that Rictor can be acetylated by p300 which
promoted mTORC2 activity. Moreover, overexpressing Sin1 further induced
Rictor acetylation. Residues 975-1039 have been shown to be important for
Rictor interaction with Sin1 and mLST8 which is required for mTORC2 stability,
whereas residues within the region 1041-1137 are required for its acetylation
(Figure 1.5). The acetylation domain is also required for the kinase activity of
MmTORC2 but the mechanism by which mTORC2 is stimulated by acetylation is
not fully understood. However, the assembly of mTORC2 is thought to be crucial
for Rictor acetylation (Glidden et al. 2012).
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Figure 1.5 The two functional domains of Rictor. Residues 975-1039 are important for Sin1
and mLST8 binding to form mTORC2, whereas residues 1041-1140 are essential for Rictor
acetylation by p300 inducing mTORC2 activity (Glidden et al. 2011).

New evidence shows that TSC1/2 may positively regulate mTORC2 signalling
independent of its GAP activity, but the mechanism of how it does so is not fully
known. This suggests that TSC1/2 can be placed both upstream and
downstream of Akt (Huang et al. 2008). In addition, S6K1 has also been shown

to directly phosphorylate Rictor at T1135 thereby regulating mTORC2
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phosphorylation of Akt. Rictor's T1135 phosphorylation was further promoted in
Tsc2-null MEFs in a mTORC1-dependent manner (Dibble et al. 2009). These
findings propose a new mechanism where mTORC1 directly regulates mTORC2
affecting Akt's S473 phosphorylation and preventing the activation of both

mTORCs simultaneously.

The BSD domain-containing signal transducer and Akt interactor (BSTA) is one
of the most recently identified regulators of mMTORC2 signalling that has been
shown to be specifically important for Akt1 S473 phosphorylation. Upon growth
factor induction, mTORC2 directly phosphorylates BSTA which facilitates the
interaction between BSTA and Akt1 via its BSD domain thus promoting S473
phosphorylation. BSTA was shown to be a key player in Akt1-induced adipocyte
differentiation as in its absence, cells do not differentiate and less Akt1 S473
phosphorylation was observed. The forkhead transcription factor FoxC2, which
induces brown fat adipogenesis was shown to be a key regulatory target of the
BSTA-Akt1 complex (Yao et al. 2013).

Although mTORC?2 is rapamycin-insensitive, prolonged rapamycin treatment has
been shown to affect the assembly of mMTORC2 in certain cell types. The
mechanism on how rapamycin acts on mTORC2 is different from mTORCH1.
Rather than directly binding to the complex, it binds to the free mTOR molecules
preventing it from complexing with Rictor, and eventually, form forming mTORC2.
However, mTORC2 can be formed despite rapamycin treatment in some cell
types (Sarbassov et al. 2006). It is not clear why rapamycin inhibits mMTORC2 in
certain cell types, nevertheless, this provides an insight of how it acts differently

in regulating both mTORCs.

1.3.4 mTORC2 is activated by ribosomes

A recent study has shown that mMTORC2 associates with ribosomes and that this
is required for mTORC2 activity. Specifically, mMTORC2 was associated with NIP7
(nuclear import 7), a protein required for the maturation of the ribosomal RNA

(rRNA) of the 60S subunit, as well as the ribosomal proteins 60S ribosomal
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protein L17 (Rpl17) and 40S ribosomal protein S16 (Rps16). Drugs that prevent
protein synthesis demonstrated that mTORC2 activity mediated by ribosomes
occur independently of protein synthesis. In addition to the three ribosomal
proteins mentioned above, mMTORC2 was found to interact with Rpl26. This
interaction is regulated in an insulin and PI3K-dependent manner. The elevated
association between mTORC2 and ribosomal proteins has been shown in both
melanoma and colon cancer cells that display increased mTORC2 activity which
is important for them to survive. These findings have led to a new model being
proposed where ribosomes regulate mTORC2 dependent upon the ribosome
content in order to determine the growth capacity of cells. This may also clarify
the fact that prolonged rapamycin treatment inhibits mTORC2 by affecting the
levels of ribosome synthesis via the inactivation of mMTORC1 signalling (Zinzalla
etal. 2011).

1.3.5 Functional roles of mTORC?2 signalling

Many functions for mTORC2 are emerging. It has been recently demonstrated
that mTORC2 signalling is required for insulin-induced lipogenesis in the liver
(Hagiwara et al. 2012). Downstream of mMTORC2, Akt regulates gluconeogenesis
by phosphorylating FoxO transcription factors (Puigserver et al. 2003) allowing
the 14-3-3 chaperone protein to bind FoxO promoting its nuclear export and
suppressing its DNA binding activity (Brunet et al. 1999). It has been shown that
reducing mTORC2 activity in the liver impairs satiety sensing, promotes
hyperglycemia, hyperinsulinemia, and hypolipidemia (Figure 1.6). Moreover, a
reduction in the size of the liver was observed in addition to glucose intolerance
indicating the importance of mTORC2 signalling in glucose homeostasis
(Hagiwara et al. 2012). Another key player downstream mTORC2 signalling is
the sterol regulatory element-binding protein 1c (SREBP-1c). SREBP-1c, along
with glucokinase, is activated by Akt upon insulin induction thereby regulating
metabolic processes such as glycolysis and lipogenesis (Foufelle and Ferré
2002, Horton et al. 2002). Supporting these findings, conditional Rictor knockout

mice were generated that demonstrated the requirement of mTORC2 activity for
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insulin-induced Akt activation in the liver. However, constitutively active Akt2
rescued the metabolic imbalance in the Rictor knockout mice indicating the
importance of mMTORC2-mediated phosphorylation of Akt to achieve metabolic

homeostasis (Figure 1.6) (Hagiwara et al. 2012).

| widType | | Hepatic Rictor KO | | Rictor KO + Active Akt
N 4 Insulin/PIK === oo e Insulin/PIBK
InsulifP3K ) memmmmmmmm e Signalling Signalling __/ ~"T"m==—al
L signalling _~ T\ 2 o w -
P S 8
’ g \«‘ .
4 e
0
o v Gt s 8/
) e’ /
>
s/ﬂ/ S | rore2
- . i Akt-independent Akt-independent
| A iapandnt avise | frise
FoxO 1

1 s N o

FoxO Ox//

OX( N N

a4 "y
B
Hepatic Hepatic Hepatic Hepatic Hepatic ) Hepatic )
Glucose output Lipogenesis Glucose output Lipogenesis Glucose output Lipogenesis
v

Figure 1.6 The role of mMTORC2 signalling in metabolism. Under normal conditions, mMTORC2
regulates hepatic glucose levels and lipogenesis via Akt where glucose homeostasis is achieved
(left). Upon mTORC2 impairment, Akt partially loses its activity promoting glucose levels and
reducing lipogenesis (middle), whereas glucose levels are rescued upon constitutive active Akt in
the absence of mMTORC2 activity indicating the importance of the mTORC2-Akt axis in regulating
glucose levels in the liver (right) (Adapted from Hagiwara et al. 2012).

Further functional roles of mMTORC2 signalling have been recently reported
where it has been shown to be involved in epithelial-mesenchymal transition
(EMT), a main hallmark of cancer progression and metastasis. EMT is a
reversible process where cells undergo changes in morphology and become
more invasive (Thiery and Sleeman 2006). Transforming growth factor-g (TGF-f)
is a key player in promoting EMT (Moustakas and Heldin 2007, Xu et al. 2009). It
has been implicated to promote mTORC2-induced phosphorylation of Akt S473
via PI3K signalling. This activation is dependent on the TGF-p receptor (TGF-
BR). Upon TGF-f activation, Smad controls the expression of the transcription

factor Snail that is involved in EMT and represses the cell wall junction marker E-
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cadherin. In order for EMT to complete, mTORC2 activity is required. Knocking
down Rictor caused cells to arrest between epithelia and mesenchymal states.
Moreover, cells appeared less motile indicated by the reduction of paxillin
dynamics, and less invasive demonstrated by a reduction in matrix
metalloprotease 9 (MMP9) levels that is involved in degrading surrounding
matrix. TGF-p-induced S473 phosphorylation of Akt was reduced in the absence
of Rictor affecting downstream targets of Akt such as GSK-38 (Lamouille et al.
2012). Rho GTPases play an important role during EMT as they reorganize actin
into stress fibers that are important for cell migration (Yilmaz and Christofori
2009). RhoA activation by TGF-f is inhibited in the absence of mTORC2. These
findings indicated the importance of mTORC2 activity for TGF-§ signalling in
order for cancer cells to progress, invade, and metastasize (Lamouille et al.
2012).

The mTOR pathway has been reported to be involved in nerve system processes
such as dendrite protein synthesis (Raab-Graham et al. 2006), synaptic plasticity
(Tang et al. 2002), and dendrite arborization (Jaworski et al. 2005). Recently, it
has been implicated that there might be a cross-talk between both the Triconered
(Trc) and the TOR pathway in Drosophila’s dendrite development via mTORC2
(Koike-Kumagai et al. 2009). Trc is a member of the NDR kinase family that is
important for signalling pathways regulating dendrite arborization (Emoto et al.
2004, Gao 2007). Both Sin1 and Rictor mutants demonstrated defects in dendrite
tilling indicating that TORC2 signalling may be involved. Knocking down Trc itself
demonstrated defects in the cytoskeleton organization similar to Sin1/Rictor
knockdown indicating that Trc and TORC2 might both have a role in actin
cytoskeleton organization (Koike-Kumagai et al. 2009). Trc is phosphorylated at
two conserved sites, S292 and T449 (Mah et al. 2001, Tamaskovic et al. 2003).
Upon TORC2 depletion, Trc T449 phosphorylation was abolished (Koike-
Kumagai et al. 2009). While there are extensive studies on the role of mTORC1
in the nervous system (Makino et al. 2006), the evidence above indicates the

importance of both TORCs in regulating nerve system processes. This was
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further supported in mammalian systems where the Rictor CKO mice (explained
earlier in Section 1.3.1) had decreased brain weight and reduced neuron

myelination in the cerebral cortex (Carson et al. 2013).
1.4 mTORC1 and mTORC2 Orthologues in Yeast and Worms

Unlike mammals, yeasts have two TOR genes, TOR1 and TORZ2 encoding two
distinct serine/threonine kinases TOR1 and TOR2, respectively (Helliwell et al.
1994). Like mammalian cells, two TOR complexes are formed, TORC1 and
TORC2, where either TOR1 or TOR2 can form TORC1 whereas TORC2 is only
formed by TOR2. Both complexes were first discovered in the budding yeast
Saccharomyces cerevisiae where TORC1 consists of KOG1/Raptor, LST8 and
TCO89 and is rapamycin-sensitive, while TORC2 consists of AVO1/Sin1, AVO2,
AVO3/Rictor, LST8, and BIT61 and is rapamycin-insensitive (Loewith et al.
2002). Both TORCs are involved in cell-cycle regulation but have distinct
functions, many of which are conserved from yeasts to mammals. For example,
both mTORC1 and yeast TORC1 function in regulating autophagy whereas
MTORC2 and yeast TORC2 are involved the actin cytoskeleton organization
(Bhaskar and Hay 2007).

Studies on Caenorhabditis elegans have shown that TORC1 shares similar
functions as in yeasts (Hara et al. 2002, Long et al. 2002). Other studies on C.
elegans have shown the involvement of TORC2 signalling in lipid storage.
CeRictor mutants demonstrated an increase in lipid storage and developmental
delay. This affect was also observed with sgk7 mutants were gain-of-function
mutations rescued the effects indicating the importance of SGK1 as a CeRictor
mediator. However, unlike mammalian studies, this affect on lipid storage is
independent of the Akt-Daf16/FoxO axis (Jones et al. 2009). Similar results were
demonstrated with S. cerevisiae Ypk2/SGK1 in regulating ceramide synthesis
indicating that the role of TORC2 signalling in lipogenesis is conserved from

yeast, worms, to mammals (Aronova et al. 2008).
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1.5 Anti-Cancer Drugs that Target mMTORC1 and mTORC2

Many studies have been dedicated towards developing drugs against cancer.
The PI3K pathway is shown to be hyper-activated in many human cancers
mainly due to loss of the tumor suppressor PTEN or an activating mutation in the
PI3K itself (Manning and Cantley 2007). Studies using human prostate cancer
cells null for PTEN (PC-3 cells) have demonstrated that mTORC?2 is required for
tumor growth in vivo. PC-3 cell line experiments where Rictor was knocked out
also showed that injecting nude mice with the Rictor-deficient cells reduced
tumor size formation (Guertin et al. 2009). In addition, growing evidence indicates
that the link between Akt and TSC2-Rheb-mTORC1 is a crucial step towards
PI3K-mediated tumorigenesis (Guertin and Sabatini 2005).

According to the information mentioned above, developing inhibitors against
MmTORC2 could be a good approach to target cancer cells without having an
effect on normal ones, since mTORC2 activity has been demonstrated to be
important for the transformation of prostate epithelial cells when PTEN is deleted
and not for normal cell growth. Discriminating normal cells from cancerous ones
has always been a challenge in drug development, and constructing mTORC2
inhibitors might help to open new windows in understanding how cancer cells can
be controlled. Although rapamycin has shown to have anti-proliferative properties
in vitro, its use has been limited to very few cancers in clinical trials. It would be
useful to find drugs that target both mTORC1 and mTORC2 preventing the
hyper-activation of PI3K as seen in many human cancers. Rapalogs, drugs that
act similar to rapamycin, have been derived and when combined with certain
chemotherapeutic drugs have shown to increases the apoptotic rate in the
tumors reducing their size (Mondesire et al. 2004). Other drugs, such as PI-103,
have been demonstrated to have a dual inhibitory effect on both mTOR and PI3K
reducing the proliferation rate in cancers (Fan et al. 2007). Torin 1, an ATP-
competitive inhibitor, has been shown to inhibit the activity of both mTORC1 and
MTORC2. (Thoreen et al. 2009). Another example of an mTOR selective inhibitor

is INK128. INK128 was used in breast cancer xenograft studies and tends to
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inhibit tumor growth and showed enhanced efficacy when combined with

chemotherapy drugs (Jessen et al. 2009).
1.6 TOR and Aging

There has been much interest is studies that link various signalling pathways to
lifespan extension. Aging is a consequence of an increase in the metabolic rate
that leads to increase reactive oxygen species (ROS), which in turn increases
cellular toxicity, and eventually reduces lifespan (Gems and Doonan 2009).
Dietary restriction (DR) has been shown to reduce the levels of oxidatively
damaged proteins, lipids, and DNA thereby, prolonging life (Masoro 2000).
However, ROS is not the only driving force towards aging (Blagosklonny 2006).
The TOR pathway has been shown to play a role in increasing lifespan upon
dietary restriction in two ways. First, it can affect mMRNA translation by regulating
its target substrates S6K and 4E-BP1, hence, less protein synthesis and
translation leads to a slower aging process (Silver et al. 2010). Secondly, it can
trigger autophagy in nutrient-deprived conditions preventing the accumulation of
damaged proteins thus reducing cellular toxicity (Ling et al. 2011). Another
regulator of aging upon DR is the Sirt-1 gene. Sirt-1 acts as a sensor for
measuring levels of NAD" resulting from NADH oxidation, and acts as a histone
deacetylase (HDAC) as well involved in glucose homeostasis (Medvedik et al.
2007). It has been implicated that DR inhibits the TOR pathway by activating Sirt-
1 (Tucci 2012).

Studies on C. elegans have demonstrated a role of Rictor/TORC2 in lifespan
extension. CeRictor mutants demonstrated defective feeding behavior and a
reduced lifespan. However, CeRictor mutants affected C. elegans lifespan in a
diet-dependent manner, and not through akt. When fed with a nutrient-poor diet,
rictor-mutants showed an acceleration in their rate of aging reducing their
lifespan, whereas when on a nutrient-rich diet, they demonstrated the opposite
phenotype. It is not clear what signal in the diet that allows CeRictor-mutants to

alter lifespan this way but suggests that Rictor/TORC2 plays a role in the aging of
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C. elegans. sgk1 mutants phenocopied CeRictor mutants suggesting that the two

genes fall in the same genetic pathway regulating lifespan (Soukas et al. 2009).
1.7 Sin1 - An mMTORC2 Component Involved in the SAPK Pathway

1.7.1 Sin1 is part of mTORC?2

Sin1 has been shown to be important for mTORC2 assembly and activity (Frias
et al. 2006). It is phosphorylated by mTOR and this stabilizes it by preventing its
rapid turnover and degradation by the lysosome (Chen and Sarbassov 2011).
SINT alternative splicing generates five isoforms (Schroder et al. 2004) and at
least three of them form distinct mTORC2s (Figure 1.7). Frias and colleagues
were the first to identify mammalian Sin1 as part of mMTORC2 (Frias et al. 2006)
and it has been speculated that it might act as the main regulator of mMTORC2’s
kinase activity responsible for the S473 phosphorylation of Akt (Jacinto et al.
2006). Sin1 is conserved from yeast to mammals and has been shown to have
homologues in Schizosaccharomyces pombe (Sin1), S. cerevisae (AVO1), and
Drosophila discoideum (RIP3) (Schroder et al. 2004). In addition, Sin1 RNA
interference (RNAI) in cells reduced Rictor protein levels preventing the assembly
of mMTORC2, and vice versa, indicating the importance of both components for
mTORC2 formation (Frias et al. 2006). It has been reported that Sin1 might have
a role in regulating Akt-induced apoptosis where its knockdown increased
sensitivity towards the apoptotic inducer etoposide. Moreover, BAD
phosphorylation by Akt (which prevents apoptosis) was also decreased upon
knocking down Sin1 (Yang et al. 2006). Although Sin1 is important for mTORC2
activity (Frias et al. 2006), we cannot rule out the fact that Sin1 might potentially
have other functions independent of mTORC2. Rictor's ability to form an E3
complex is a good example where it demonstrates its independent roles of

mTORC?2 signalling despite being a key player in the pathway (Gao et al. 2010).
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Figure 1.7 A schematic representation of the Sin1 orthologues and their domains. The
Sin1 domains appear to be conserved throughout different species (Dd, Dictyostelium
discoideum; Sc, S. cerevisiae; Sp, S. pombe; Ce, C. elegans; Dm, Drosophila melanogaster; Hs,
Homo sapiens). The three human Sin1 splice variants are shown (boxed) containing a CRIM
(conserved region in the middle) domain in all three isoforms, while isoforms § and y contain PH
(pleckstrin homology) and a RBD (Ras-binding domain) domains, respectively (Q, polyglutamine
stretches) (Schroder et al. 2007).

1.7.2 Sin1 and the SAPK pathway

It is clear that Sin1 is an important regulator of mMTORC2 assembly and activity.
However, Sin1 has been found to have roles independent of TORC2 signalling.
Sin1 associates with members of the MAPK family. MAPK pathways are
essential for the transduction of environmental signals from the cytoplasm to the
nucleus causing changes in gene expression (Marshall 1994). Under stress
condition, a subgroup of the MAP kinase family is activated, the stress-activated
MAP kinases (SAPKs). They have been found to play a role in the adaptive
immune response, T-cell activation, inflammation, and stress-induced apoptosis.
The SAPKs are classified into two main sub-classes based on their sequence;
the c-dun N-terminal kinase (JNK) and p38 kinase (Waskiewicz and Cooper
1995, Davis 1994, Verheij et al. 1998). In S. cerevisiae, Sty1/Spc1, which is a
member of the SAPK family, has been implicated to bind to Sin1. Sty1 is involved
in sexual conjugation and differentiation in yeast, and also has a similar structure
to mammalian SAPKs that are activated by similar environmental stress (Millar et
al. 1995, Shiozaki and Russell 1995). It has been demonstrated that Sin1

deletion leads to phenotypes similar to Sty7 deletion in yeast. Phenotypes
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include sensitivity to environmental stress, a delay in mitotic initiation, and a
decreased efficiency in both sexual conjugation and differentiation. Sin1 is not
required for the activation of Sty1, but may be required to facilitate the
translocation of Sty1 from the cytoplasm to the nucleus under environmental
stress conditions (Wilkinson et al. 1999). However, |keda and colleagues have
conflicting data and have demonstrated that Sin1 is not required for the stress-
regulated Sty1-Atf1 pathway in S. pombe so its precise role in Sty1 signalling is
unclear (lkeda et al. 2008).

Other studies have reported that Sin1 binds to mammalian JNK and p38. Sin1
regulates JNK by inhibiting its basal activity in vitro (Schroder et al. 2005) while it
has been demonstrated to bind p38 and link it to one of its transcription factor
targets ATF2. This was shown to be important for its transcriptional activity in
regulating apoptosis under stress conditions (Makino et al. 2006). Another
binding partner of Sin1 which has been identified in a yeast two-hybrid screen is
the poly(rC) binding protein 2 (PCBP2) which specifically binds to its N-terminus.
Similar to Sin1 RNAI, knocking down PCBP2 promoted apoptosis indicating that
both Sin1 and PCBP2 protect cells from apoptosis (Ghosh et al. 2008). These
different studies demonstrate that Sin1 might have different roles and might be

involved in more than one stress-induced pathway both in yeasts and mammals.
1.8 TRIM7 - A Novel Sin1-Binding Protein

The tripartite motif-containing (TRIM) superfamily of proteins have been reported
to be involved in the innate immune response in addition to their involvement in
many disorders such as genetic diseases, neurological diseases, and cancers
(Meroni and Diez-Roux 2005). More than 60 TRIM proteins have been identified
to date in humans and mice and their numbers vary in different species but
increase through evolution. They have been classified into nine family groups
(CI-CXI) based on the composition of their C-terminal region (Figure 1.8) (Short
and Cox 2006). Their structure mainly consists of a RING domain, one or two B-
box domains, and a coiled-coiled (CC) domain at their amino-terminal region
(also known as RBCC motif) (Reymond et al. 2001). The RBCC motif is highly
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conserved in different species making it a defining characteristic of the TRIM
proteins. The RING domain contains a zinc-binding motif that allows protein-
ubiquitin association and many of the TRIM proteins exhibit E3 ubiquitin ligase
activity which promotes ubiquitination (Sabile et al. 2006). The B-boxes as well
have a zinc-binding motif and play a role in the identification and binding of viral
proteins (e.g. TRIMS) (Li et al. 2007b), whereas the CC region allows protein-
protein interactions to form larger protein complexes (i.e. homo- and hetero-

oligomers) (Minucci et al. 2000).

The C-terminal domains of the TRIM proteins have been implicated in various
cellular functions such as those involved in subcellular localisation, cell-specific
expression, and transcriptional regulation (Ozato et al. 2008). For example, the
COS (C-terminal subgroup one signature) box has been shown to be involved in
microtubule binding (Bernardi and Pandolfi 2007), while other domains such as
the FN3 (fibronectin type 3) domain acts as a DNA binding site. Members of
class VI nuclear TRIM proteins exhibit plant homeodomains (PHDs) that are
involved in chromatin-mediated transcription regulation. Moreover, PHD-
containing TRIMs can also be paired with bromodomains (BR) that recognize
acetylated Lysines such as those found on histones. The pairing of PHDs with
bromodomains has been shown to promote transcription repression (Le Douarin
et al. 1997, Klugbauer and Rabes 1999, Ivanov et al. 2007). Other C-terminal
domains within TRIM proteins have been implicated in intracellular trafficking and
inducing self-association such as ARF (ADP ribosylation factor-like) and MATH
(meprin  and tumor-necrosis factor receptor-associated factor homology)

domains, respectively (Ozato el a. 2008).
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Figure 1.8 TRIM proteins are classified based on their C-terminal region. Depending on the
composition of the C-terminal region, TRIM proteins have been divided into nine classes (Cl-
CXI). The N-terminal region of the TRIM proteins contain the RBCC motif, whereas they differ
towards their carboxy-terminus where each class contains a different set of domains (ARF, ADP
ribosylation factor-like; BR, bromodomain; COS, C-terminal subgroup one signature; FN3,
fibronectin type 3; FIL, filamin-type immunoglobulin; MATH, meprin and tumour-necrosis factor
receptor-associated factor homology; MID, midline; PHD, plant homeodomain; PML,
promyelocytic leukaemia; TM, transmembrane). (1, classification of TRIMs defined by Short and
Cox; §, new families identified to reclassify TRIMs; ||, the dotted outlines indicate that domains
not present in all family members) (Ozato et al. 2008).

Recently, the Whitmarsh group identified a novel protein, TRIM7, that interacts
with Sin1 in a yeast two-hybrid screen. Very little is currently known about the
function of TRIM7.

1.8.1 TRIM proteins exhibit ubiquitin and SUMQO E3 ligase activities

One of the most important physiological regulating signals in eukaryotes is
ubiquitination. It is a post-translational modification that targets to eliminate short-
lived proteins involved in different parts of the cell such as cell signalling, DNA
repair, cell cycle regulation, and transcriptional regulation, as well as having roles
in protein trafficking. Since many oncogenes and tumor suppressor genes are

post-translationally modified by ubiquitin-conjugation, it is important to determine
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the role of these ubiquitin E3 ligases in order to understand the mechanism of
action of these modifiers (Weissman 1997). TRIM proteins are the largest family
of proteins that possess RING domains, and since proteins containing a RING
domain tend to be E3 ligases, it would be crucial to understand how these TRIM
proteins contribute to cellular functions and diseases (Reymond et al. 2001). The
three main players that catalyze the ubiquitination process are the ubiquitin-
activating enzyme (E1), the ubiquitin-conjugating enzyme (E2), and the ubiquitin
ligase (E3). Upon ubiquitin activation by the E1 enzyme, the ubiquitin is
transferred to the E2 enzyme. In turn, the E3 enzyme attaches the ubiquitin to its
target protein on a Lysine residue by forming an isopeptide bond (Figure 1.9A)
(Pickart 2001, Pickart and Eddins 2004). A polyubiquitin chain can be formed
where more isopeptide bonds are formed between the internal Lysine residue of
the ubiquitin and the Glycine residue of the C-terminal region of another ubiquitin
molecule (Pickart 2001). The ubiquitin chain formed can either target the protein
for degradation by the proteasome or target it for other cellular functions involved
in trafficking (Weissman et al. 2011). There are two main classes of ubiquitin
chains formed by TRIM proteins. The first is the classical Lysine 48-linked
polyubiquitination which targets the protein for proteasomal degradation. The
second type is Lysine 63-linked chain that targets the protein to the lysosomes
(Figure 1.9B) (Ye and Rape 2009). There are many types of E2 enzymes that
feature ubiquitin-conjugating cores (UBCs) which are classified into four groups
(van Wijk and Timmers 2010). TRIM proteins have been shown to favor two main
classes of UBCs; classes D and E. Immunofluorescent microscopy studies have
demonstrated the co-localisation of TRIM proteins with UBCs and that different
E3 ligases can share the same classes of E2 enzymes (Napolitano et al. 2011).
TRIMS is an example of an ubiquitin E3 ligase. It has been found that TRIM5
autoubiquitinates itself by forming polyubiquitin chains and is degraded by the

proteasome (Diaz-Griffero et al. 2006).
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Figure 1.9 TRIM proteins as ubiquitin E3 ligases. (A) A schematic representation of the
ubiquitination pathway where the E1-activating enzyme activates and transfers the ubiquitin
molecule to the E2-conjugating enzyme, which in turn, is transferred to the E3 ligase. The E3
ligase then targets its substrate for ubiquitination. (B) Depending on the type of ubiquitin chain,
TRIM proteins can target their substrates for degradation (K48-linked chain) or for other
intracellular roles (K63-linked chain) (Napolitano and Meroni 2012).

Another main feature of TRIM proteins is their tendency to form complexes
between family members via their CC domain. Immunofluorescent microscopy
has shown that TRIM5 co-localises with other TRIMs such as TRIM4, 6, 22, 27,
and 34 forming cytoplasmic bodies also known as aggresomes. Moreover,
studies where the crosslinker glutaraldehyde was used showed the formation of
a 150-180 kDa complex by Western blotting which might indicate the formation of
trimers (Li et al. 2007a). It has been suggested that dimer or trimer formation
might allow one TRIM protein to regulate the other. One example is the
degradation effect exerted by TRIM21 on TRIM5 when it complexes with it and

targets it for ubiquitination (Yamauchi et al. 2008).

Recently, a novel function of TRIM proteins has been identified. Some TRIM
proteins can possess SUMO E3 ligase activity. Like ubiquitin, these small
ubiquitin-like modifier (SUMO) proteins are post-translational modifiers. Unlike
the ubiquitination pathway that mainly targets proteins for degradation,

SUMQOylation is required for protein stability, activity, localisation, and to facilitate
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protein-protein interactions (Johnson 2004, Hay 2005, Geiss-Friedlander and
Melchior 2007). Similar to the ubiquitin pathway, SUMOylation is catalyzed by
three enzymatic steps that involve a SUMO-activating enzyme E1, a SUMO-
conjugating enzyme E2 (Ubc9), and a SUMO E3 ligase (Deshaies and Joazeiro
2009). PML (TRIM19) and TRIM27 are two examples of SUMO E3 ligases where
their ligase activities are RING-dependent. Unlike their ubiquitin E3 activity, an
intact B-box domain was also required for the SUMO E3 activity. PML
SUMOylates p53, Mdm2, and c-Jun, while TRIM27 binds directly to p53 and
SUMOylates Mdm2 as well indicating that some TRIM proteins can interact with
both Ubc9 and the target substrate. PML and TRIM27 are also able to interact
within nuclear bodies, and when present together, Mdm2 SUMOylation and
stability increase. This shows that some TRIM proteins can posses dual E3
functions but whether a target substrate is simultaneously ubiquitinated and
SUMOylated is still unclear (Chu and Yang 2011).

1.8.2 TRIM proteins and cancer

Despite its role as a SUMO E3 ligase, PML is involved in many other cellular
processes such as oncogenesis, DNA-damage and stress response pathways,
apoptosis, senescence, and defense against viral infections (Regad et al. 2001).
Many human cancers such as breast, colon, and prostate cancers exhibit partial
or complete loss of PML indicating its important role a tumor suppressor.
Moreover, PML induces p53 phosphorylation at its amino-terminal region (i.e.
S20 and T18) (Louria-Hayon et al. 2003, Alsheich-Bartok et al. 2008). However,
conflicting studies have implicated the involvement of PML in promoting
carcinogenesis. PML can enhance the transcriptional activity of p53 gain-of-
function mutants that are found in many human cancers promoting the formation
of cancer colonies. The increase in cancer colonies was dependent on PML,
where in its absence, a reduced growth rate of the cancer cells bearing p53
mutants was observed. This suggests that in certain cancers, PML’s role as a
tumor suppressor depends on the status of p53 (Haupt et al. 2009). The TRIM

family genes tend to translocate between chromosomes playing an important role
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in carcinogenesis. PML translocation occurs in acute promyelocytic leukemia
(APL) forming a PML-retinoic acid receptor-a (RARa) fusion protein (de Thé et
al. 1991, Kakizuka et al. 1991). This fusion protein prevents the formation of
PML-nuclear bodies (PML-NBs). In addition, PML-RARa has other detrimental
affects by acetylating enzymes involved in chromatin modification such as DNA
methyltransferases and histone demethylases, and affects the DNA repair

capabilities that are performed by wild-type PML (Martens et al. 2010).

Another group of TRIM protein that have been linked to cancer, specifically
hepatocellular carcinoma (HCC) in mice, are the transcriptional intermediary
factor 1 (TIF1) protein family. These include TRIM24 (TIF1a), TRIM28 (TIF1p),
and TRIM33 (TIF1y) each interacting with distinct transcription factors
(Khetchoumian et al. 2007, He et al. 2006, Allton et al. 2009). TRIM24 acts as a
tumor suppressor by preventing cells from progressing to the S phase of the cell
cycle thereby reducing growth and preventing the formation of anchorage-
independent colonies (Parada et al. 1998, Wong et al. 2000). As mentioned
earlier in this report, TRIM proteins form homo- or hetero-complexes between
each other via their CC region. This feature applies to the TIF1 family of proteins
as well. TRIM24 has been show to form either a dimer with TRIM28 or a trimer
with both TRIM28 and TRIM33. However, it is not clear whether TRIM24 acts as
a tumor suppressor against HCC on its own or as part of a complex with its other
family members (Herquel et al. 2011). Surprisingly, some studies have shown the
ability of TRIM24 to act as an oncogene as well by promoting the transcriptional
activity of the oestrogen-dependent genes associated with proliferation and
tumorigenesis. These findings were consistent with the overexpressed TRIM24
observed in breast cancer patients (Tsai et al. 2010). TRIM29 is another example
of a TRIM protein that can have a dual role in carcinogenesis. On one hand, it
acts as an oncogene by increasing cell proliferation via the Wnt signalling
pathway thorough p-catenin stabilization (Wang et al. 2009). On the other hand,
it acts as a tumor suppressor by directly interacting with p53 and relocating it to

the cytoplasm thus reducing p21 transcriptional activation (Yuan et al. 2010).
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1.8.3 TRIMY is a member of the TRIM proteins superfamily

TRIM7 lies in class IV of the TRIM family of proteins (Short and Cox 2006).
Members of this group contain PRY and SPRY motifs forming a PRYSPRY
domain (also known as B30.2 domain). It has been reported that the B30.2
domain only exist in vertebrates (Rhodes et al. 2005). TRIM7 (also known as
glycogenin-interacting protein “GNIP”) alternative splicing generates four
isoforms; TRIM7.1, TRIM7.2, TRIM7.3, and TRIM7.4. TRIM7 has been shown to
be involved in glycogenin regulation (Zhai et al. 2004), a protein involved in the
biosynthesis of glycogen (Alonso et al. 1995). All isoforms of TRIM7 contain a
B30.2-like domain, except TRIM7.4, as well as a CC domain (Skurat et al. 2002).
Despite the B30.2 domain being present in other TRIM proteins exhibiting RING
domains, it's functional role mainly remains unknown and does not take part in
the E3 ligase activity of TRIMs (Henry et al. 1998). However, efforts have been
made to further characterise and understand the function and structure of the
B30.2 domain where it's crystal structure has shown that it consists of a 13-
stranded intact -sandwich structure. This was the first study to determine the
structure of the B30.2 domain indicating that it acts as a dimer allowing the
formation of binding pockets for other proteins (Grutter et al. 2006). Other studies
have implicated that the B30.2 domain acts as a binding site for glycogenin
promoting its interaction with TRIM7 (Zhai et al. 2004). TRIM7.1 is the longest
isoform whereas TRIM7.4 is the shortest. However, their amino-terminal regions
are identical and only differ towards their coiled-coiled domain. On the other
hand, isoforms 2 and 3 lack both the RING and B-box domains but have identical
C-terminals as in TRIM7.1 (Figure 1.10). Although little is known about TRIM7, it
has been shown that isoform 4 is found in skeletal muscles of adult mice and in
embryonic mouse tissues, and is localised diffusely throughout the cytoplasm

and nucleus (Reymond et al. 2001).
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Figure 1.10 TRIM7 alternative splicing generates four different isoforms. Isoforms 1-3 all
share a common B30.2 domain towards their carboxy-terminus which is not present in TRIM7.4
(the shortest of all isoforms). The amino terminus of both TRIM7.1 and TRIM7.4 are identical but
differ in their coiled-coiled region. The protein size of each isoform is indicated in kilodaltons
(kDa) (Adapted from Zhai et al. 2004).
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1.9 Aims and Objectives of the Project

Preliminary data indicates that TRIM7 interacts with the mTORC2 component
Sin1. The main aim of this project was to characterize the interaction between
TRIM7 and Sin1 and determine the functional role of TRIM7 in regulating

mTORC2 signalling. The objectives were to:

a) Confirm the binding of TRIM7 to Sin1 in mammalian cells by co-
immunoprecipitation.

b) Determine the cellular localisation of TRIM7 by fluorescence microscopy.

c) Determine whether TRIM7 binds to and co-localises with related TRIM
proteins.

d) Elucidate if TRIM7 has ubiquitin and/or SUMO E3 activity.

e) Generate cells with a knock-down of TRIM7 and determine the effect on

mTORC2 signalling and cell behavior.
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Chapter Two

Materials and Methods
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2. Materials and Methods

2.1 Generating TRIM Constructs

The TRIM7.1 complementary DNA (cDNA) was amplified by PCR using pcDNA3-
Flag-TRIM7.1 plasmid as a template for all constructs (Whitmarsh lab), whereas
the MycGFP.pcDNA3-TRIM11/27 plasmids were kindly provided by Germana
Meroni (Cluster in Biomedicine, Trieste, Italy) and were used as templates to
generate the TRIM11/27 constructs. The different primers and cloning sites for
each construct are shown in Table 2.1. The PCR reaction was carried out using
the Pfu Ultra Il Fusion HS DNA Polymerase Protocol (Agilent Technologies)
following the manufacturer's instructions. The samples were then mixed with
Crystal 5x DNA Loading Buffer Blue (Bioline, Cat. No. BIO-37045) and gel
electrophoresis was performed at 100V where the samples were loaded on a 1%
(w/v) agarose gel (Sigma) using the Hyperladder 1 (Bioline) as a marker. The
target DNA was then extracted from the gel using the DNA Gel Extraction Kit
(QIAGEN). Both the insert and its appropriate vector were digested with their
corresponding restriction enzyme (New England Biolabs) for 3 hours at 37°C.
Samples were then analyzed on a 1% (w/v) agarose gel and DNA was extracted
as mentioned above. The digested insert and vector were ligated at a ratio of 1:5
(vector:insert) using T4 DNA Ligase enzyme and 10x T4 Ligation Buffer (both
from New England Biolabs) overnight at room temperature. The ligation mixture
was transformed into E. coli DH5a (F* endA1 gInV44 thi-1 recA1 relA1 gyrA96
deoR nupG ®80d/acZAM15 A(lacZYA-argF)U169, hsdR17(rk mg’), A=)
competent cells via the calcium chloride approach (Dagert and Ehrlich 1979).
The competent cells containing the ligation mix were incubated on ice for 30
minutes followed by a heat-shock process of 2 minutes at 42°C and 2 minutes on

ice. Cells were then plated on agar plates containing the appropriate antibiotic.

The pcDNA3-Flag-TRIM7.1 plasmid was used as a template for mutagenesis
(Table 2.1) with the QuickChange Lightning Site-Directed Mutagenesis Kit

(Agilent Technologies) according to manufacturer’s instructions.
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Table 2.1 A summary of the primers used to generate the TRIM constructs.

Mutagenesis Constructs (Forward & Reverse Primers 5> 3’)

pcDNA3.Flag-TRIM7.1
C44A

CGTGAGCCGGTGTCCGTCGAGGCCGGCCACAGCTTC

TGCCGCG

GGCTCAC

GCGCGGCAGAAGCTGTGGCCGGCCTCGACGGACACC

pcDNA3.Flag-TRIM7.1
C44A/H46A

GAGCCGGTGTCCGTCGAGGCCGGCGCCAGCTTCTGC

CGCGCC

CACCGGC

CAGGCGCGGCAGAAGCTGGCGCCGGCCTCGACGGA

Restriction
Construct Forward Primer (5> 3’) Reverse Primer (52> 3’) Sites Antibiotic
pEGFP-C2-TRIM7.1 GAGAAGATCTCGATGGCGGCTGTGGGACCG | GAGAAAGCTTTCAAGGCCAGATTCGCAAGT Bglll/Hindlll Kanamycin
pcDNA3.Flag-TRIM7.1AR GAGAAAGCTTCGAGCCCGCGCGCCCCAGTC | GAGAGATCTGTCAAGGCCAGATTCGCAAGT Hindlll/Xhol
p3xFlagCMV24-TRIM7.1AR GAGAAAGCTTCGAGCCCGCGCGCCCCAGTC | GAGAGATCTGTCAAGGCCAGATTCGCAAGT Hindlll/Xhol
p3xFlagCMV24-TRIM7.1 GAGAAAGCTTATGGCGGCTGTGGGACCGCG | GAGAGATCTGTCAAGGCCAGATTCGCAAGT Hindlll/Xhol
p3xFlagCMV24-TRIM11 GAGAAAGCTTATGGCTGCCCCAGACTTGTC | GAGAGAATTCTCACTGCGGGCCAAGGGTGT | Hindlll/EcoRl
p3xFlagCMV24-TRIM27 GAGAAAGCTTATGGCCTCCGGGAGCGTGGC | GAGAGAATTCTCACGGAGAGGTCTCCATGG Hindlll/EcoRI
>
2
pMAL-C2-TRIM7.1 GAGATCTAGAATGGCGGCTGTGGGACCGC | GAGAAAGCTTTCAAGGCCAGATTCGCAAGT | Xpal/Hindlll =)
g
pMAL-C2-TRIM11 GAGAGAATTCATGGCTGCCCCAGACTTGTC | GAGATCTAGATTACTGCGGGCCAAGGGTGT EcoRl/Xbal
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2.2 Cell Culture and Transfections

COS7, HelLa, and HEK293T cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplied with 10% (v/v) fetal bovine serum (FBS), 1% (v/v)
penicillin and streptomycin antibiotics, and 1% (v/v) glutamax (all from Life
Technologies). All plasmids and constructs were transfected into cells using
Polyplus JetPEI™ DNA Transfection Reagent (PeqlLab) following the
manufacturer’s instructions. For cell treatments, 80 ng/ml of insulin-like growth
factor-1 (IGF-1) (Calbiochem) and 250 uM H;O, were used at different time
points, 120 uM Chloroquine (Sigma) and 250 nM Torin 1 (provided by Nathanael
S. Grey, Harvard Medical School, Boston, USA) were used both for 2 hours, and
20 uM MG132 (Calbiochem) for 4 hours.

2.3 Generating TRIM7 Knockdown Stable Cell Lines

Both TRIM7 short hairpin RNA (shRNA) (clone no. HSH019974-1-HIV1
[0S279065]) and scrambled shRNA plasmids from GeneCopoeia were used to
generate stable knockdowns in HEK293T cells. Both shRNAs were transfected
into cells as explained in Section 2.2 and puromycin was added 24 hours post-
transfection at a concentration of 3 ug/ml. The media was replaced on a daily
basis with fresh antibiotic until separate colonies were obtained. Different clones
from each shRNA-transfected plate were recovered by trypsinization, transferred
into new plates, and left to grow. The efficiency of the knockdown was tested by

quantitative real-time polymerase chain reaction (QPCR).
2.4 gPCR Analysis for TRIM7 Knockdown Stable Cell Lines

gPCR was performed on RNAs extracted from the HEK293T stable cell lines
using RNeasy® Mini Kit (QIAGEN) where TRIM7.1 primers (Forward: 5'-
TCTTTTAAGAGACTGGGTCTTGC-3’; Reverse: 5-
CCAGCTCTTAGGGAGATGGA-3’) were used, whereas RPL19 primers were
used for normalization (Forward: 5-GATGCCGGAAAAACACCTTG-3;
Reverse: 5-TGGCTGTACCCTTCCGCTT-3’). gPCR was performed following
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QuantiTect SYBR Green gqPCR Handbook (QIAGEN) according to the
manufacturer’s instructions. RNA was used at a concentration of 100 ng/reaction
and the gPCR was carried out in a C1000 Thermal Cycler with CFX96™ Real-
Time System (Bio-Rad) using Bio-Rad CFX Manager software version 1.5.5.

2.5 GST (glutathione S-transferase) Pull Down and Immunoprecipitation

COS7 or HEK293T cells co-transfected with the appropriate plasmids shown in
Table 2.2 were washed with 1x phosphate-buffered saline (PBS) composed of
150 mM NaCl and 20 mM Na;HPO, pH 7.4, and then lysed in Tris lysis buffer
(TLB) containing 20 mM Tris/HCI (pH 7.4), 137 mM NaCl, 25 mM -
glycerophosphate, 2 mM sodium pyrophosphate, 2 mM EDTA, 1% (v/v) Triton X-
100, 10% (v/v) glycerol, 1 mM PMSF, 1 mM sodium orthovanadate, 5 ug/ml
leupeptin, and 5 ug/ml aprotonin. A portion of the cell lysate was mixed with 6x
SDS loading buffer [300 mM Tris-HCI pH 6.8, 300 mM SDS, 600 mM
dithiothreitol, 30% (v/v) glycerol, and 0.1% (w/v) Bromophenol Blue]. For the GST
pull downs, the remaining lysate was mixed with GSH-Agarose slurry solution
(Generon) at 4°C for 3 hours with rotation to bind the GST proteins. The GST-
bound proteins were washed four times with lysis buffer and eluted in 6x SDS
loading buffer. For the immunoprecipitation experiments, the M2 antibody
(Sigma) that recognizes the Flag epitope and Protein G-Sepharose (Generon) or
Protein G Dynabeads (Invitrogen) were used. The protein-bound beads were

washed as in the previous experiment.
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Table 2.2 A complete list of constructs used during the experiments

Construct Description

pcDNA3 Mammalian empty plasmid

Mammalian plasmid expressing TRIM7.1 N-terminally tagged

pcDNA3-Flag-TRIM7.1 .
with 1xFlag

Mammalian plasmid expressing TRIM7.1 with a Cys>Ala

pcDNA3-Flag-TRIM7.1 C44A | point mutation at amino acid position 44 N-terminally tagged
with 1xFlag

Mammalian plasmid expressing TRIM7.1 with a Cys>Ala
pcDNA3-Flag-TRIM7.1

C44A/H46A

and His—>Ala point mutations at amino acid positions 44 and

46, respectively, N-terminally tagged with 1xFlag

Mammalian plasmid expressing RING-deleted TRIM7.1

pcDNA3-Flag-TRIM7.1AR . . ) .
(amino acids 1-81 deleted) N-terminally tagged with 1xFlag

Mammalian plasmid expressing TRIM7.1 N-terminally tagged

p3xFlagCMV24-TRIM7.1
with 3xFlag

Mammalian plasmid expressing RING-deleted TRIM7.1

p3xFlagCMV24-TRIM7.1AR . . ) .
(amino acids 1-81 deleted) N-terminally tagged with 3xFlag

pPEBG Mammalian plasmid expressing GST-tag alone

Mammalian plasmid expressing TRIM7.1 N-terminally tagged

pEBG-TRIM7.1 _
with GST

Mammalian plasmid expressing TRIM7.3/7.4 N-terminally

pEBG-TRIM7.3/7.4 _
tagged with GST

Mammalian plasmid expressing Clk-1 N-terminally tagged

pEBG-CLK-1 ]
with GST

Mammalian plasmid expressing Sin1 N-terminally tagged

pPEBG-hSin1 ]
with GST

pEBG-hSin1 (1-135,136-271, | Mammalian plasmid expressing deletion-mutants of Sin1 N-
272-372, and 372-511) terminally tagged with GST

pPEGFP-C2 Mammalian plasmid expressing GFP-tag alone

Mammalian plasmid expressing TRIM7.1 N-terminally tagged

pEGFP-C2-TRIM7.1 ]
with GFP

Mammalian plasmid expressing PML.1 N-terminally tagged

pYFP-PML
with YFP
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pMAL-C2

Bacterial plasmid expressing MBP-tag alone

PMAL-C2-TRIM7.1

Bacterial plasmid expressing TRIM7.1 N-terminally tagged
with MBP

pMAL-C2-TRIM11

Bacterial plasmid expressing TRIM11 N-terminally tagged
with MBP

pGEX-6P1-hSinb

Bacterial plasmid expressing Sin1 N-terminally tagged with
GST

pGEX-6P1-FOXO3A (1-80)

Bacterial plasmid expressing amino acids 1-80 of FoxO3a N-

terminally tagged with GST

pGEX-6P1-CLK-1

Bacterial plasmid expressing Clk-1 N-terminally tagged with
GST

pcDNA3-myc6-hSin1

Mammalian plasmid expressing Sin1 N-terminally tagged

with Myc

pcDNA3-myc-Mdm2

Mammalian plasmid expressing Mdm2 N-terminally tagged

with Myc

MycGFP.pcDNA3-TRIM11/27

Mammalian plasmid expressing TRIM11/27 N-terminally
tagged with Myc and GFP

p3xFlagCMV24-TRIM11/27

Mammalian plasmid expressing TRIM11/27 N-terminally
tagged with 3xFlag

pRh5-myc-mTOR

Mammalian plasmid expressing mTOR N-terminally tagged

with Myc

pCMV-HA-mTOR/mTOR KD

Mammalian plasmid expressing wild-type or kinase dead

mutant mTOR N-terminally tagged with Myc

pCMV5-HA-Akta

Mammalian plasmid expressing Akt1 N-terminally tagged
with HA

pM107-6xHis-Ub

Mammalian plasmid expressing ubiquitin N-terminally tagged
with 6xHis

pcDNA3-6xHis-UBK48R

Mammalian plasmid expressing ubiquitin with a Lys—>Arg
point mutation at amino acid position 48 N-terminally tagged
with 6xHis

pcDNA3-6xHis-UBK7R

Mammalian plasmid expressing ubiquitin with all seven

Lysines mutated to Arginines N-terminally tagged with 6xHis

pcDNA3-His-SUMO1/2

Mammalian plasmid expressing SUMO1/2 N-terminally

tagged with 1xHis
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2.6 Antibodies

Table 2.3 A list of antibodies used for immunoprecipitation, Western blotting, and immunofluorescence

Antibody Species Used for Dilution Company Catalog/Clone No.
GST-tag Goat wB 1:3000 GE Health Care 27457701V
GFP-tag Rabbit WB 1:1000 Invitrogen G10362
Myc-tag Mouse WB 1:5000 Millipore CA92590

M2 (Flag-tag) Mouse VIVFB 11::2500000 Sigma F1804
HA-tag Mouse WB 1:1000 Sigma H9658
His-tag Mouse WB 1:1000 GE Health Care 2747001

MBP-tag Mouse WB 1:1000 Cell Signaling Technology 2396S
mTOR Goat WB 1:1000 Santa Cruz Biotechnology sc-1549
Rictor Rabbit WB 1:1000 Novus Biologicals NB100-612
Sin1 Rabbit WB 1:1000 Covlab Clone 113
Akt Rabbit WB 1:4000 Cell Signaling Technology 92728
pAkt S473 Rabbit WB 1:2000 Cell Signaling Technology 40605
B-actin Rabbit WB 1:2000 Abcam ab8227
ERK1/2 Rabbit WB 1:1000 Santa Cruz Biotechnology sc-93/sc-154
LC3 Mouse wB 1:1000 MBL M115-3
Ub Mouse WB 1:1000 Santa Cruz Biotechnology sc-271289
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EEA1 Mouse IF 1:250
TR Mouse IF 1:50 Prof. Philip Woodman (University of Manchester, Manchester, UK)
Lamp1 Mouse IF 1:250
Mouse/Rabbit . ) 26-6802 -68021
IR Dye® 680/800 WB 1:40000 Li-Cor 926-68020/965-680
Goat 1:10000 926-32214
HRP-tag Mouse/Rabbit WEB 1:10000 GE Health Care NA931V/NA934V
Goat Abcam ab6877-1
Alexa® Fluor®® Mouse IF 1:500 Invitrogen A31624
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2.7 SDS-PAGE and Western Blotting

All samples obtained from the binding/co-expression experiments were loaded
on 8-15% (v/v) SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel
electrophoresis) gels depending of the protein size, using Precision Plus Protein
as a marker (Bio-Rad) and electrophorased at 150V. The stacking gels were
composed of 124 mM Tris pH 6.8, 3.72% Acrylamide (Life Science Products),
0.1% SDS, 0.1% ammonium persulfate (APS) (Sigma), and 0.2% N,N,N’,N’-
Tetramethylethylenediamine (TEMED) (Sigma), while the resolving gel consisted
of 375 mM Tris pH 8.8, 8-15% Acrylamide, 0.1% SDS, 0.1% APS, and 0.1%
TEMED. The proteins on the gels were then transferred to Immobilon-FL transfer
membrane (Millipore) using Western blotting either by the semi-dry or the wet
transfer method for 3 hours at 15V or 3 hours at 50V in a 4°C cold room,
respectively. The buffers used for SDS-PAGE and Western blotting are shown in
Table 2.4. The membranes were then blocked in 5% (w/v) non-fat milk containing
1x Tris-buffered saline (TBS) [15mM Tris-HCI (pH 7.4), 150mM NaCl] for 60
minutes with shaking followed by overnight incubations at 4°C with the
appropriate primary antibody while shaking. Antibodies directed against epitopes
on over-expressed proteins were made in 5% (w/v) milk/TBS, whereas 2.5%
(w/v) milk/TBS was used for antibodies directed against endogenous proteins. 1x
TBS containing 0.5% (v/v) Tween-20 was used to wash the membranes four
times for 10 minutes with shaking. Anti-Mouse/Rabbit/Goat IR Dye® 680/800 or
HRP-labeled secondary antibodies were used made up in 5% (w/v) milk/TBS
containing 0.5% (v/v) Tween-20 and 0.01% (v/v) SDS. The IR-sensitive
secondary antibodies were incubated for 30 minute at room temperature in the
dark while shaking, whereas the HRP-secondary antibodies were incubated for
45 minutes. Membranes were washed four times as mentioned above. A Li-Cor
Odyssey Infrared Imaging System was used to analyze the membranes with the
IR-sensitive secondary antibodies using Odyssey software version 2.1. For the
HRP-labeled membranes, Amersham ECL Prime Western Blotting Detection
Reagent (GE Health Care) was used following the manufacturer’s instructions

and developed using X-ray film and a Mini Medical 90 Film Processor.
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Table 2.4 Buffers used for SDS-PAGE and Western blotting

Buffer Composition

1x SDS Running Buffer 24 mM Tris, 191 mM Glycine, 0.1% (v/v) SDS

1x Semi-dry Transfer Buffer 24 mM Tris, 191 mM Glycine, 20% (v/v) MeOH

24 mM Tris, 191 mM Glycine, 20% (v/v) MeOH,
0.05% (v/v) SDS

1x Wet Transfer Buffer

2.8 Immunofluorescence Microscopy

COS7 and Hela cells were grown on glass coverslips and either the pEGFP-C2-
TRIM7.1 construct or the pEGFP-C2 vector (Whitmarsh lab) were transfected
into cells. Cells were fixed with 4% (w/v) paraformaldehyde (PFA) (Sigma) for 15
minutes at room temperature, permeabilized with 0.1% (v/v) Triton-X in 1x PBS,
and washed in 1x PBS. The coverslips were then mounted on twin frosted glass
slides using ProLong® Gold Antifade Reagent with DAPI (4',6-diamidino-2-

phenylindole) (Invitrogen). HelLa cells transfected with pcDNA3-Flag-TRIM7.1,
pcDNAS3-Flag-TRIM7.1 C44A or C44A/H46A, and pcDNA3-Flag-TRIM7.1AR
were then blocked and permeabilized with 1% (w/v) BSA (bovine serum albumin)
0.1% (v/v) Tween-20 in 1x PBS for 40 minutes at room temperature. The
coverslip was then incubated with the M2 primary antibody made in 1% (w/v)
BSA 0.1% (v/v) Tween-20 in 1x PBS for 1 hour at room temperature. Cells were
washed four times with 1x PBS and then incubated with Alexa® Fluor®®-

conjugated secondary antibody (Invitrogen) for 1 hour at room temperature.

For co-expressing TRIM constructs, p3xFlagCMV24-TRIM7.1 was co-transfected
with either MycGFP.pcDNA3-TRIM11/27 or pYFP-PML (Whitmarsh lab) and

processed as above.

Staining for endosomal markers was performed in both COS7 and HelLa cells
transfected with the pEGFP-C2-TRIM7.1 construct. For the EEA1 (Early

endosomal antigen-1) and transferrin receptor (TR) antibodies, cells were fixed in
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4% (w/v) PFA but permeabilized with 0.1% (v/v) Triton-X in 1x PBS. For Lamp1
staining, methanol fixation was used instead where cells were incubated in
absolute methanol (-21°C) for 5-10 minutes at -21°C. The remaining steps follow
as for PFA fixation. The samples were all analyzed using an Olympus BX51
microscope equipped with a Photometrics Cool SNAP ES camera using

MetaVue software version 6.3r6.
2.9 Expression and Purification of TRIM7.1 and TRIM11 From E. coli

The maltose binding protein (MBP) system was used for both TRIM7.1 and
TRIM11 expression in E. coli and subsequent purification (constructs generated
as described in Section 2.1). E. coli BL21 DE3 (F~ ompT gal dcm lon hsdSg(rg’
mg’) AMDE3 [lacl lacUV5-T7 gene 1 ind1 sam7 nin5]) competent cells were
transformed with pMAL-C2-TRIM7.1, pMAL-C2-TRIM7.11, and pMAL-C2 as
explained in Section 2.1. After single colonies were picked, cells were left to grow
in the presence of 2% (v/v) glucose in liquid broth (LB) until they reached optical
density (ODegoo) of 0.4-0.5 and then induced by 0.1 mM IPTG (lsopropyl p-D-1-
thiogalactopyranoside) overnight at room temperature while shaking. Cells were
harvested, lysed with lysis buffer containing 20 mM Tris-HCI, 0.5 M NaCl pH 8.0,
and sonicated four times with 10 second bursts allowing a one-minute interval
between each sonication while on ice using Qsonica XL-2000 followed by 0.4%
(v/v) N-Lauroylsarcosine sodium salt solution (Sigma) and 1 mM ZnCl, treatment.
The cleared lysate was then transferred into a polypropylene column (QIAGEN)
containing Amylose resin (New England Biolabs) that has been pre-washed with
12x its volume with the lysis buffer allowing it to flow by gravity. The column was
eluted with 10 mM maltose in lysis buffer. A total concentration of 20% (v/v)

glycerol was added to the elutions for long-term storage at -80°C.
2.10 TRIM7.1 Phosphorylation and in vitro Kinase Assays

pEBG-TRIM7.1 was expressed in HEK293T cells and a pull down was performed
as in Section 2.5. The GSH-Agarose beads bound to GST-TRIM7.1 was washed
three times with TLB and two times with the kinase buffer (30 mM Tris pH 7.4, 20
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mM MgCl,, 1mM DTT [Dithiothreitol]). A kinase reaction was carried out by
adding a mixture of 0.4 mM ATP (Promega) and 1ul ATP [y->*P]-3000 Ci/mmol
10 mCi/ml (Perkin Elmer) to the kinase buffer and incubated for 30 minutes at
30°C with mixing every 10 minutes. Two additional washes with TLB were
performed followed by mixing the samples with 6x SDS loading and running them
on SDS-PAGE gels. Gels were stained, dried, and exposed to KODAK BioMax
MR Films.

The MBP-TRIM7.1, purified as described in Section 2.9, was used for the in vitro
kinase assay. The positive controls used for the mTOR, Akt1, and PKCa kinases
were GST-Sin1, GST-FoxO3a (aa 1-80), and GST-CIk-1 (all from Whitmarsh
lab), respectively. For the Akt1 kinase assay, pCMV5-HA-Akta (kindly provided
by D. Alessi, University of Dundee, UK) was transfected into HEK293T cells,
induced with 80 ng/ml IGF, harvested, and immunoprecipitated as explained in
Section 2.5. The total kinase reaction was made up to 30 ul composed of the
purified proteins, 377 Units/mg of the mTOR or 3597 Units/mg of the PKCa
kinases (both from Millipore) (the immunoprecipitate in the case of Akt1), 0.4 mM
ATP and ATP [y-*P], and the kinase buffer. MnCl, was used in the kinase buffer
instead of MgCl, for the mTOR kinase assay. The reaction was carried out at
30°C and terminated by mixing the samples with 6x SDS loading buffer. Samples
were run on SDS-PAGE gels and the gels were stained, dried, and exposed to
KODAK BioMax MR Films.

2.11 in vivo and in vitro Ubiquitination Assays

The constructs used for the in vivo ubiquitination assay were the following: Flag-
TRIM7.1, 3xFlag-TRIM7.1, Flag-TRIM7.1AR, MycGFP.TRIM11/27, and 3xFlag-
TRIM11/27 described in Table 2.2. The point mutants generated in Section 2.1
were used as well in addition to the pcDNA3-myc6-hSin1 construct. In addition,
pM107-6xHis-Ub (provided by Clare Davies, University of Birmingham,
Birmingham, UK) and pcDNA3-6xHis-UBK48R/K7R (provided by Miranda van

Trienst, University Medical Center, Utrecht, Netherlands) were used. Cells were
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treated with MG132 (Calbiochem) at a concentration of 20 uM for 4 hours post-
transfection. A third of the harvested cells were lysed in TLB as in Section 2.5 for
inputs, whereas the remaining two thirds of the cells were lysed under denaturing
conditions. The denaturing buffer (Buffer A) consisted of 6 M guanidinium-HCI,
0.1 M NapHPO4/NaH,PO4, 10 mM imidazole pH 8.0. The lysates were then
sonicated two times with 10-15 second bursts as in Section 2.9. A pull down was
carried out using Ni-NTA Superflow (QIAGEN) mixed with the lysate for 3 hours
at room temperature. Then, the beads were washed three times with Buffer A,
two times with Buffer B (1:4 dilution of Buffer A in 25 mM Tris-HCI, 20 mM
imidazole pH 6.8), and two final washes with Buffer C (25 mM Tris-HCI, 20 mM
imidazole pH 6.8). Imidazole was added freshly to the buffers. Samples were
then mixed with 6x SDS loading buffer containing 200 mM imidazole and

analyzed by Western blotting.

For the in vitro ubiquitination assay, the purified proteins from Section 2.9 were
used where MBP alone was used as a negative control while MBP-TRIM11 was
used as a positive control. The in vitro reaction consisted of the 0.5-1 uM purified
proteins (E3), 15 nM E1 enzyme, 1 uM E2 enzyme (Hisg-UbcH-5a), 5 uM Hiss.Ub
(all from Biomol), 50 mM Tris-HCI pH 8.0, 5 mM MgCl,, 4 mM ATP, 150 mM
NaCl, and 2 mM DTT to a final volume of 60 ul. The reaction was incubated for
90 minutes at 37°C and terminated by adding 6x SDS loading buffer followed by
SDS-PAGE.

2.12 in vivo SUMOylation Assays

p3xFlag.CMV24-TRIM7 .1, MycGFPpcDNA3-TRIM27, pcDNA3-myc-Mdm2
(Whitmarsh lab), and pcDNA3-His-SUMO1/2 (provided by Prof. Andrew
Sharrocks, University of Manchester, Manchester, UK) were used for the
SUMQOylation assays. The constructs were transfected into HEK293T cells and
treated with 20 uM MG132 for 4 hours. Cells were harvested under denaturing
conditions as in the previous section and a pull down was performed using Ni-

NTA Superflow. The buffers used were slightly different from the ones of the
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ubiquitination assays; Buffer S1 consisted of 6 M guanidinium-HCI, 0.1 M
Na;HPO4/NaH,PO4, 10 mM Tris-HCI pH 8.0, 5 mM imidazole, and 10 mM f-
mercaptoethanol, whereas Buffer S2 consisted of 8 M wurea, 0.1 M
Na;HPO4/NaH,PO4, 10 mM Tris-HCI pH 8.0, and 10 mM B-mercaptoethanol.
Buffer S3 was the same as Buffer S2 but with pH 6.3. The samples were then

analyzed by Western blotting.
2.13 MTT Cell Proliferation Assay

Both the scrambled and TRIM7 stable cell lines from Section 2.3 were equally
split (7,000 cells) onto 96-well plates in triplicates at three time points; Days 1, 2,
and 3. A MTT (Thiazolyl Blue Tetrazolium Bromide) cell proliferation assay was
performed following the protocol from Wallert and Provost Lab (van de
Loosdrecht et al. 1994). MTT (Sigma) was made in 1x PBS to a final
concentration of 5 mg/ml and the MTT solvent consisted of 4 mM HCI and 0.1%
(v/v) Nondet P-40 (NP-40) made in isopropanol. Each day the absorbance of
each individual plate was measured at 570 nm using a FLUOstar OPTIMA
multimode plate reader running on FLUOstar OPTIMA software v. 1.32 (BMG
LABTECH).
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3. Results

3.1 Characterisation of TRIM7 Binding Partners

3.1.1 Introduction

Little is known about TRIM7 apart from it featuring structural domains that are
similar to those found in other TRIM family members and that there are a number
of splice variants giving rise to distinct protein isoforms. The Whitmarsh group
demonstrated an interaction between TRIM7 and the TORC2 component Sin1 in
a yeast two-hybrid screen (unpublished data). The aim of this chapter is to
demonstrate whether TRIM7 associates with Sin1 in mammalian cells and if it
associates with other components of the TORC2 complex. Furthermore, it was
investigated whether TRIM7 could form homo-oligomeric complexes or form
hetero-oligomers with other TRIM family members. Understanding the binding
capabilities of TRIM7 is crucial to clarify what pathways it may be involved in and
eventually will allow us to build up a picture of its functional role in cell signalling.
Different binding experiments were carried out that included GST pull downs and
immunoprecipitations in order to achieve these goals. In addition,
immunofluorescent microscopy was used to determine the localisation of TRIM7

in cells.

3.1.2 Characterising the binding of TRIM7 to Sin1

To follow up on the yeast two-hybrid screen and to confirm the binding of TRIM7
to Sin1, a GST pull down experiment was performed. The longest isoform of
TRIM7, TRIM7.1 (see Figure 1.10), was used for these experiments. Constructs
expressing myc-tagged Sin1 and GST-tagged TRIM7.1 were co-transfected into
COS7 cells. As a positive control, GST-tagged Clk-1 was co-transfected with
myc-tagged Sin1, as an interaction between these proteins has been
demonstrated previously in the Whitmarsh lab (unpublished data). GST fusion

proteins were isolated on GST-agarose beads and it was confirmed that Clk-1
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binds to Sin1 (Figure 3.1, lane 2). GST-TRIM7.1 pulled down Sin1 confirming the

results obtained from the yeast two-hybrid screen (Figure 3.1, lane 3).

Myc-Sin1
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Figure 3.1 TRIM7.1 binds to Sin1. Immunoblot showing the binding of TRIM7.1 to Sin1. COS7
cells were co-transfected with pEBG (negative control), pEBG-CLK-1, or pEBG-TRIM7.1, and
pcDNA3-myc6-hSin1. Clk-1 was used as a positive control that binds to Sin1. The top panel
shows the pull down results confirming the binding of TRIM7.1 to Sin1. The protein levels of the
myc-tagged Sin1 is shown in the middle panel using an anti-myc antibody while the bottom one
illustrates the migration of the GST-tagged proteins as well as GST itself using an anti-GST
antibody.

Following confirmation of the binding of TRIM7.1 to Sin1, the next step was to
determine the effect of treating cells with different stimuli that are known to
regulate the mTOR pathway: IGF-1 and H;O,. For this experiment, cells were
transfected with constructs expressing Flag-tagged TRIM7.1 and myc-tagged
Sin1 and cells were treated at different time points (5, 15, 30, and 60 minutes)
with IGF-1 or H20; to determine whether the binding of TRIM7.1 to Sin1 changes
following a stimulus. Flag-TRIM7.1 was immunoprecipitated from cell lysates with
the M2 antibody that recognizes the Flag-tag. Figure 3.2A shows that the binding
of TRIM7.1 to Sin1 appears to fluctuate slightly at different time points. However,
while there was a trend towards this fluctuation it did not reach statistical
significance (Figure 3.2C). The experiment was repeated under the same
conditions and time points but stimulated with H,O, instead, and similar to the
IGF-1 treatment, there appeared to be some fluctuations in binding between

TRIM7.1 and Sin1 binding but this was not statistically significant (Figure 3.2B).

65



These results suggest that stimuli that activate mTORC2 activity do not
significantly affect the binding of Sin1 to TRIM7.
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Figure 3.2 IGF-1 and H,0, do not modulate the binding of TRIM7.1 to Sin-1. (A) Immunoblot
showing the binding of Sin1 to TRIM7.1 following the co-transfection of pcDNA3-myc6-hSin1
and pcDNA3-Flag-TRIM7.1 in COS7 cells treated with 80 ng/ml IGF at the indicated time points.
An M2 antibody was used to pull down the Flag-tagged TRIM7.1 (top panel) and a slight
fluctuation between TRIM7.1/Sin1 binding over the time course is shown. The M2 antibody
shows the protein input levels of TRIM7.1 (botfom). (B) The same experiment was repeated
using 250 uM H,O, instead of IGF-1. (C) A bar chart representing the quantification (using
Image J) of three repeats of the co-immunoprecipitation between TRIM7.1 and Sin1 at the
different time points of IGF stimulation (UT = untreated). There was no significant change in
TRIM7.1/Sin1 binding. The error bars represent mean + standard deviation (SD).

To further characterise the TRIM7-Sin1 interaction, the region of Sin1 that bound
to TRIM7 was investigated. To do this a GST pull down experiment was
performed in HEK293T cells using GST-tagged Sin1-deletion mutants and a
3xFlag-tagged TRIM7.1 construct. As shown in Figure 3.3, TRIM7.1 interacts
with Sin1 towards its C-terminal region between amino acids 372 and 522 (lane

5), which is consistent with findings from the initial yeast two-hybrid screen. The
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full-length GST-Sin1 was used as a positive control where the binding between

the two proteins had been established (Figure 3.3, lane 1).
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Figure 3.3 TRIM7.1 binds to the C-terminal region of Sin1. Immunoblot showing a GST pull
down of the co-expressed GST-Sin1 (full length or deletion-mutants) and 3xFlag-TRIM7.1 in
HEK293T cells. The top panel shows the pull down with the GSH-agarose beads, whereas both
the middle and bottom panels show the expression levels of both F-TRIM7.1 and GST-Sin1 using
antibodies against the Flag-tag and the GST-tag, respectively. The pull down panel demonstrates
that TRIM7.1 binds to both full length and GST-Sin1 (amino acids 372-522).

The experiments performed so far have used the longest TRIM7 isoform,
TRIM7.1. It was therefore of interest to determine if Sin1 could bind to other
TRIM7 isoforms (see Figure 1.10). To do this, a GST pull down experiment was
performed in HEK293T cells using GST-tagged TRIM7.1, 7.3, and 7.4 isoforms
and the myc-tagged Sin1. Like TRIM7.1, TRIM7.3 was also able to interact with
Sin1, but the shortest isoforms TRIM7.4 did not show significant binding to Sin1,
being similar to GST alone. The binding between TRIM7.3 and Sin1 appeared to
be stronger compared to TRIM7.1-Sin1 binding which can be explained by the
GST-TRIM7.3 expressing to a higher level than GST-TRIM7.1 (Figure 3.4,
compare lanes 2 and 3). These results indicate that there is differential binding
amongst TRIM7 isoforms to Sin1 and that Sin1 does not bind to the RING
domain or B-box of TRIM7.
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Figure 3.4 Differential binding of TRIM7 isoforms to Sin1. Immunoblot showing a GST-pull
down of the co-expressed GST-TRIM7 isoforms 1, 3, or 4, and myc6-hSin1 in HEK293T cells.
GST alone was used as a negative control. The top panel shows the GST pull down, whereas
both the middle and bottom panels show the expression levels of both myc-Sin1 and GST-TRIM7
using antibodies against the myc-tag and the GST-tag, respectively. The pull down shows that in
addition to TRIM7 isoform 1, TRIM7.3 binds to Sin1. TRIM7.4 shows no binding.

3.1.3 TRIMY binds to mTOR

As Sin1 is a core component of the TORC2 complex, it was important to
determine if TRIM7 might also be part of this complex. To achieve this, an
immunoprecipitation was carried out using a 3x-Flag tagged TRIM7.1 and a HA-
tagged mTOR in HEK293T cells. Figure 3.5A shows a weak interaction between
TRIM7.1 and mTOR (lane 2) compared to the TRIM7.1-Sin1 interaction that was
used as a positive control (lane 3). However, although weak, the TRIM7.1-mTOR
interaction was reproducible (data not shown). Moreover, there was a reduction
in TRIM7.1 protein levels observed in the presence of mTOR (bottom panel of
Figure 3.5A, lane 2). To determine if TOR activity might be causing this reduction
in TRIM7.1 protein level, the mTOR inhibitor Torin 1 was included in the
experiment to see if it rescued TRIM7 levels. As seen in the left panel of Figure
3.5B, TRIM7.1 levels were significantly reduced in the presence of mTOR but

this was not rescued by Torin 1 treatment (lanes 2 and 4). In agreement with this,
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a kinase-dead (KD) mutant of mTOR also did not rescue the decrease in
TRIM7.1 protein (Figure 3.5B right). The reduced phosphorylation of Akt at S473
was used as a positive control for demonstrating Torin 1 inhibition of mMTORC2
activity (Thoreen et al. 2009). The reduced protein level of TRIM7 does not
appear to be dependent on mTOR activity and the mechanisms involved remain

unclear.
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Figure 3.5 mTOR binds to TRIM7.1. (A) Immunoblot showing a co-immunoprecipitation
between 3xFlag-TRIM7.1 and HA-mTOR in HEK293T cells. myc6-hSin1 was used as a positive
control. The M2 antibody was used for the immunoprecipitation and the precipitates blotted with
antibodies against both the HA-tag and the myc-tag. The top panel shows that TRIM7.1 binds
mTOR. In the control experiment, TRIM7.1 binds to Sin1 (second panel). The bottom three
panels show the expression levels of proteins using antibodies against the HA-tag, the myc-tag,
and the Flag-tag. TRIM7.1 expression appears to be reduced in the presence of mTOR (bottom)
compared to the controls. (B) mTOR activity does not cause reduced TRIM7.1 protein levels.
Blocking mTOR activity through either the mTOR inhibitor Torin 1 or a kinase-dead version of
mTOR (KD) (right panel) did not recover the decreased TRIM7.1 levels caused by expression of
HA-mTOR . pAkt S473 was used as a positive control for Torin 1 (right panel), while p-actin was
used as a loading control.
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3.1.4 TRIMY7 is a phosphoprotein

Having established that TRIM7.1 interacts with two of the major mTORC2
components, we wanted to address whether TRIM7.1 is a phosphoprotein or not,
and more importantly, if it is a potential substrate for mTOR or other kinases
involved in mTORC2 signalling. To do this, an in vitro phosphorylation assay was
performed on GST-TRIM7.1 that had been expressed in HEK293T and isolated
by GST pull down. The GST-TRIM7.1 was incubated in a reaction mix containing
both cold and hot ATP in addition to a kinase buffer. Figure 3.6 demonstrates
that a band that correlates with the size of GST-TRIM7.1 is phosphorylated (lane
2). This suggests that TRIM7 associates with a protein kinase from the HEK293T
lysate that is capable of phosphorylating it.
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Figure 3.6 TRIM7.1 is a phosphoprotein. A 10% SDS-PAGE gel showing a GST pull down of
GST or GST-TRIM7.1 in HEK293T cells. The pull-downs were incubated with [y32P]JATP in a
protein kinase reaction mix. GST alone was used as a negative control. The Coomassie-stained
gel (left) shows the protein levels, whereas the overnight-exposed X-ray film (right) shows the
phosphorylated proteins (indicated by arrowheads).

Knowing that TRIM7.1 is a phosphoprotein challenged us to determine the
kinases responsible. Three potential kinases would be mTOR itself and the
MTOR regulated kinases AKT and PKC. In vitro kinase assays were carried out
to determine if these kinases phosphorylated TRIM7.1. Initial attempts to produce
recombinant GST-TRIM7.1 expressed in E. coli were unsuccessful due to its lack

of solubility. To overcome this, TRIM7.1 was fused to maltose-binding protein
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(MBP), that has been shown to enhance the solubility of proteins expressed in E.
coli (Fox et al. 2003). This allowed for the successful purification of TRIM7.1 as
shown in Figure 3.7 (lanes 4-6).
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Figure 3.7 Purification of MBP-TRIM7.1. A Coomassie-stained 10% SDS-PAGE gel showing
the eluted MBP and MBP-TRIM7.1 proteins. MBP was used as a control. E. coli strain BL21
DE3 competent cells transformed with plasmids expressing MBP or MBP-TRIM7.1were induced
with 0.1 mM IPTG overnight at room temperature. Three fractions of the eluted MBP and MBP-
TRIM7.1 proteins were collected by column purification as shown. Proteins were eluted with 10
mM maltose.

The MBP-TRIM7.1 was used as a substrate for the in vitro kinase assays (Figure
3.8). Sin1 was used as a positive control for the mTOR kinase assay, while
FoxO3a was used as a control for Akt1, and CIlk-1 for PKCa (Chen and
Sarbassov 2011, Maira et al. 2001, Martin-Montalvo et al. 2011, Whitmarsh
unpublished results). mTOR did not phosphorylate MBP-TRIM7.1 above the
background level observed for the MBP tag alone, indicating that TRIM7.1 was
unlikely to be a target (Figure 3.8, lanes 1 and 2). No phosphorylation of TRIM7.1
was seen with Akt1 but it did phosphorylate its well-characterised substrate
FOXO3a. Similarly PKCa did not significantly phosphorylate TRIM7.1 but did
phosphorylate the positive control (Figure 3.8, lanes 8 and 9). These findings
indicate that TRIM7.1 is unlikely to be a direct substrate for mTOR, Akt1, or
PKCa. The kinase(s) that phosphorylated TRIM7 therefore remained elusive so it

was decided to focus on other aspects of TRM7 function and regulation.
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Figure 3.8 TRIM7 is not a substrate for mTOR, Akt1, or PKCa in vitro. The purified MBP
proteins were used for the in vitro kinase assays and run on 10% SDS-PAGE gels following the
kinase reactions. MBP was used as a negative control (asterisks), whereas GST-Sin1, GST-
FoxO3a, and GST-Clk-1 were used as positive controls for mTOR, Akt1, and PKCaq,
respectively. The top panels show the protein levels on the Coomasie-stained gels, while the
lower panels show the overnight-exposed X-ray films. TRIM7.1 is indicated by the arrowheads,
the autophosphorylated kinases are indicated by the arrows, and the positive controls are
“boxed”. No significant phosphorylation of TRIM7.1 was detected in any of the kinase reactions.
However, some degree of TRIM7.1 phosphorylation was observed for the mTOR and PKCa
kinase reactions, but the phosphorylation was also observed in the MBP negative controls (lanes
1 and 7, respectively).

3.1.5 TRIMY binds to other TRIM family members

One of the main features of the TRIM family of proteins is their ability to form
homo- and hetero-complexes via their CC domain with members of different
classes (Lee et al. 2011). Since TRIM7 possesses a CC domain, we were
interested in determining its ability to form complexes with other family members.
First, we tested the ability of TRIM7 to form homo-oligomers. HEK293T cells co-
expressing GST-tagged TRIM7.1, 7.3, or 7.4 with 3xFlag-TRIM7.1 were
subjected for GST pull down. Figure 3.9 demonstrates the ability of TRIM7
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isoforms 1 and 3 to form a complex (lane 3). No interaction was observed
between TRIM7.1 and TRIM7.4 or with TRIM7.1 itself. However, TRIM7.1 levels
appeared to be significantly reduced when both the GST- and 3xFlag-tagged
versions were present together making it difficult to conclude whether TRIM7.1

can homo-oligomerise or not.
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Figure 3.9 TRIM7 forms homo-oligomers. Immunoblot showing a GST pull down between
GST-TRIM7.1/7.3/7.4 and 3xFlag-TRIM7.1 in HEK293T cells. GST alone was used as a
negative control. The top panel shows that TRIM7.1 complexes with TRIM7 isoform 3, but not
with isoforms 1 or 4. Both the middle and bottom panels show the expression levels of proteins
in the cell lysate using antibodies against the Flag-tag and the GST-tag. However, both
expression levels of the 3xFlag-TRIM7.1 and GST-TRIM7.1 are reduced when present together
(lane 2).

Having shown the TRIM7 isoforms have the potential to form homo-oligomers,
we then tested its ability to form hetero-oligomers with other TRIM family
members. To do this, the better characterised TRIM11 and TRIM27 proteins
were used as these fall in the same sub-class of TRIM proteins as TRIM7 (Ozato
et al. 2008). Co- immunoprecipitation analysis demonstrated that TRIM7.1 was
able to interact with both members of its class forming hetero-complexes (Figure
3.10, lanes 2 and 3). These data indicate that TRIM7 is capable of forming

homodimers but can also heterodimerise with related TRIM proteins.
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Figure 3.10 TRIM7 forms hetero-oligomers with TRIM11 and TRIM27. Immunoblot showing a
co-immunoprecipitation between 3xFlag-TRIM7.1 and MycGFP-TRIM11 or TRIM27 in HEK293T
cells. An empty vector was used as a negative control, while myc6-hSin1 was used as a positive
control for TRIM7.1 binding. The top panel shows that TRIM7.1 complexes with both TRIM11
and TRIM27. Both the middle and bottom panels show the expression levels of proteins using
antibodies against the myc-tag and the Flag-tag. TRIM7.1 expression appears to be reduced in
the presence of either TRIM11 or TRIM27 (botfom) compared to the controls.

Interestingly, a reduction in TRIM7.1 protein levels was observed when it is co-
expressed with either TRIM11 or TRIM27 (Figure 3.10, bottom panel). To
determine if TRIM11 and TRIM27 were causing a downregulation of TRIM7.1
protein (perhaps via their ubiquitin ligase activity), the transfected cells were
treated with MG132, a proteasome inhibitor. MG132 did not rescue the TRIM7.1
protein level but appeared to enhance its loss (Figure 3.11A, lanes 4-6). To test
other potential means of TRIM7.1 degradation, another rescue experiment using
chloroquine (CQ) was carried out to determine whether TRIM7.1 degradation
occurs via the lysosomal pathway. Similarly, no rescue affect was observed upon
CQ treatment (Figure 3.11B, lanes 4-6). The conversion of the autophagy marker
LC3 from LC3I to LC3Il was used as a positive control for CQ treatment (Yoon et
al. 2010). It is therefore unclear as to why TRIM11 and TRIM27 affect TRIM7.1

expression.
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Figure 3.11 TRIM7.1 is downregulated by TRIM11 and TRIM27. (A) Immunoblot showing the
co-expressed Flag-TRIM7.1 with MycGFP-TRIM11 or TRIM27 in HEK293T cells. An empty
vector was used as a negative control. Cells were treated with or without 20 uM MG132 for 4
hours and harvested under normal conditions. Antibodies against the Flag-tag and the myc-tag
were used. The top panel shows the expression levels of TRIM7.1 as it decreases in the
presence of either TRIM11 or TRIM27. MG132 did not rescue the expression of TRIM7.1. (B)
The same experiment was repeated using 120 uM chloroquine (CQ) for two hours where no
rescue of TRIM7.1 was observed as well. LC3 was used as a positive control for CQ treatment,
while B-actin was used as a loadina control.

To further investigate the interaction between TRIM7.1 and both TRIM11 and
TRIM27, immunofluorescence microscopy was carried out to determine their
localisation in cells. Currently little is known about TRIM7.1 localisation, To do
this, a construct that expresses GFP fused to the N-terminus of TRIM7.1 was
generated which was then transfected into COS7 cells and fluorescence
microscopy was performed. The lower panel in Figure 3.12A demonstrates the
distribution of the GFP-tagged TRIM7.1 to distinct dot-like structures spread
throughout the cytoplasm compared to the negative control that expresses GFP
alone (top panel). In order to ensure that the cytoplasmic localisation of TRIM7.1
was not affected by the GFP tagging, COS7 cells were transfected with the Flag-
tagged TRIM7.1 instead and stained with the anti-Flag M2 antibody. The
localisation appears to be consistent with the results from the GFP-tagging,
confirming that TRIM7.1 is cytoplasmic (Figure 3.12B). The experiment was
repeated in HelLa cells to demonstrate the consistency of the GFP-TRIM7.1
staining pattern in different cell types and similar results were obtained (Figure
3.12C). It was then determined whether TRIM7 co-localised with TRIM11 or
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TRIM27 in cells. The TRIM protein PML was used as a negative control as
studies have shown its exclusive localisation to the nucleus (Regad et al. 2001).
TRIM7.1 extensively co-localised with TRIM27 and partially with TRIM11, which
also displayed some nuclear localization. PML was completely nuclear, thus, did
not co-localise with TRIM7.1. These data support the binding experiments that
show complex formation between TRIM7.1 and both TRIM11 and TRIM27
(Figure 3.13).
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Figure 3.12 Localisation of TRIM7.1 in COS7 and HeLa cells. (A) COS7 cells were transfected
with pEGFP-C2 and pEGFP-C2-TRIM7.1. The top panel shows the GFP negative control whereas
the lower one shows the cytoplasmic localisation of the GFP-tagged TRIM7.1 (green). (B) COS7
cells were also transfected with pcDNA3-Flag-TRIM7.1 and stained with the M2 primary antibody
(1:500) (red) confirming the cytoplasmic localisation of TRIM7.1. (C) GFP-TRIM7.1 was also
expressed in Hela cells to ensure the consistency of TRIM7.1 localisation in different cell lines.
DAPI was used for nuclear staining (blue).
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Figure 3.13 Co-Localisation of TRIM7.1 with TRIM11 and TRIM27. HelLa cells were co-
transfected with pcDNA3-Flag-TRIM7.1, pcDNA3-MycGFP -TRIM11, pcDNA3-MycGFP-TRIM27,
and pYFP-PML. The M2 primary primary antibody was used (1:500) to stain TRIM7.1 (red).
TRIM11 (top) shows a similar cytoplasmic pattern as TRIM7.1 and partially co-localises with it,
but also displays some nuclear staining. TRIM27 (middle) extensively co-localises with TRIM7.1
into cytoplasmic bodies throughout the cell. PML (bottom) displayed a nuclear staining pattern
and did not co-localise with TRIM7.1. DAPI was used for nuclear staining (blue).
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The dot-like cytoplasmic pattern of TRIM7.1 seemed to be specific to certain
areas of the cells. We were intrigued to determine whether TRIM7.1 might co-
localise with cellular organelles that show somewhat similar staining patterns,
including mitochondria and endosomes. GFP-TRIM7.1 expressing cells were
stained with mitotracker (mitochondrial marker) but there was no overlap in the
staining patterns (data not shown). Endosomal staining was also tested for co-
localisation with TRIM7.1. There are three main classes of endosomes each with
their specific markers; early, recycling, and late endosomes (Sadowski et al.
2009). COS7 cells transfected with a construct expressing GFP-TRIM7.1 were
stained with EEA1, an early endosomal marker (Figure 3.14A), transferrin
receptor (TR), a recycling endosomal marker (Figure 3.14B), and Lamp1, a late
endosomal marker (Figure 3.14C). None of the endosomal markers significantly
co-localised with TRIM7.1 as they appeared to be more abundant, smaller in
size, and dispersed throughout the cell. Both EEA1 and Lamp1 displayed similar
staining patters as they appeared to be spread evenly throughout the cytoplasm,
whereas the transferrin receptor staining mainly focused around the nucleus. To
confirm the results, the same experiments were repeated in HelLa cells and
similar fluorescent staining was obtained (data not shown). It therefore remains

unclear as to the nature of the cytoplasmic bodies that contain TRIM7.1.
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Figure 3.14 TRIM7.1 does not co-localise with endosomes. There was no co-localisation
between the GFP-tagged TRIM7.1 and the endosomal markers (red) tested in COS7 cells. EEA1
(A) and Lamp1 (C) staining are dispersed throughout the cytoplasm while transferrin receptor (TR)
staining (B) is mainly focused around the nucleus. Both EEA1 and Lamp1 were used at a dilution
of 1:250 made in 0. 1% (v/v) PBS/Triton-X whereas transferrin receptor was used at a dilution of
1:50. Alexa® Fluor™ -conjugated secondary antibody was used at a dilution of 1:500 for all
markers. DAPI was used for nuclear staining (blue).
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3.1.6 TRIMZ27 binds to Sin1

As TRIM7 can form complexes with TRIM11 and TRIM27, it was determined if,
like TRIM7, they could bind to Sin1 as well. To achieve this, 3xFlag-tagged
TRIM11 or TRIM27 were co-expressed with myc-Sin1 in HEK293T cells. The
3xFlag-TRIM7.1 was used as a positive control for Sin1 binding. Following
immunoprecipitation of the TRIM proteins it was evident that, like TRIM7.1,
TRIM27 was able to interact with Sin1 (Figure 3.15, lane 3). Both TRIM7.1 and
TRIM27 showed similar binding capabilities towards Sin1. No interaction
between TRIM11 and Sin1 was observed. This suggests that Sin1 may be able
to bind certain TRIM family members in addition to TRIM7.
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Figure 3.15 TRIM27 binds to Sin1. Immunoblot showing a co-immunoprecipitation analysis of
myc6-Sin1 binding to 3xFlag-TRIM11 or 3xFlag -TRIM27 in HEK293T cells. An empty vector
was used as a negative control, whereas binding of myc6-Sin1 to 3xFlag-TRIM7.1 was used as a
positive control. The M2 antibody was used for the immunoprecipitation shown in the top panel,
whereas both the middle and bottom panels show the expression levels of both myc-Sin1 and
the 3xF-tagged proteins in the cell lysate using antibodies against the myc- and the Flag-tags,
respectively. TRIM27, but not TRIM11, binds to Sin1 at levels similar to Sin1 binding to TRIM7.1.

3.1.7 Conclusion

My data demonstrate the binding of TRIM7 to the mTORC2 component Sin1 in
mammalian cultured cells (Figure 3.1), which is consistent with the yeast two-
hybrid screen data from the Whitmarsh lab (unpublished data). Furthermore,
TRIM7 interacted with the C-terminal region of Sin1 that includes the PH domain,
but lies outside of the highly conserved central CRIM domain (see Figure 1.7).

The CRIM domain has been demonstrated to bind to PKC and has been
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proposed to also bind AKT (Cameron et al. 2011), while the N-terminus of Sin1 is
required for its recruitment into mTORC2 (Frias et al. 2006). The PH domain of
Sin1 is reported to mediate its association with membranes (Schroder et al.
2007) but as Sin1/mTORC2 is found throughout the cell it remains unclear how
this association is regulated. The binding of TRIM7 to the C-terminal PH domain-
containing region suggests that it could affect membrane recruitment. In addition,
as it does not bind to Sin1 regions required for mTORC2 assembly and AGC
family kinase recruitment, it suggests that TRIM7 could also be recruited to active
MTORC2 complexes. Indeed, mTOR was observed in TRIM7.1
immunoprecipitates (Figure. 3.5). The TRIM7.1-Sin1 binding affinity was not
affected by stimuli that are known to regulate mMTORC2 signalling. However, the
lack of a positive control for both the IGF-1 and H,O, stimulation (e.g. pAkt S473)
makes it hard to completely eliminate any possible effects on the TRIM7.1-Sin1
interaction. In addition, not only the full length TRIM7.1 binds Sin1, the N-terminal
truncated TRIM7.3 isoform has also been demonstrated to complex with Sin1
suggesting that the C-terminal region of TRIM7 is required for Sin1 binding. This
was supported by the fact that no interaction was observed with TRIM7.4 that
exhibits a truncated C-terminus (Figure 3.9). Despite Sin1 interacting with both
TRIM7.1 and TRIM7.3, we cannot conclude that Sin1 has a higher affinity
towards TRIM7.3 as opposed to TRIM7.1 due to them being expressed at
different levels and the absence of a loading control. While TRIM7 associates
with mTORC2 components and is a phosphoprotein (Figures 3.1 and 3.5A), it
was not a direct substrate for any of the main kinases involved in the mTORC2
pathway (i.e. mTOR, Akt1, or PKCa). This suggests that distinct signalling
pathways may regulate TRIM7 function and that TRIM7 may integrate these
pathways to impact on mTORC2 activity. It is also possible that the third AGC
kinase that is targeted by mTORC2, SGK1, might phosphorylate TRIM7, but this

was not tested.

Other possible approaches to further characterise the phosphorylation of TRIM7
and potential upstream kinase need to be considered. For instance, performing

mass spectrometry on the phosphorylated GST-TRIM7.1 would allow the
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determination of potential phosphorylation sites. Using open source phospho
peptide databases and kinase panels would further allow the understanding of
TRIM7 phosphorylation and potential upstream kinase based on a wide array of

screens performed on different proteins and kinases.

Like other better characterised TRIM proteins (e.g. TRIMS and TRIM27) (Li et al.
2007a, Chu and Yang 2011), TRIM7 is also able to form (i) homo-oligomers with
its different isoforms and (ii) hetero-complexes with other members of its class
that co-localise into cytoplasmic loci in the cells (Figures 3.10 and 3.13). The
nature of these loci is unclear as they did not co-localise with cytoplasmic
organelles such as mitochondria or endosomes (Figure 3.14). Interestingly, Sin1
can bind to TRIM27, in addition to TRIM7 (Figure 3.15). Whether this is direct
binding or as part of a TRIM7-TRIM27 complex is not clear. However, it indicates
that mMTORC2 may be targeted by additional class IV TRIM proteins.
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3.2 TRIM7.1 Possesses E3 Ligase
Activity
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3.2 TRIM7.1 Possesses E3 Ligase Activity

3.2.1 Introduction

The TRIM family of proteins are the largest group of proteins that exhibit a RING
domain (Reymond et al. 2001). Many of the TRIM proteins that have been
studied that possess the RING domain have ubiquitin E3 ligase activity allowing
them to either ubiquitinate themselves or target other substrates for degradation
or for processes involved in cellular trafficking (Weissman et al. 2011). This
chapter aims to shed some light on the potential role of TRIM7 as an ubiquitin E3
ligase since it contains a RING domain. Both in vivo and in vitro ubiquitination
assays were carried out to clarify this and to determine if TRIM7 has mono- or
poly-ubiquitinating activity. This is crucial for understanding its role as a
modulator for protein trafficking or degradation. Testing TRIM7 as a potential
SUMO E3 ligase was also performed as Chu and colleagues have shown
recently the potential role of some TRIM proteins in possessing dual ubiquitin
and SUMO E3 ligase activities (Chu and Yang 2011).

3.2.2 Autoubiquitination of TRIM7.1 is dependent on its RING domain

RING domains have a consensus sequence (Cys-Xz-Cys-Xg.39-Cys-X1.3-His-X;.3-
Cys-X2-Cys-X4.45-Cys-X2-Cys) that exhibit seven conserved Cystine residues and
one conserved Histidine residue that together form two zinc finger motifs (Saurin
et al. 1996). Other studies have shown that disrupting the zinc motif affects the
overall E3 ligase activity of the protein (Yamauchi et al. 2008). In alignment with
other RING-containing TRIM proteins, TRIM7.1 possesses the same RING-
consensus sequence between amino acid residues 29 and 81. A double mutant
of TRIM7.1 was generated that exhibited two point mutations leading to
replacement of the conserved third Cysteine and the Histidine residue of the
RING domain with Alanine. This would be predicted to compromise zinc binding
and block the E3 ligase activity. A second mutant lacking the entire RING domain
was also generated. A Flag-tagged version of this double mutant (C44A/H46A),
the RING-deleted mutant, or wild type Flag-TRIM7.1 were expressed in
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HEK293T cell in the absence or presence of His-tagged ubiquitin followed by Ni*-
NTA pull down under denaturing conditions. Cells were treated with the
proteasome inhibitor MG132 to allow the accumulation of ubiquitin-targeted
molecules. The denaturing conditions prevent the action of de-ubiquitinases.
Figure 3.16 demonstrates that wild-type TRIM7.1 is ubiquitinated in cells as
shown by a dark smear of ubiquitinated proteins that is not present in the
absence of ubiquitin (lane 4, starting at the 50 kDa marker upwards). A slight
reduction in TRIM7.1 ubiquitination was observed with the double mutant (lane
6), whereas a significant depletion in its ubiquitination was shown in the case of
the RING-deleted mutant (lane 8). A TRIM7.1 single mutant (C44A) was used as
well that showed similar effects as the double mutant (data not shown). The
pattern of the TRIM7.1 smear indicates a strong signal for single TRIM7.1 band
migrating more slowly than the predicted size of TRIM7.1 and a smear above
this. These findings demonstrate that TRIM7.1 can be ubiquitinated and suggest
that it may be autoubiquitination that is dependent on its RING finger. However, it
was unclear why the double mutant (C44A/H46A) did not significantly affect
TRIM7.1’s autoubiquitination. It suggests that these mutations have not disabled
the RING domain.
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Figure 3.16 TRIM7.1 ubiquitination in cells. Inmunoblot showing a Ni*-NTA pull down where
wild-type, double mutant (C44A/H46A), and deletion-mutant (Del-R) Flag-TRIM7.1 were co-
expressed with 6xHis-Ubiquitin in HEK293T cells. An empty vector was used as a negative
control (Ctrl). Cells were treated with 20 uM MG132 for 4 hours and harvested under denaturing
conditions. The top panel indicates the pull down were a smear of ubiquitinated proteins was
observed. The smear was slightly reduced compared to wild-type when the TRIM7.1 double
mutant was expressed with ubiquitin, while a significant reduction of the smear was observed in
the case of the RING-deleted mutant of TRIM7.1. The arrowheads on the top panel indicated the
single TRIM7.1 bands conjugated with ubiquitin (mono-ubiquitin), non-ubiquitinated TRIM7.1
runs just above the 50 kDa marker. The bottom panel shows the whole cell lysate (WCL) protein
expression levels using the M2 antibody.

3.2.3 TRIM7.1 is monoubiquitinated in cells and in vitro

The appearance of a strong single TRIM7.1 band that migrates more slowly on a
gel in the presence of ubiquitin suggests that TRIM7 may be monoubiquitinated
(Figure 3.16). The size difference would fit with a single ubiquitin being
conjugated to TRIM7.1. To address this, the experiment was repeated using the
wild-type 3xFlag-TRIM7.1 expressed with either wild-type (WT) or mutant His-
tagged ubiquitin. For the ubiquitin mutants, both ubiquitin K48R and K7R were
used. The ubiquitin K48R mutant prevents the ubiquitin molecule from forming
poly-ubiquitin chains on residue 48 as the Lysine has been substituted with an
Arginine. The ubiquitin K7R mutant prevents the formation of poly-ubiquitin
chains on any of its seven Lysine residues as they have all been mutated to

Arginine. Figure 3.17A shows no significant difference in the TRIM7.1-
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ubiquitinated smear pattern between wild-type and K48R ubiquitin as the main
single ubiquitinated TRIM7.1 band was present in both cases as was the smear
(lanes 3 and 4). When the ubiquitin K7R mutant was used (Figure 3.17B), there
was a reduction in the smear intensity although there was a similar band pattern
as with the wild-type ubiquitin (lanes 3 and 4). The reduction in the smear
intensity with the ubiquitin K7R mutant was reproducible. These findings indicate
that TRIM7.1 is mainly monoubiquitinated and the smearing pattern suggests
that monoubiquitination is occurring at multiple sites. There may also be

polyubiquitination but this would not appear to be K48-linked polyubiquitination.
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Figure 3.17 TRIM7.1 is monoubiquitinated in cells. Immunoblots showing Ni*-NTA pull downs
where wild-type (pM107-6xHis-Ubiquitin) and mutant His-ubiquitin  (pcDNA3-6xHis-
UbiquitinkK48R/K7R) were co-expressed with 3xFlag-TRIM7.1 in HEK293T cells. An empty
vector was used as a negative control (Ctrl). Cells were treated with 20 uM MG132 for 4 hours
and harvested under denaturing conditions. (A) The top panel indicates the pull down were a
smear of ubiquitinated TRIM7.1 was observed in the presence of both wild-type and ubiquitin
K48R mutant. The bottom panel shows the WCL protein expression levels using the M2
antibody. The same experiment was repeated using ubiquitin mutant K7R (B). No significant
difference in the ubiquitination pattern of TRIM7.1 was observed with both ubiquitin mutants
compared to the wild-type, but a reduction in the smear intensity was observed with the ubiquitin
K7R mutant. The arrowheads indicate the monoubiquitinated TRIM7.1 (top) and the TRIM7.1
expression levels (bottom).

The monoubiquitination of proteins, unlike K48-linked polyubiquitination, is not
thought to target them for degradation (Weissman et al. 2011). To provide further
support that TRIM7.1 is monoubiquitinated, wild-type and RING-deleted Flag-
tagged TRIM7.1 were expressed in HEK293T cells which were treated with or
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without MG132 and their protein levels monitored. We hypothesized that
monoubiquitinated TRIM7.1 should not be targeted for proteasomal degradation
and that treating with MG132 would have no effect on stabilizing TRIM7.1 since a
single ubiquitin molecule acts as a signal for cellular trafficking rather than being
targeted for degradation. Indeed, MG132 treatment did not stabilize wild-type
TRIM7.1 nor its deletion mutant (Figure 3.18, lanes 4 and 6). However, a slight

reduction in their expression levels was observed in the presence of MG132.
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Figure 3.18 MG132 does not stabilise TRIM7.1. Immunoblot showing the expression of Flag-
TRIM7.1 and its RING-deleted mutant in HEK293T cells. An empty vector was used as a
negative control (Ctrl). Cells were treated with 20 uM MG132 for 4 hours and harvested under
normal conditions. The top panel shows that in the presence of MG132, both wild-type and Del-R
TRIM7.1 expression levels were slightly reduced rather than being stabilized. p-actin was used
as a loading control.

Knowing that the RING domain is crucial for ubiquitination of TRIM7.1 we were
interested in determining whether the point and deletion mutants had any effect
on TRIM7.1 cellular localisation. To clarify this, wild-type, single (C44A) and
double (C44A/H46A) mutants, or the RING deleted mutant Flag-TRIM7.1 were
expressed in HelLa cells. As shown in Figure 3.19A, the RING mutants exhibited
less dot-like structures compared to wild-type TRIM7.1. However, the TRIM7.1
mutants displayed altered peri-nuclear staining patterns rather than the punctate
cytoplasmic staining seen with the wild-type. Similar aggregations around the
nucleus was observed when wild-type TRIM7.1 was treated with MG132 shown

in Figure 3.19B. These findings suggest that mutating or deleting the RING
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domain of TRIM7.1, or the addition of a proteasome inhibitor affects the

localisation pattern of TRIM7.1

(A)

WT Untreated

(B)

Figure 3.19 Cellular localisation of TRIM7.1 RING domain mutants. (A) Hela cells
expressing wild-type Flag-TRIM7.1, single (C44A) or double (C44A/H46A) mutants, or the Del-R
mutant are shown. The M2 primary antibody was used (1:500) to stain TRIM7.1 (red). (B) When
wild-type TRIM7.1 was treated with 20 uM MG132 for 4 hours, TRIM7.1 localisation went from
being spread throughout the cytoplasm to peri-nuclear. DAPI was used for nuclear staining
(blue).

Having established that TRIM7.1 is ubiquitinated in cells and our data suggesting
that this, at least in part, may be being mediated by TRIM7 itself, it was important
to perform in vitro ubiquitination assays to formally demonstrate that TRIM7 could
autoubiquitinate. MBP-TRIM7.1 expressed and purified from bacteria was used
for this experiment with or without recombinant E1 and UbcHS5A (E2 class D)
enzymes in the presence of His-tagged ubiquitin. MBP alone was used as a
negative control, while MBP-TRIM11 was used as a positive control as it has
been previously shown to autoubiquitinate in vitro (Napolitano et al. 2011). Figure
3.20 shows the accumulation of ubiquitin on both TRIM7.1 and TRIM11 when
both E1 and UbcH5A were present as indicated by the smear (lanes 4 and 6).
This suggests that TRIM7.1 can autoubiquitinate both in cells and in vitro.
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However, it is difficult to conclude from the in vitro assay whether TRIM7.1
monoubiquitinates at multiple sites or polyubiquitinates based on the slow-

migrating ubiquitinated smear.
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Figure 3.20 In vitro autoubiquitination of TRIM7.1. Immunoblots showing the MBP-TRIM7.1
in vitro ubiquitination reaction. MBP was used as a negative control, while MBP-TRIM11 was
used as a positive control. The in vitro reaction consisted of the MBP-proteins with or without
the E1 and E2 (UbcH5A) enzymes in the presence of ubiquitin and was left for 90 minutes at
37°C. The top panel shows an immunoblot against MBP where both MBP-TRIM7.1 and MBP-
TRIM11 protein levels were reduced in the presence of the E1 and UbcH5A enzymes. The
bottom panel shows the samples blotted against ubiquitin and a smear of autoubiquitinated
TRIM7.1 and TRIM11 was observed as indicated migrating slower on the gel.

3.2.4 Modulation of TRIM7.1 ubiquitination

After establishing that TRIM7.1 is an ubiquitin ligase and can form complexes
with Sin1, TRIM11, and TRIM27 (see Figures 3.4 and 3.10), we wanted to
investigate what effects these binding partners might have on TRIM7.1
ubiquitination. First, Sin1 was tested to monitor its effect on TRIM7.1
ubiquitination in cells. Flag-tagged TRIM7.1 was co-expressed with or without
myc-Sin1 in the presence of His-tagged ubiquitin in HEK293T cells. Figure 3.21
shows that no significant changes in the TRIM7.1 ubiquitination pattern was
observed in the presence of Sin1 compared to when TRIM7.1 was expressed

alone with ubiquitin (first panel, lanes 2 and 5). However, a slight increase in the
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smear intensity was observed in the presence of Sin1. Moreover, when the pull
down samples were blotted against the myc-tag, Sin1 appeared to be targeted
for ubiquitination in the presence of ubiquitin shown by a smear running higher
on the gel compared to when expressed alone (second panel, lane 4). The
intensity of the Sin1 smear was slightly increased in the presence of TRIM7.1
(second panel, lane 5). These findings suggest that TRIM7.1 might have a

potential role in ubiquitinating Sin1.
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Figure 3.21 TRIM7.1 may modulate Sin1 ubiquitination. Immunoblots showing a Ni*-NTA pull
down where Flag-TRIM7.1 was co-expressed with or without myc6-hSin1, and 6xHis-Ubiquitin in
HEK293T cells. An empty vector was used as a negative control. Cells were treated with 20 uM
MG132 for 4 hours and harvested under denaturing conditions. The top pull down panel shows
the autoubiquitinated TRIM7.1 smear. No significant change in the smear was observed in the
presence of Sin1. However, the second pull down panel shows the ubiquitination of Sin1 in the
presence of ubiquitin that was slightly increased in the presence of F-TRIM7.1. The lower two
panels show the WCL protein expression levels were both M2 and anti-myc antibodies were
used.

A similar experiment was carried out using the myc-tagged TRIM11 and either
wild-type or RING-deleted 3xFlag-tagged TRIM7.1 in the presence of ubiquitin.
As in the case of Sin1, TRIM11 had no significant effect on TRIM7.1
ubiquitination shown in Figure 3.22 (lane 3). However, TRIM11 slightly increased
the ubiquitination levels of the RING-deleted TRIM7.1 mutant (lane 4). In

92



addition, the protein levels of the RING-deleted TRIM7.1 mutant were reduced in
the presence of TRIM11. Similar observations on TRIM7.1AR were obtained
when TRIM27 was used instead of TRIM11 (data not shown). This suggests that
the RING domain of TRIM7.1 may protect it from being targeted for ubiquitination
by other TRIM members and that both TRIM11 and TRIM27 can
monoubiquitinate the RING-deleted TRIM7.1. However, it is also possible that
TRIM11/27 targets TRIM7.1AR with poly-ubiquitin chains that might be

responsible for the reduction in its protein levels.
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Figure 3.22 TRIM11 can monoubiquitinate the RING-deleted TRIM7.1. Immunoblot showing
the Ni"-NTA pull down where both wild-type and RING-deleted 3xFlag-TRIM7.1 were co-
expressed with MycGFP -TRIM11 and 6xHis-Ubiquitin in HEK293T cells. An empty vector was
used as a negative control (Ctrl). Cells were treated with 20 uM MG132 for 4 hours and
harvested under denaturing conditions. The top pull down panel shows that no significant
difference in TRIM7.1 autoubiquitination in the presence of TRIM11. However,
monoubiquitination of TRIM7.1 Del-R was observed in the presence of TRIM11 as indicated.
The middle and bottom panels show the WCL protein expression levels using the M2 and anti-
myc antibodies.

To determine whether TRIM11 or TRIM27 bind the RING-deleted TRIM7.1
mutants that might potentially affect its ubiquitination, an immunoprecipitation
was carried out using the myc-tagged TRIM11/27 co-expressed with the Flag-
TRIM7.1AR. The immunoprecipitation revealed that both TRIM11 and TRIM27
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interact with TRIM7.1AR in HEK293T cells (Figure 3.22, lanes 2 and 3). This
indicates that both TRIM11 and TRIM27 interact with the C-terminal region of
TRIM7.1.
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Figure 3.23 TRIM11 and TRIM27 bind TRIM7.1 Del-R mutant. Immunoblot showing an
immunoprecipitation between MycGFP. -TRIM11/27 and Flag-TRIM7.1 Del-R in HEK293T cells.
An empty vector was used as a negative control (Ctrl), while 3xFlag-TRIM7.1 was used as a
positive control. Cells were harvested under normal conditions. The top panel shows that both
TRIM11 and TRIM27 bind TRIM7.1 Del-R (TRIM27 running slightly higher than TRIM11). The
middle and bottom panels show the protein expression levels using the anti-myc and M2
antibodies.

3.2.5 TRIM7.1 as a SUMOQO E3 ligase

Recently, a study by Chu and colleagues revealed a novel role for TRIM proteins
as SUMO E3 ligases. In their study, they showed that TRIM27 acts as a SUMO
E3 ligase and can SUMOylate Mdm2 (Chu and Yang 2011). Knowing the
structural similarity between TRIM27 and TRIM7.1, we tested whether TRIM7.1
might also have a dual E3 ligase role and if it might possibly target Mdm2 for
SUMOylation. To do this, a Ni*-NTA pull down was performed following the co-
expression of the 3xFlag-tagged TRIM7.1 in the presence of myc-Mdm2 with or
without the His-tagged SUMO1 in HEK293T cells. The GFP-tagged TRIM27 was
used as a positive control. Unlike TRIM27, TRIM7.1 was unable to SUMOylate
Mdm2 as shown in Figure 3.24 (lane 3). Similar results were obtained using
SUMO2 instead of SUMO1 (data not shown). This suggests that TRIM7.1 does

not act as a SUMO E3 ligase against Mdm2. However, this does not exclude the
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potential role of TRIM7.1 as a SUMO E3 ligase as only Mdm2 was tested as a

substrate during our experiments.
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Figure 3.24 TRIM7.1 does not SUMOylate Mdm2. Immunoblot showing a Ni*-NTA pull down
between 3xFlag-TRIM7.1 and myc-Mdm2 in the presence of His-SUMO1 in HEK293T cells. An
empty vector was used as a negative control, while MycGFP -TRIM27 was used as a positive
control. Cells were treated with 20 uM MG132 for 4 hours and harvested under denaturing
conditions. The first panel shows that unlike TRIM27, TRIM7.1 does not SUMOQOylate Mdm2. The
bottom three panels show the WCL protein expression levels using antibodies against the myc-,
Flag-, GFP-, and His-tags.

3.2.6 Conclusion

The data demonstrates a novel role of TRIM7.1 as a ubiquitin E3 ligase that
targets itself with ubiquitin, and like many other TRIM members, its
autoubiquitination is dependent on its RING domain. This is evident from
experiments using a mutant lacking the RING domain (Figure 3.16). However
point mutations that should block zinc binding and thus compromise the RING
domain do not seem to affect the level of ubiquitination. The reason for this is
unclear but it may be possible that the mutated RING domain retains activity or
that it recruits other E3 ligases, that would not be recruited if the region
containing the RING domain was completely removed. Interestingly, even with
the RING deletion mutant there is some residual monoubiquitination of TRIM7,

which could support the idea that other E3 ligases may be acting on TRIM7.
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Despite having different effects on the levels of TRIM7 ubiquitination, both the
point mutants and the RING deletion mutant had altered cytoplasmic localization,
which was consistent with findings from previous studies on TRIMS (another
member of class IV TRIMs) (Diaz-Griffero et al. 2006). Similarly, treating cells
with MG132 altered TRIM7.1’s cellular localisation from cytoplasmic to peri-
nuclear aggresomes suggesting that proteasome inhibition affects the
cytoplasmic localisation of members of this class of TRIM proteins (Figure 3.19).
These aggresomes might possibly have a role in preventing the accumulation of
misfolded TRIM7.1 in the cytoplasm in an attempt to allow proper re-folding of

the protein to its native form as seen with other TRIMs (Diaz-Griffero et al. 2006).

The ubiquitination of TRIM7.1 does not appear to target it for degradation via the
proteasome. This is supported by the fact that a significant proportion of the
ubiquitination on TRIM7.1 appears to be monoubiquitination, which does not
usually target proteins to the proteasome. However, the experiments with the
ubiquitin Lysine mutants suggest that some polyubiquitination can occur,
although this is not Lysine 48-linked, which is the major signal for proteasome

targeting (Figure 3.17).

The co-expression of Sin1, TRIM11, or TRIM27 had no significant effect on
TRIM7.1 autoubiquitination in cells suggesting that TRIM7.1 might form different
complexes that are not necessarily required to modulate its levels but might be
involved in recruiting it to certain cytoplasmic loci to perform other cellular
functions which still remain unclear. However, the ability of TRIM11 and TRIM27
to directly bind and promote monoubiquitination of the RING-deleted TRIM7.1
mutant indicates the importance of the C-terminal region of TRIM7.1 for
TRIM11/27 binding. Finally, the ability of co-expressed TRIM7.1 to enhance Sin1
ubiquitination (Figure 3.21) might suggest that it can regulate mTORC2 activity

by affecting the stability of its components.
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3.3 Functional Roles of TRIM7
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3.3 Functional Roles of TRIM7

3.3.1 Introduction

One of the aims of the project was to determine the functional role of TRIM7 and
its relevance to mTORC2 signalling. Our findings so far demonstrate the ability of
TRIM7.1 to interact with two of the major mTORC2 components, mTOR and
Sin1, and its novel role as an ubiquitin E3 ligase. However, binding experiments
on their own are not sufficient to ensure the relevance of these interaction to
mTORC2 signalling. It was important to demonstrate that loss of TRIM7 could
affect mMTORC2 signalling. This was achieved by an shRNA approach to
knockdown TRIM7 levels in cells. Moreover, cells’ behavior was monitored upon
knocking down TRIM7 to determine if it might have an affect on cell proliferation.
Further characterising TRIM7 would allow us to understand its functional

relevance in mTORC?2 signalling.

3.3.2 The effect of TRIM7 knockdown on mTORC?2 signalling

One crucial step towards understanding the potential role of TRIM7 in mTORC2
signalling was to knockdown TRIM7 and monitor its effects on mTORC2
components, if any. Initially, small interfering RNAs (siRNAs) were used in an
attempt to knockdown TRIM7 in HEK293T and HelLa cells but these attempts
were shown to be unsuccessful by qPCR analysis (data not shown). Therefore,
an shRNA approach was used in transient transfections but again this failed to
knockdown TRIM7. Eventually, generating stable HEK293T cell lines expressing
either scrambled or TRIM7 shRNAs was successful in knocking down TRIM7.
This was shown by (i) Western blot analysis of Flag-TRIM7.1 where reduced
levels were demonstrated in the TRIM7 shRNA expressing cells (Figure 3.25A)
and (ii) quantification of TRIM7.1 mRNA levels by qPCR which showed an
approximate 50% reduction in mRNA levels compared to the control cell line
(Figure 3.25B). However, the changes in TRIM7’'s mRNA transcript levels

appeared to be more significant than the changes in its protein levels. Similar
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results were obtained with other clones selected from the TRIM7 shRNA stable

cells (data not shown).
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Figure 3.25 TRIM7 knockdown by shRNA. (A) Immunoblot showing the expression of Flag-
TRIM7.1 in both scrambled and TRIM7 shRNA stable cell lines where a slight reduction in
TRIM7.1 expression was observed in TRIM7 knockdown cells. B-actin was used as a loading
control. (B) gPCR analysis from two repeats of the experiment of RNAs extracted from the
shRNA stable cell line showing an approximate reduction of 50% in TRIM7.1 levels. The error
bars represent mean = SD.

After establishing TRIM7 stable knockdown cells, the next step was to monitor
whether knocking down TRIM7 affects the individual components of mTORC2
and its downstream target Akt. To do this, both scrambled and TRIM7 stable cell
lines were harvested and a Western blot was performed using antibodies against
endogenous mTOR, Rictor, Sin1, and Akt. Figure 3.26A shows a clear increase
in the levels of the mTORC2 components as well as Akt itself in the TRIM7
shRNA cells compared to the scrambled control (Figure 3.26A). A quantitative
analysis of the protein levels was carried out shown by the bar chart in Figure
3.26B. Sin1, mTOR, Rictor and Akt all showed a significant increase in protein

levels when the levels of TRIM7 were reduced.
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Figure 3.26 TRIM7 knockdown leads to increased protein levels of mTORC2 components.
(A) The left panel shows an immunoblot demonstrating the expression levels of endogenous
MmTORC2 components and Akt in both scrambled and TRIM7 shRNA stable cell lines. An
increase of MTORC2 signalling components was observed in the TRIM7 knockdown cells
compared to the scrambled control. ERK1/2 was used as a loading control. A repetition of the
same experiment is shown (right). (B) A bar chart showing the protein quantification (using Image
J) of three repeats of the experiment. The error bars represent mean = SD with p-values of 0.02,
0.008, 0.03, and 0.01 for mTOR, Rictor, Sin1, and Akt, respectively.

3.3.3 TRIM7 knockdown increases cell proliferation

One striking observation upon knocking down TRIM7 in cells was a noticeable
increase in cell proliferation compared to the scrambled cells. This observation
was also noted in the other selected clones of the TRIM7 shRNA stable cell line.
To determine the proliferative capabilities of both scrambled and TRIM7 shRNA
cell lines, a MTT cell proliferation assay was carried out on a three-day time
course. Equal numbers of both cell lines were plated on 96-well plates in
triplicates and left to grow for three days; Days 1, 2, and 3 where Day 1 is 24
hours after plating cells. Each day the plates were treated with 5 mg/ml MTT for 3
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hours and their absorbance was measures at 570 nm. There was approximately
a 2-fold increase in cell proliferation in the TRIM7 shRNA cells compared to the

scrambled control cells on Day 3.
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Figure 3.27 TRIM7 knockdown enhances cell proliferation. A quantitative analysis of an MTT
cell proliferation assay comparing the scrambled and TRIM7 shRNA stable cell lines. Cells were
treated with 5 mg/ml MTT for 3 hours. The experiment was carried out throughout three days in
triplicates where an increase of approximately 2-fold in cell proliferation was observed in the
TRIM7 knockdown cells compared to the scrambled control cells at Day 3. The absorbance of
cells from Days 2 and 3 were normalized to those of Day 1 as no difference between the
absorbance of control and TRIM7 shRNA cells was observed 24 hours post-plating. The error
bars represent mean = SD.

3.3.4 Conclusion

To address the functional relevance of TRIM7 in mTORC2 signalling, stable
shRNA cell lines were generated in HEK293T cells. This achieved a 50%
reduction in TRIM7 mRNA levels, however, it was not possible to determine the
effect on the endogenous protein level of TRIM7 due to the lack of commercial
antibodies that are capable of recognizing endogenous protein. TRIM7 appears
to maintain the expression of the mTORC2 components as its reduced level
promoted an increase in the protein levels of mTOR, Rictor, Sin1 and Akt (Figure
3.26). This correlated with an increase in the proliferative capabilities of cells
suggesting that enhanced mTORC2 signalling may contribute to an increase in
cell growth/division. It will be particularly important to confirm these results by re-

expressing TRIM7 into the knockdown cells and see if it rescues the changes.
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This could be achieved by generating a TRIM7 mutant that will not be recognized
by the shRNA and at the same time not disrupt TRIM7’s three-dimensional
conformation and maintain its functional role in the cell. Re-expressing a RING-
mutant TRIM7 into the knockdown cells can also be used to determine whether
the observed affects are dependent on its ubiquitin E3 ligase activity or not.
However, achieving a better knockdown of both TRIM7’s transcript and protein
levels is crucial to further elucidate its potential role in mTORC2 signalling and
cell proliferation. To do this, more clones expressing TRIM7 shRNA need to be

screened and further characterised.
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4. Discussion

Compared to many other members of the TRIM family, TRIM7 is one of the least
studied. Apart from the importance of its B30.2 domain for glycogenin interaction
(Zhai et al. 2004), its functional role in the cell has remained elusive. So far, only
the different splice variants and structural domains of TRIM7 have been
established in the literature indicating that it possesses a RING domain (Zhai et
al. 2004), the most characterised of all of its domains. Many proteins that
possess a RING domain exhibit E3 ligase activities and the TRIM family of
proteins are the largest group exhibiting RING domains (Reymond et al. 2001).
TRIM proteins are involved in many cellular processes and play important roles
in human diseases including cancers (Meroni and Diez-Roux 2005). This project
aimed to determine the relevance of the interaction between TRIM7 and the
MmTORC2 component Sin1. In addition, we aimed to further characterise TRIM7
to understand its potential role in cells. It was initially confirmed that the novel
interaction between TRIM7 and Sin1 occurred in mammalian cells and that
TRIM7 could be found in complexes containing mTOR (Figures 3.1 and 3.5A).
The interaction between TRIM7 and Sin1 did not show any significant changes
following stimulation with two known activators of mTORC2, IGF-1 and hydrogen
peroxide. While this does not eliminate the possibility that other stimuli that
activate mTORC2 may modulate the TRIM7.1-Sin1 interaction, it suggests that
the interaction may be constitutive or perhaps regulated by other signalling
pathways in the cell. However, the absence of a positive control for the stimuli
possibly suggests that mTORC2 signalling might not have been activated as
expected, and therefore, no changes in the TRIM7.1-Sin1 interaction was
observed. Sin1 demonstrated a differential ability to bind to the different TRIM7
isoforms by binding to TRIM7.1 and TRIM7.3, but not TRIM7.4 (Figure 3.4). This
indicated the importance of the C-terminal region of TRIM7 for its binding to Sin1
as both TRIM7 isoforms 1 and 3 have an identical C-terminus, that is lacking in
isoform 4. The significance of this differential binding is unclear at the moment as

specific functional differences between the TRIM7 isoforms have yet to be
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uncovered. It would be interesting to re-express the different isoforms in the
TRIM7 knockdown cell line to determine which have an effect on the levels of
mTORC2 proteins and cell proliferation. It might be expected that TRIM7.4 does

not complement these changes as it is unable to bind to Sin1.

The presence of mTOR in TRIM7 immunoprecipitates (Figure 3.5A) suggests
that TRIM7 may actually be recruited to mTORC2. However, from this
experiment it can’t be distinguished whether mTOR can directly bind to TRIM7 or
if the binding is being mediated by Sin1. Experiments where Sin1 is knocked-
down by siRNA could be used to help distinguish these possibilities. mTOR
appeared to exert a negative effect on TRIM7.1 protein levels, but this was not
dependent on mTOR activity (Figure 3.5B). This was not followed up further but it
is possible it could be due to an experimental artifact whereby the promoters of
the transfected TRIM7 expression plasmids is being affected by co-expression of
the mTOR expressing plasmid. It was further shown that, despite TRIM7 being a
phosphoprotein, it was not a direct mTOR substrate or a substrate for the
downstream kinases Akt1 and PKCa. An initial failed attempt with mass
spectrometry was also carried out to determine the potential phosphorylated
residues on TRIM7. Further optimization of the experiment is required in order for
it to be repeated. Other approaches such as In-Gel kinase assays can be
performed to determine the potential kinase(s) for TRIM7.1 and to identify the
phosphorylation sites. Determining the kinase(s) of TRIM7.1 will be crucial to
understand which signalling pathway TRIM7.1 may part of, and will help in

elucidating the potential cellular roles it may be involved in.

Although the RING domain is the most characterised compared to the other
domains within TRIM proteins, many studies have shown the importance of the
CC domain to allow TRIM proteins to form complexes with each other by either
forming homo- or hetero-oligomers (Li et al. 2011). TRIM5 and TRIM24 are two
examples where they have been extensively studied and have been
demonstrated to form hetero-oligomers with other members of their class (Li et
al. 2007a). Similarly, our data demonstrated the ability of TRIM7 to form both
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homo-oligomers, by forming a TRIM7.1-TRIM7.3 complex, and hetero-oligomers
with both TRIM11 and TRIM27. However, we were not able to demonstrate the
ability of TRIM7 to form a homo-oligomer complex between two TRIM7.1 proteins
due to them being downregulated when expressed together (Figure 3.9). One
possible explanation could that the decreased protein levels may be due to
TRIM7.1’s ubiquitin E3 ligase activity that targets itself for ubiquitination, and
thereby, degradation via the proteasome. In addition, both TRIM11 and TRIM27
complexing with TRIM7.1 and downregulating its levels may also be explained by
the possibility of either TRIM11 or TRIM27 targeting TRIM7.1 for degradation.
However, TRIM7.1 levels are not rescued by proteasomal or lysosomal inhibitors
suggesting some other mode of regulation. Again there is the caveat that co-
transfecting expression plasmids may affect their transcription. At the moment,
the significance of TRIM7.1 complexing with itself, TRIM11, or TRIM27 is not
clear nor is its co-localisation into specific cytoplasmic loci. Nevertheless, these
findings were consistent with other studies that have demonstrated the ability of
TRIM proteins of the same class to complex into distinct cytoplasmic bodies (Li et
al. 2007a). This suggests that TRIM proteins with structural similarities may form
more than one complex and possibly regulate each other’s cellular expression or
localisation. The finding that Sin1 is also in complexes with TRIM27 might
suggest that a TRIM7-TRIM27 complex may be recruited to mTORC2. Unlike
ubiquitination that mainly targets proteins for proteasomal degradation
(Weissman 1997), SUMOylation has been shown to promote protein
stabilization, localisation, and facilitates protein-protein interactions (Johnson
2004, Hay 2005, Geiss-Friedlander and Melchior 2007). Since TRIM27 has been
recently shown to exhibit SUMO E3 ligase activity (Chu and Yang 2011), it would
be interesting to determine whether the TRIM7-Sin1 or TRIM7-mTOR interaction
could be facilitated by TRIM27’s SUMO E3 activity, and whether it plays a role in
recruiting TRIM7 to either Sin1 or mTOR. In addition, understanding if the
expression of TRIM27 complements the changes observed in TRIM7 knockdown
cells, or whether it plays a distinct role from TRIM7 would be crucial as it

possesses both ubiquitin and SUMO E3 ligase activities (Chu and Yang 2011).
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The finding that TRIM7 displays ubiquitin E3 ligase activity is the first molecular
function that has been assigned to TRIM7. However, the autoubiquitination of
TRIM7.1 mainly appeared to be monoubiquitination based on the use of ubiquitin
mutants that can’t form polyubiquitin chains. TRIM7.1’s E3 activity was
dependent on the presence of its RING domain although residual ubiquitination
was still present when the RING domain was deleted (Figure 3.16). Other studies
on TRIM proteins have also demonstrated similar findings where deleting the
RING domain does not completely abolish their autoubiquitination in cells
(Napolitano et al. 2011). Despite a main monoubiquitinated TRIM7.1 band
appearing in the ubiquitination smear, we cannot eliminate the possibility of
TRIM7.1 also polyubiquitinating itself as the intensity of the ubiquitinated smear
in the presence of the ubiquitin K7R mutant was reduced compared to wild-type
ubiquitin (Figure 3.17B). This reduction can be explained by the fact that
mutating all Lysine residues of the ubiquitin molecule could prevent possible di-
or multi-ubiquitination of TRIM7.1 as many TRIM proteins exhibiting ubiquitin E3
ligase activity have been shown to self-ubiquitinate in more than one way by
either mono-, di-, multi-, or poly-ubiquitinating themselves (Diaz-Griffero et al.
2004). Nevertheless, we can eliminate the fact that TRIM7.1 forms K48-linked
poly-ubiquitin chains as the autoubiquitination of TRIM7.1 was not affected when
this residue was mutated on ubiquitin (Figure 3.17A). It is possible that K63-
linked polyubiquitination is occurring which plays a role in aiding protein-protein
interactions or lysosomal delivery (Sun and Chen 2004). Thus, it would be helpful
to determine what effect mutating K63 would have on TRIM7.1

autoubiquitination.

Disruption or deletion of TRIM7.1’s RING domain affected its expression levels
and altered its cellular localisation to peri-nuclear bodies (Figure 3.19A). This
phenotype has also been demonstrated in previous studies on TRIMS. It has
been shown that disrupting the RING domain of TRIM5S affects its expression
levels and prevents proper folding of the protein allowing it to translocate to peri-
nuclear regions via the microtubule-organizing center (MOTC). These peri-

nuclear structures can further be seen upon proteasome inhibition forming larger
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aggresomes that contain chaperone proteins allowing proper re-folding of TRIMS
to its native form (Diaz-Griffero et al. 2006). These aggresomes are similar to
what we have shown with wild-type TRIM7.1 upon MG132 treatment (Figure
3.19B). In the case of nuclear TRIMs such as PML, disruption of either the RING
or B-box domains prevented the formation of nuclear bodies suggesting that the
RBCC domain as an integral unit is important for proper protein folding despite
each domain exerting separate functions (Borden et al. 1995, Borden et al.
1996). It has been suggested that TRIM5 levels are maintained by continuous
synthesis and rapid degradation controlling its turnover. The distinct cytoplasmic
dot-like structures appear when the overall levels of TRIM5 synthesis
overwhelms the cell’s ability to degrade it (Diaz-Griffero et al. 2006). Since both
TRIM5 and TRIM7.1 fall in the same class of TRIM proteins, it is possible that
this may also apply to TRIM7.1. It may act as an aggresomal precursor linked to
the microtubules, and that disrupting its RING domain may affect its interdomain
interactions leading to aggresomal formation. The translocation of TRIM7.1 to
peri-nuclear loci may be an attempt to re-fold TRIM7.1 to its native form (Figure
4.1). This suggests that members of sub-classes TRIM proteins behave similarly

and might potentially have similar cellular functionalities.

Wild-type RING-mutant
TRIM7.1 TRIM7.1

| |

Cytoplasmic bodies  MG132 Aggresome
(pre-aggresome) > (peri-nuclear)

Native Folding Improper Folding

Figure 4.1 The importance of TRIM7.1’s RING domain integrity. A hypothesis showing the
potential importance of TRIM7.1 RING domain for its folding and how it affects its cellular
localisation.

Previous studies on TRIM27 have demonstrated a novel role of TRIM proteins as
SUMO E3 ligases where TRIM27 was able to SUMOylate many targets including
Mdm2 (Chu and Yang 2011). Unlike TRIM27, our data failed to show the ability

of TRIM7.1 to SUMOylate Mdm2 suggesting that TRIM7.1 does not act as a
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SUMO E3 ligase against Mdm2. However, this does not exclude the potential
role of TRIM7.1 as a dual E3 ligase as only Mdm2 was tested as a substrate
during our experiments and further targets need to be examined. It is not clear
whether the dual E3 activities of TRIM proteins take place simultaneously or not,
but this demonstrates the various roles TRIM proteins can play in post-

translational modifications.

So far, there have been few studies linking TRIM protein to either of the two
MmTOR complexes. The data presented here potentially shows a novel role where
TRIM7 could affect mTORC2 signalling, and thereby, cell proliferation. We show
that the presence of TRIM7 is important for maintaining the levels of the
mTORC2 components. Our stable cell lines have shown a significant increase in
cell proliferation upon a reduction in TRIM7 levels (Figure 3.27). This could
possibly be explained by our finding that levels of mMTORC2 proteins increase in
these cells (Figure 3.26). We cannot rule out the possibility that the increase in
cell proliferation could be due to off-target effects of the shRNA'’s integration with
the cells’ genome. However, two different clones were isolated for each shRNA
(both scrambled and TRIM7) but only one clone was used for the Western blots
and MTT assays. Therefore, more clones need to be thoroughly tested to show
consistency of our findings and the changes need to be rescued by adding back
TRIM7 to the cells. Nevertheless, the slight increase in Sin1 autoubiquitination
levels in the presence of TRIM7.1 allows us to hypothesize a potential role for
TRIM7.1 in modulating mTORC2 components. Studies have shown that the
absence of Sin1 or Rictor prevents the assembly of the mTORC2 complex,
therefore, reducing its activity (Frias et al. 2006). If TRIM7 could ubiquitinate Sin1
and target it for degradation this would affect the overall assembly of mMTORC2
and potentially lead to reduced protein levels of the components. Knocking down
TRIM7 would prevent Sin1 degradation leading to the stabilization of the
MmTORC2 complex thereby promoting cell proliferation (Figure 4.2). It is also
possible that Sin1 may not be the key target of TRIM7 within mTORC2, but is
simply required to recruit TRIM7 to the complex. TRIM7 could then target other

components of the complex.
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Figure 4.2 A hypothesis showing the potential role of TRIM7.1 on cell proliferation. When
TRIM7.1 is present, it is able to target Sin1 for degradation via the ubiquitin-proteasome pathway
preventing mTORC2 assembly, and therefore, reducing the rate of cellular proliferation. The role
of TRIM27/Sin1 binding remains illusive. In the absence of TRIM7.1, Sin1 is free from TRIM7.1-
mediated degradation allowing the formation of mMTORC2 promoting cell proliferation.

It will be especially important to determine whether the changes in the levels of
mTORC2 components and cell proliferation are dependent upon the E3 ligase
activity of TRIM7. This can be tested by re-expressing the TRIM7 mutant lacking

the RING domain in the knockdown cell line.

Although TRIM proteins have not been directly linked to mTOR signalling before,
recent studies have shown the involvement of a few TRIM proteins with key
downstream targets of mMTORC2, Akt and PKC. TRIM13, which is deleted in
many human tumors, has been shown to interact with both Mdm2 and Akt, and
target them for degradation via its ubiquitin E3 ligase activity thereby inducing
apoptosis (Joo et al. 2011). TRIM17, which is also a novel ubiquitin E3 ligase,
has been shown to trigger apoptosis in neurons via the PI3K-Akt-GSK3 pathway
(Lassot et al. 2010), whereas TRIM41 has been implicated in binding and
modulating PKC turnover levels by targeting it with ubiquitin for degradation
(Chen et al. 2007). Taken together, these findings support the idea of TRIM
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proteins’ role in regulating key players in major signalling pathways that can lead
to cancer. Since both TRIM17 and TRIM41 fall in the same class as TRIM7 (i.e.
class IV), it is possible that, like TRIM11 and TRIM27, they may form hetero-
oligomeric complexes with TRIM7. This would suggest that diverse TRIM
complexes may exhibit distinct E3 ligase activities to regulate multiple signalling
pathways in cells. Our findings suggest that there might be a possible link
between TRIM7 and cancer. Loss of TRIM7 could potentially promote
tumourigenesis by triggering mTORC2 signalling, and thereby, increase the rate
of cell proliferation allowing tumor growth. However, it is still not clear whether
TRIM7’s E3 ligase activity and its ability to from larger complexes with other

family members contributes to the increase in cell proliferation or not.
Summary

The research presented in this thesis has uncovered a number of original
findings. It has uncovered a potentially new role of TRIM proteins in regulating
mTORC?2 signalling, in particular that the previously poorly characterized TRIM
family member, TRIM7, binds to the Sin1 component of mMTORC2 and displays
ubiquitin E3 ligase activity. Furthermore, it is demonstrated that TRIM7 may be
required for controlling the protein levels of the mTORC2 components and for
regulating cell proliferation. There are a number of key areas for future research.
These include determining whether the E3 ligase activity of TRIM7.1 is critical for
its regulation of mMTORCZ2, and if so, if Sin1 or some of the other components are
the key target. It will also be important to identify the pathways regulating the
phosphorylation of TRIM7 and how this affects its functions. Further work is also
needed to shed light on the roles of related TRIM family members in regulating
mTORC2. TRIM7 is also likely to have roles independent of mTORC2 signalling,
as also occurs with the case of Sin1 (Schroder et al. 2005) and Rictor that is able

to form an E3 ligase complex targeting SGK1 for degradation (Gao et al. 2010).
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