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1 Abstract

Multiple myeloma (MM) is the second most common h&stogic neoplasm in Europe. This
incurable blood malignancy is characterised by ghhhcidence of genomic instability and high
clinical response rates to treatment with proteadamhibitors. The ubiquitin proteasome system
(UPS) comprises a large and conserved network axfggses that accurately regulate protein levels,
turnover and functions in both spatial and timelgnmer, to ensure balanced metabolism, genomic
stability and controlled proliferation of the cdillajor components of this system are the proteasome
which proteolytically degrades proteins marked blypbiquitin, and the ubiquitin ligases (E3), which
at the end of an enzymatic activation cascade ttapexifically transfer ubiquitin. Prominent E3
ligases are the Skpl/Cullin/F-box protein (SCF)-ptaxes, of which only handfuls have been
matched to specific targets and functions. To daten though proteasome inhibition has been
established as a successful treatment strategydéingity of underlying deregulated UPS-dependent
events in MM has remained unknown. In search otmtl candidates, analyses of comparative
genomic hybridisation arrays in MM identified arsficant amplification of the FBXO9 locus, coding
for the orphan F-box protein defining the SE¥ (SCF defined by the F-box protein Fbxo9) ubiquitin
ligase of unknown functiorin an unbiased screen, this study identified T&&dmere maintenance
2) and Ttil (Tel2 interacting protein 1) proteirssubiquitylation substrates of SCE® which adjusts
MTOR (mammalian Target of Rapamycin) signallingytowth factor availability. When deprived of
nutrients and mitogens, cells restrain resourcewming processes to favour pro-survival pathways
by a yet poorly understood mechanism. The PIKK éphoinositide 3-kinase [PI3K]-related kinase)
family member mTOR governs cell growth and proté&anslation via the multimeric mTOR
complex 1 (mTORC1) and survival via mTORC2. Tel2l diil control the cellular abundance of
mammalian PIKKs and are integral components of bofhORC1 and mTORC2Presented
experiments show thadelective degradation of Tel2/Ttil within mTORC1 psocured by CK2
(Casein kinase 2), which upon growth factor withelh translocates to the cytoplasm, to
phosphorylate Tel2 and Ttil degrons. mTORC1 inattm prompts activation of the
PIBK/mTORC2/Akt pathway via relief of feedback ibtiion on mTORC2. This mechanism restrains
the resource-consuming processes of cellular grawthprotein translation, yet sustains survivalrupo
growth factor withdrawalSignificantly, primary human multiple myelomas desphigh expression
levels of Fbxo9. In this setting, PISBK/mTORC2/Algrsalling and survival of MM cells is shown to
be dependent on Fbxo9 expression. Thus, this ddeflged mTORC1-specific degradation of Tel2
and Ttil proteins as a central mTOR regulatory raaidm with clinical implications in MM, both in
predicting the patient response to proteasomabitiin and in providing novel targets - Fbxo9, CK2

for the specific treatment of MM.
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2 Abbreviations

MATP.............. (-32P])Adenosine triphosphate DMSO ........ccccooeevieiiiiiiennnnn. Dimethyl fadide
RS T Raatitive sulfur DNA........cccooceovvieieeen Desoxyriboneid acid
4E-BP1......coovveieeiiies elFAE bindin@t@in 1 DNA-PKCS ...ooeevveeeeeeeeee DNA protein kinase
AGC....ccoii related to PKPKG, and PKC  gNTP..................... Deoxynucleotide triphbafe
APS o Ammoniuergulfate  puB(s)...................... Deubiquitylating emag(s)
ATM Ataxia telangiectasiataed E Glu................c.cocooeverreennnne. Glutamic acid
ATR ... ATM and RAD8lated E1..........oooiiii . Ubiquitin activadi enzyme
B,OP o basepairs g2 ... Ubiquitin conjugatirgzyme
BES...ooiiiiiin, N,N-Bis(2-hydroxygR2-  E3 .. ... Ubiquitin ligase
aminoethanesulfonic acid EDTA.................. Ethylendiamintetraacedtigd
BMM ... Bone marrow microenvironment|F4E.................... eukaryotic Initiatiosctor 4E
BrdU ..o Bromedeyuridin Em.............cccooooieiieeeeeeeeee e Emission
BSA .. Albunfiraction V. ERK1/2 Extracellular-signal-regulated kinase 1/2
C,CYS i CYStINE BV Empty vector
CaCb. i, Calri cloride  Ex...........cccccoooveieeeceeecee e, Excitation
CAMP.............. cyclic Adenosine monophosphateacs .......... Fluorescence Activated Cell Sorting
CaPQ ..o, Calcium ppbate  FAT ..., FRAP, ATNIRRAP
(070, G Cell cycle dependkimase FBP ..............cccccccoceevevenerenee. E-box protein
CDNA...oee complememt®NA  EGER3 ........... fibroblast growth factor recefor
CGH............. Comparative genomic hybridizatiogRB........................... FKBP12-rapamycinding
CGMP...co cyclic Guanine monophosphatSC ..............c.cococveeeecen. Forward scatter
CKZ.ooiiiiiii e, CaseinkiNase 2 G, Gly............cccocovevevreeseeeeereeenenenn Glycin
CP e atélytic particle  G2p ..Glycerol 2-phosphate disodium salt hydrate
CRL v Cullin-Rbx1/RoclgBses GAP ......ooovveeiii GTPase-activaiimgtein
C-terminus(al).................... Carboxy-termsfal) GEO..............c..co......... Gene Expression (s
CUIL o Cullinl  Grb10 ... Growth factor receptor-bound protein 10
D, ASN.coiiiiiiiiiieeeeeeeeeeeee e Aspartic acid GTP ... Guaniriptiosphate
- Dalton HCl.oo Hydhloric acid
DDR....cooiieii DNA-damagspense HEAT............... Huntington, Elongation Fac&r
Deptor................ DEP domain containing mTOR- PR65/A, TOR
interacting protein HECT ............ Homologous to the E6-AP carboxy
AHO e Disd water terminus

DMEM...... Dulbecco's Modified Eagle's Medium
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HEPES. ..., 4-(2-hydrothyd)-1-  NFkB ............ Nuclear Factor 'kappa-light-chain-
piperazineethanesulfonic acid enhancer' of activated B-cells
AP(S) e NOUI(S) NOC....eeeeeeeeeeeeeeeeeeeeeee e, Nocodazole
TKK B IkB kinasef3  N-terminus(al).........cccccccveeenee. Amino temus(al)
IENY o Interferony NN ..o N-termimalcleophile
IGF .. Insulin-like guth factors ODggg.......oovvvvvvvvereeeenn. Optical Densitiy at030n
IgH e Immuno-globulin heaggain  PBS ..........cccceiiiiis Phosphate Bufiegaline
IL-6 e Interleukin 6 PCR.........cccovvvvvevveeenn, Polymerase chaaction
IMDM.......... Iscove's Modified Dulbecco's MediaPDCD 4............ Programmed cell death profein
IMIDS ..o Immunodulators PFA.........cccccciiiieeeee, Haranaldehyde
IPTG....... IsopropyB-D-1-thiogalactopyranoside p-HH3 ...................... phosphorylated Hisdth3
IRS....oo Insulin recepsubstrate PI3K............................ phosphoinositiRi&inase
Ky LYS oo, Lysine PIKK.....phosphoinositide 3-kinase related kinase
I Long ténal repeats PKA ................ cAMP-dependent protein kindse
M Molar PKB......cooooiiiiiiiiiiieeeeeiiie ) rokein kinase B
M, MEt ...t Methionine PKCa.........ccccvvviiviiiieeniiiiie, feiatkinase Ca
MCS..oo Multipldading Site PKG ................... cGMP-dependent protein &&a
MAClooii Magnesiulorme PIKL ... Bdlke-kinase 1
MGUS.......cs Monoclonal gammopatltiy oPML ................... Promyelocytic leukemia @iot
undetermined significance PMSF ................... Phenylmethylsulfonyl fluoe
MHCI........... major histocompatibility compléx PPTaSe ........cccccceeiiiiiiiiiiiiiieee e Phosphatase
101 minute(s) PRAS40 .......... Proline-rich Akt substrate 40 kDa
MLSTS..........oooeee Lethal with sec-13teia 8 Protorl/2 ...... Protein observed with rictor 1 @nd
MM Lo Muyite myeloma PTM............c....... Post-translational machtion
MS e Maggectrometry gqPCR ... Qianive PCR
mSinl... mammalian Stress-activated map kinasRaptor.....Regulatory associated protein of mTOR
interacting protein 1 Rheb................. Ras homologue enriched ambr
MTOR ............... mammalian Target of rapamyciRictor ......... Rapamycin-insensitive companion of
MTORC1/2 .........cceee. MTOR complex 1 and 2 mTOR
MW ..., Maoldar weight RING...............cceeeee. Really Interesting N&ene
N E Y/ © ) Sodium orthovan@datRNA ..........ccooveviiiieieeee e, Ritucleic acid
1N = 1 Y odtum chloride RP........cciiicicceccciee e, wkgory particle
NAOH........cvvvviiiiiiiiis Qo hydroxid RT ..oovvveiiiiiiieeeeeeeeeveeeveviiiiiiies Rooemperature
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[ I Receptor Tyrosiease TEMED................... Tetramethylethylenediamin
S e e Serum ThY ..o Thymidine
S, Sl i Serine TLCK............ Tosyl-L-lysyl-chloromethyl ketone
SOKIL .o 70pS6 kinase 1 hydrochloride
SA Serum addition TNFO ......cceevvvevieeriieennen. Tumor necrosis taat
SCF .. SkKpdllin/F-box  TPCK ... Tosyl-phenylalanyl-chloromethyl ketone
SO asdard deviation Tris............... Tris(hydroxymethyl)aminometlean
SD s @erdeprivation  TRRAP.... Transformation/ transcription domain—
SDS.. Sodium dodsulfate associated protein
SBC ittt second(S) TSCL/2 ... Tuberous smdes 1/2
SGK.. Serum and glucocorticoid-inducible Kinasgtil ....................c..cu....... Tel2 interigg protein 1
ShRNA ..o, smMalia RNA  TU oo Titer Units
SIRNA ... small intering RNA  UD.......cc.coovieiiieceece e, Ubiquitin
SMG1 .. Suppressor with morphological effect ombe........................ Ubiquitin conjugatiegzyme
genitalial UPS........ccceeouvenn. Ubiquitin proteasosgstem
SSC. idéwvard scatter VCAM ............. Vascular cell adhesion molexul
T, TR e Threonine VEGF............. Vascular endothelial growth tact
TAP .o Tandem Affinity Pud@tion VLA-4............ccccoeeveeeerennann. Very @antigen-4
TBB ..coveviieenn 4,5,6,7-tetrabromobenzaii@ vol .................c.ccooeeiieiiiii) volumes (unit)
TBE. ... TBerate/EDTA WB............ccecceceveenveneeee..... Washing Buffer
TBS..o TrisfBared Saline WCE..............ccoooeevieienene, Wholdl extracts
TCA Triciht@mcetic acid WT .......ccoooeiiiececcee e wildtype
Tel2.. Telomere meamance 2 B-TrCP .... B-transducin repeat containing protein
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3 Introduction

3.1 Multiple Myeloma

Multiple myeloma (MM) is a clonal disease of plaswells, which accounts for ~1% of all
cancers and for ~13% of hematological neoplasm&jngat the second most common hematologic
malignancy. Annual incidence of MM in Europe is 6.0 cases 1@0,000 persons with a median age
at diagnosis between 63 and 70 y&&Fe date MM remains an incurable disease, stibeisited with
poor prognosis and mortality rates of 4.1 caseslp@r000 persofsThus, there is an urgent need for
more effective treatment strategies, which reqgfuredlamental research and better understanding of

the causative factors involved in pathogenesis BE. M

3.1.1 Molecular characteristics

Plasma cells are long-lived antibody producingscatiportant for the response of the adaptive
immune systefh Originally derived from B-cells, which undergo rmnoglobulin gene
recombination, class switching and somatic hypeatimi during the differentiation process in the
germinal centres of lymphoid tissues, to ensurématpathogen and antigen recognifioplasma
cells maintain a phenotype of high genetic varighilOnce terminally differentiated, plasma cells
remain quiescent, unable to proliferﬁamd localise to the bone marrow, which is refer@ds

uhomingn7

. Within the tightly balanced bone marrow microgamment (BMM), the interactions with
adhesion molecules of stromal cells and extra@elloatrix proteins, and the stimulation of various

cytokines cooperate to maintain plasma &ells

MM cells are malignantly transformed plasma cedlkich proliferate uncontrollably, resulting in
abnormally high numbers of MM cells in the bone mar. Originating from plasma cells, they also
produce and secrete a large amount of antibodiescake of MM cells, these antibodies are
monoclonal and often dysfunctional, and also refto as M protein or paraprot&i©n the genetic
level, mainly two types of primary chromosomal ab#ons are thought to cause the malignant
transformation of plasma celf€. Frequently, primary translocations involve themiomo-globulin
heavy-chain (IgH) locus on chromosome 14, whicliuidaposed to chromosomal loci coding for
known oncogenes such as cyclin ICND1 (t[11;14][q13;932.33])) and FGFR3 (Fibroblastgtb
factor receptor 3)HGFR3 (1[4;14][p16.3;9g32.33])). In another subset of Midlls, karyotypes display
a hyperdiploid state with occurrence of multipisdmied. It is assumed that this pre-malignant state
allows for enhanced oncogene expression and tluildes a subsequent accumulation of multiple
secondary mutations, which eventually result inigmant transformation. As such, high incidence of
chromosomal instability is a hallmark of M# Furthermore, distinct genetic aberrations havenbe

differentially correlated with prognosis, diseagegression and resistance to thefapy*3 which
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makes characterization and treatment of MM a diffitask. Homing of the myeloma cells to the
BMM additionally promotes their clonal expansiomrdiaigh growth stimulating interactichsCell
adhesion mediated signaling activates several ypnaval pathways, cell cycle progression and
secretion of cytokines. For example, binding of ¢b# surface molecule VLA-4 (Very late antigen-4)
of MM cells to the VCAM (vascular cell adhesion molile) surface receptor of the bone marrow
stromal cells activates the pro-survival KB- (Nuclear factor 'kappa-light-chain-enhancer' of
activated B-cells) pathway and hence productiothefgrowth and survival factor IL-6 (Interleukin 6)
in the stromal cells, which subsequently activiids cells to secrete pro-angiogenic VEGF (Vascular
endothelial growth factdt) In a paracrine loop, VEGF expression further stites IL-6 secretidfi
vastly changing the balanced composition of theroeicvironment to favour proliferation and
expansion. Another late-stage effect of this imbedalies in the aberrant neo-angiogenesis witren th

BMM, promoted by an excess of pro-angiogenic fa;tahich further promotes spreading of the MM
cells®™.

Together, the pathogenesis of MM results mainlynfriiie distinct cellular context from which
tumor cells originate. The susceptibility for geogearrangements and the homing to a growth factor
rich microenvironment, which are characteristic fiteisma cells, represent major disease promoting
factors. Similarly distinct as the underlying maltr aspects of MM, are its clinical manifestations

that will be introduced in the following.

3.1.2 Clinical manifestations

MM is a slowly progressing malignancy with a prefitive rate of less than #%Diagnosis is
based on the electrophoretic detection of monotlpratein in either blood or urine, depicting the
secretory activity of MM cells. Quantifying seruevkls of the different immunoglobulins (IgG, IgA
and IgM) may show aberrantly high levels, dependorg the type of MM, and detection of
immunoglobulin derived light chains in urine casabe indicative of the excess secretory activiity o
MM cells® 8 However, there are also non-secretory forms of*RKf further value are analyses of
bone marrow aspirates and biopsies, to monitoitiation rates, cell morphology, karyotype
aberrations, and abnormally high density of blocaesseld 8 In addition, due to the altered
microenvironment in the bone marrow, bone remaniglis severely imbalancgdnhibition of the
bone-forming osteoblasts and concomitant activatibosteoclasts responsible for bone resorption
leads to lytic bone lesions, detectable in more @2 of myeloma cases by medical imadifg*’
Further, calcium usually retained in the mineratagie of the bones is released to body fluids, kvhic
may lead to hypocalcaemia and renal insufficiénbgregulation of the BMM may also interfere with
lymphocyte assisted red blood cell maturation dimically manifest in anaemta While the massive

overproduction of monoclonal protein primarily reds the capacity of the immune response,
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secondary effects may be hyperviscosity in the dlsibeam or renal failufelmpairment of kidney
function is thought to be caused by the toxic efferf excess monoclonal light chains and their
aggregated precipitates that may form casts imethal tubule¥. Due to its high genomic variability,
not all diagnostic markers for MM can be found actle patient at all times. As such, to confidently
diagnose MM, combined knowledge of all possibleneixations is required. Subsequently, for an

unified prognosis, the international staging systé8sS) can be utiliséd

Different stages of MM are defined according to $kegerity of symptoms and progression of the
diseasé (s. Figure 1). Generally, tumor cells rarely ocdarnovo, but evolve from a premalignant
state called monoclonal gammopathy of undetermaigdificance (MGUS), which is defined by a
serum monoclonal protein level of less than 3 giib@nd less than 10% monoclonal plasma cells in
the bone marrow as well as absence of diseaseiassbsymptoms and end-organ daniagehe risk
of progression from MGUS to MM is ~ 1% per y2aiMM is defined by elevated serum levels of
monoclonal protein and more than 10% bone marrdiltration®. In asymptomatic or smouldering

myeloma, disease associated symptoms and/or ead-degnage cannot be detected, while the

Normal long-lived
plasma cell

O —> |MGUS |—| Smouldering | . | Intramedullary | . | Extramedullary
myeloma myeloma myeloma

Bone marrow stromal cell dependence

IL-6 dependence

Angiogenesis

Bone destruction

Figure 1: Different stages of MM. Myeloma arises from a normh germinal-centre B cell, which normally
differentiates into a plasma cell. In most cases MMrises from the pre-malignant plasma cell neoplasrmonoclonal
gammopathy of undetermined significance (MGUS). Thelashed line indicates raren situ generation of MM. MGUS
does not always pass through a period of smouldedgnmyeloma. Initially, multiple myeloma is confinedto the bone
marrow (intramedullary), but with time the tumor can acquire the ability to grow in extramedullary locations. The
transition of MGUS to intramedullary multiple myelo ma is manifested by increased numbers of MM cellst anultiple

foci, and also associated angiogenesis and osteislytone destruction (adapted from Kuehl & Bergsagéf)
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symptomatic MM presents with medical conditionstrdmedullary MM is most common, since
survival of the myeloma cells is dependent on tbmihg to the BMM; however, more aggressive
forms of MM become bone marrow independent. Comexdramedullary sites include blood, pleural
fluid, and skii®. MM can further progress to become plasma cekdemia, which is defined by
absolute plasma cell count of more than 2xdIs/I or on the presence of more than 20% catinut

plasma cells in the peripheral bidad

In summary, MM can present with several distinctimanifestations. Whereas progression from
MGUS to MM is a slow process, once the developn@@niM has reached a certain threshold,
diagnosis is associated with poor prognosis, withealian survival of 6 years and a 10-year survival

of only 18%, demanding intensive medical &are

3.1.3 Current treatment

Even though recent therapies have greatly imprakedrequency and duration of remissions in
patients with MM, it remains an incurable hemataogance?’. The protective anti-apoptotic
signalling within the BMM is often responsible fialapse of the disease and resistance to tredtment
First-line therapy involves combination of effeetichemotherapeutics and, if advisable, autologous
hematopoietic stem-cell transplantafionUntil recently, conventional treatment included
administration of DNA-damaging chemo-therapeutisach as Vincistrin and Adriamycin, and
immunosuppressing steroids, e.g. Dexamethasonehwimicombination produced response rates of
52-63%". Introduction of the novel agents Bortezomib — mtgasome inhibitor —, and the
immunomodulators (IMiDs) Thalidomide and Lenaliddmifor MM treatment has dramatically
improved survival for patients from before 3 yersiow over 6 yeaf§®. For example, in a clinical
trial, Bortezomib treatment improved response t&o3®mpared to 18% of conventional treatment
with Dexamethasorie Initially administered to relapsing patients lbose developing drug resistance,
the novel compounds are now, often in combinatioth vihe above mentioned conventional
chemotherapeutic drugs, widely used for first-liherapy of MM patients either eligible, or not, for
transplantatiolf. Their major advantage compared to conventionagslis their capability to induce
MM cell death despite the action of BMM, and to wtaract the negative symptoms of BMM
deregulatiof. As such, administration of Bortezomib stimuladsseoblasts and inhibits osteoclasts,
thereby increasing bone formatfdrand further reduces VEGF driven angiogerieSis far, the exact
underlying causes for these beneficial features hawnained largely elusive. Noteworthy, single-
agent activity for each of these novel drugs iy @1% to 50% when administered alone, and despite
extended relapse-free intervals the majority ofgméds continue to suffer recurrent disease relapse

increasing degrees of drug resistafdgontinuing research therefore needs to focusetinehting the
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pathophysiological mechanisms of MM in more detaildevelop additional targeted treatments to

enhance anti-tumor efficacy, avoid drug resistaaod,improve patient outcorie

3.1.4 FBXO9 locus in MM patients

As mentioned in the former paragraph, proteasommibiiion seems to be a beneficial strategy for
treatment of MM. lts effectiveness is striking, swlering that universal blockage of proteasomal
degradation simultaneously and unspecifically iitkilall mechanisms connected with the action of
the ubiquitin proteasome system (UPS) (s. chap®rtus posing the question if distinct UPS
pathways with essential implications in myelomaginexist. With this respect, in a comparative
genomic hybridization (CGH) analysis in MM patiemtghich annotated frequent amplifications and
deletions of a series of gene loci, just a handfulindividual genes related to the UPS could be
identified®™. One of those genes is FBXO9, which is encodethéyrequently amplified 6p21.1 locus
(7.25x16 basepairs [7.25 Mb], 53 genes), coding for a saufecharacterised F-box protein (FBP)
(s. chapter 3.2.3.3). Fbx09 is a protein of 447nanacids (aa) with a predicted size of 53 kilo Dalt
(kDa), which was initially identified as a tumortaen in renal cell carcinomia Fbxo9 is highly
conserved from yeast to plait®, indicative for an important, if not indispensalie within the

cell.

In summary, further research is required to fullgderstand the processes of malignant
transformation in MM, which is a plasma cell makgey, characterised by a slow but persistent
progression and at the molecular level by a higidence of genomic instability. The most frequent
clinical presentations are bone lesions, imnmunec@gfcy, renal failure, and anaemia, and additignall
MM patients often suffer from relapse and incregsesistance to therapy. In an attempt to refiee th
treatment strategies for this hematologic neopladagidating the pathophysiological background of
MM is of extreme importance. To this end, considgrithe evidently good responsiveness to
proteasome inhibitor treatment, the role of UPSHisecomponents could provide further clues as to

the pathogenesis and therapy of MM.
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3.2 The ubiquitin proteasome system

Initially identified as the major degradation pa#iyvin cell cycle progressidh® energy-
dependent break-down of proteins by the ubiquitiotgasome system (UPS) has emerged to be
important for a variety of cellular processes sashDNA damage resporis&’ immune systeff)
mitochondrial life cycl&, apoptosi€, and ageint. Vitality of the cell generally depends on a
functional UPS, and its deregulation is found inmewous diseases, such as calicer
neurodegenerative disord&rs, ischaemi®, muscle wastintj, fibrosis®, renal diseasés obesity?,
and diabetes.

Since its discovery in the 1970s and 1980s, the WBS been extensively studied and its
identification entailed the awarding of the Nobeiz® in Chemistry in 2004 to Aaron Ciechanover,
Avram Hershko, and Irwin Ro¥e The following will introduce the main membersthé UPS, their
specific characteristics, functions, and how they @ghtly regulated to adapt to various cellular

processes.

3.2.1 Ubiquitin
Ubiquitin (Ub) is a protein of 76 aa and 8 kDa thais first identified in a screen for lymphocyte-
differentiating polypeptid€$*>. Adequately named for its ubiquitous expressioaliitissues and high

conservation in all eukaryotés® ubiquitin was soon identified to be a key compuraf the UP.

In a process called ubiquitylation, ubiquitin, Vs carboxy-terminal (C-terminal) glycine (G), is
covalently linked to the-amino group of lysine (K) in the target proteiror polypeptide sequences
without lysine, this bond formation may occur te tmino-terminus (N-terminus) of the substtate
This post-translational modification (PTM) of prisite acts as a recognition signal and activates
various processes in the cell. Attachment of alsiobiquitin molecule is generally considered toéha
regulatory functions, for example in remodellingabfromatin, DNA damage response (DDR), and
receptor localisatioh®. However, additionally to mono-ubiquitylation, ghitin can also form
polypeptide chains of several moieties. Basicatys polyubiquitylation can occur at each of the
seven lysine residues (K6, K11, K27, K29, K33, Kd8d K63) present in ubiquitin, as well as on its
N-terminus (Figure 2a). The nature of the formelymers is highly variable, since besides formation
of homotypic chains — comprising only one linkagpet — also heterotypic linkages are pos§ible
This highly variable “ubiquitin code” gives rise tmth structurally and chemically distinct motifs
(exemplified in Figure 2b), allowing for specifieaognition of interactors by various ubiquitin
binding domain¥. The cellular responses to ubiquitylation are jasstversatile, for example, K63-
linked polyubiquitin chains have been implicatedagulation of NF<B (Nuclear Factor 'kappa-light-

chain-enhancer' of activated B-cells) pathway digg®, while linkage via K11 marks targets for
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degradation during mitotic progresstaniltogether, amongst all these motifs with yet egireg roles,
the most renowned one is K48-linked polyubiquitiraio formation of a minimum of four moieties,
directing their targets for degradation by the gasom&

(a) (b) K48-Ub,

Current Opinion in Chemical Biology

Figure 2: Ribbon diagrams of Ub and two forms of di-ubiquitin. (a) Functionally relevant features of the Ub
structure. The seven lysine residues are shown indeand labelled, while the hydrophobic patch is showin gold ball-
and-stick. (b) Solution conformations of K48- (top)and K63-linked di-ubiquitin. The hydrophobic patches on Ub
units are shown in ball-and-stick (coloured gold orcyan) along with the side chains of K48 and K63 irstick
representation (red). The location of c-terminal Glgine (G76) forming an isopeptide bond with the comsponding
lysine is indicated. (Taken from Pickart & Fushman67

3.2.2 The Proteasome

The 26S proteasome is the essential recycle magtimeells, allowing for processive destruction
of damaged, dysfunctional or inapplicable proteind recovery of free amino acids. Concomitantly to
their importance, proteasomes are localised to botteus and cytos8l Evolutionary, the structure
and the composition of the proteasome are hightgensed in eukaryotes; and simpler forms can also
be found in Archaebacteria and Eubacféridhe 26S proteasome forms an ATP (Adenosine
triphosphate)-dependent multimeric protein comméx2500 kDa, mainly comprising the 20S core
subunit and the 19S regulatory subunit. Those compis are introduced in the following.

3.2.2.1 20S core subunit

Degradation of proteins takes place in the cylralrcavity of the 20S core subunit — also called
Catalytic particle (CP) — formed by four superimposeven-membered rirf§sin higher eukaryotes,
the inner two rings consist of seven different htlmgousp subunits, of which thregdb, 2, and1)
display proteolytic activities at their N-termintdreonine (T) after prosequence processing during

assembl{/. This categorises the CP into the rare family eNninal nucleophile (Ntn) hydrolasés
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Structural analyses revealed that entry to thelytatacentre is sterically restricted by the twoteu
rings formed by seven different homologausubunits to prevent non-specific degradation diee
proteind®. Of note, the 20S composition is highly consendolwn to the archaebacterium
Thermoplasma acidophilum, where an “Urproteasome” was discovered with haptéc rings of seven
identical B or o subunité® (Figure 3), respectively, indicating a functionafinement of the
proteasome during evolution. While the catalytictivity of the CP is energy-independent,
polyubiquitin chain-specific targeting and gate mipg requires ATP breakdown by the 19S
regulatory subunit.

(a) (b) (c)

A o
<| B CcP
3| p
©

y o

~ 100 A
Thermoplasma acidophilum Saccharomyces cerevisiae

26S proteasome

Figure 3: The stucture of the proteasome. (a,b) Cryal structures of the 20S proteasome CP showing its
cylindrical architecture composed of four stacked bptameric rings. (a) Most archaebacterial CPs, adlustrated for
T.acidophilum’, contain 14 identicala and B subunits, whereas (b) eukaryotic CPs have sevenfférent a and 8
subunits™ (c) Eukaryotic CPs are ATP-dependently regulated byhe 19S RP, here represented as a cartoon, refleu;

the lack of high-resolution structural data. The RPrecognises, unfolds and translocates Ub-tagged sifates into the

active sites of the CP. (taken from Gallastgui & Goll"%)

3.2.2.2 19S regulatory subunit

The 19S regulatory subunit or regulatory parti®®) (also known as PA700) serves as an opener
of the compact CP by a distorting association Withoutera subunits. The RP can be subdivided into
the proximal lid and the more distal b&s€onsisting of a putative ring of six AAA+ ATPasés0
ubiquitin receptors and two scaffold proteins, Hase is generally thought to drive energy-coupled
degradation of ubiquitylated substrates. Whethenoy of the gate to the catalytic cavity is energy
dependent or if the mere unfolding and translocatb proteins consumes all ATPase activity is
subject of current researérf® In contrast, the components of the lid have hots ATPase activity,
but are thought to be required for binding, re@ngitand hydrolytic removal of polyubiquitin chains,

as well as unfolding of marked proteihs
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3.2.2.3 Immunoproteasome

An important variant of the proteasome is formetlewthe three catalytig subunits of the CP
are replaced by analogous InterfeyoiFNy) induced subunits. Primarily stimulated by micadbi
infections, the so-called immunoproteasome funstiornthe proteolytic processing of foreign proteins
into 8-10mer peptides for antigen presentationh@nnajor histocompatibility complex | (MHC 1) on
the cell surface, ensuring an effective immune@asg@’. This underscores the universal applicability
of the UPS to conduct a broad range of cellulacg@sses, whose regulation and specificity must be

ensured.

In summary, proteasomal proteolysis is regulated lgriety of activating proteins that cause CP
gate opening and allow specific substrate entrthéoactive site. However, owing to its complexity,
effectiveness of the UPS requires another layemregfulatory enzymatic reactions, which are

ubiquitylation and deubiquitylation. The mechanisansl involved enzymes are introduced below.

3.2.3 Ubiquitylation

The enzymes involved in the process of ubiquitglativere first described in 1983 and the
mechanism was designated the ubiquitin cadadde following will discuss how this cascade
activates the biochemically unreactive Ub moietigstransfer and enables specific attachment to the

substrate.

3.2.3.1 Enzymes of the ubiquitin cascade

Ubiquitylation is a multistep enzymatic proc&ssn a first ATP-requiring step, the C-terminus of
Ub is activated to form a thioester bond with tlgsteine (Cys) of the Ub-activating enzyme (E1). Ub
is further transferred to the active site of a aled Ub-conjugating enzyme (Ubc or E2)
independently of energy via the highly energetioghter. The E2 can specifically bind to the next
enzyme in the cascade, which is the ubiquitin-Bgds3) that aids in transfer of the activated Utht®
substrat®. There are only few enzymes of E1, a dozen of i lundreds of E3 ligases knoln
Therefore it is assumed that specificity for théostrate is mainly ascertained by E3 ligdSes
However, binding preference of E2 enzymes to aeiEd ligases has been observed as¥yélirther
underscoring how ubiquitylation specificity is deténed on the level of protein-protein interactions
A further attachment of Ub to build polyubiquitimhans can be executed via repetition of the same
enzymatic cascade or involve yet another specthls®called E4 enzyme, which is supposed to

recognise and bind to mono-ubiquitylated substratesmediate chain elongatfon

3.2.3.2 Ubiquitin-ligases
Being the main mediators of specificity, E3 ligasegst contain structurally distinct domains,

which are important for substrate recognition, Efling, stability, and proximity of the activatedU
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and its cognate substriteUbiquitin ligases are subdivided into two majamilies: RING (Really
Interesting New Gene) and HECT (Homologous to tlteeAP [E6 associated protein] Carboxy
Terminus) domain-containing EBs Proteins harbouring a HECT domain accept thevatetii Ub
prior to transfer to the substrate, while most RIf@er E3s assist the ubiquitylation by sterically
coordinating the two reaction partners via a coresur binding of E2 and substrétgFigure 4).
E3-ligases can identify specific structures in thaiget proteins, which are called degf8riso avoid
constant recognition, ubiquitylation and thus ddgteon, these degrons are often buried within the

structure of the substrate and only exposed upsfotding or by PTM upon cellular signalling. For

a b v k.
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Figure 4: The ubiquitin-proteasome system. Conjugatin of ubiquitin catalysed by RING (a) or HECT (b)
domain-containing ligases. (ai, bi) ATP-dependent &wation of ubiquitin catalysed by the ubiquitin-activating
enzyme, E1. (aii, bii) Transfer of the activated ubigitin to an ubiquitin-conjugating enzyme, E2. In the case of a
RING ligase, the ubiquitin-charged E2 binds to the E3and transfers the activated ubiquitin moiety diredly to the
substrate that is also bound to the E3 (aiii). In te case of a HECT domain ligase, ubiquitin is transfeed from the E2
to a Cys residue in the E3 (biii-a) and then to theubstrate (biii-b). (iv and v) The conjugated subsate is degraded to
short peptides by the 26S proteasome (iv) with redse of free and reusable ubiquitin mediated by DUB] (v). Some of
the ubiquitin is degraded in this process along wit the substrate (iv) (taken from deBie & Ciechanowe®)
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example, the cell cycle inhibitor p27 is only pdiguitylated after growth factor stimulated
phosphorylation by Cell cycle dependent kinasesK&Dat the transition to S-Phase, resulting in
proteasomal degradation and hence cell cycle psognd®. Likewise ubiquitylating activity can be

modulated at the level of the E3 for example by sphorylatiol’, neddylatioft,

(auto)ubiquitylatiorf or activity of small moleculé$

3.2.3.3 The Skpl/Cullin/F-box complex

One of the most prominent members of RING-like E3the Skpl/Cullin/F-box (SCF) complex,
which was first identified as the main regulator®Phase progressiSnSCF complexes belong to
the large superfamiliy of Cullin-Rbx1/Roc1-LigaséBRLs) comprising ~200 protein compleXes
They are generally composed of a Cullin proteig.(€ull) serving as a scaffold protein bringing
activated E2 and the E3-bound substrate in closeximpity upon a neddylation-induced

conformational change and Rbx1/Rocl harbouring dalytic RING subunit that recruits and

activates the E2 (Figure 5). Associating with Cull on one side,
the other part of Skpl binds to a conserved matifed the
F-box — for its first identification in Cyclin F, aell cycle
regulatory F-box protefi Based on sequence similarity, ~70

proteins have been classified as F-box proteindP§FB/hich

Figure 5: The SCF complex define confer the substrate specificity to the SCF compléstowever,

by the scaffold proteins Skpl and Cul- \h6t of these FBPs have remained uncharacterisedati
the RING-domain protein Rbx1 that

_ _ Mostly, specific recognition by FBPs is dependem o
binds and activates the Uhbbound E2,

and an interchangeable F-box protein phosphorylation of the degron in its tafjgFigure 5). FBPs are
(FBP) that confers specificity b usually further categorised according to the binding mofids their
phosphorylated  substrates.  (apapte gybstrates: FBXW proteins display WD40 domains, EBX
from Bassermann & Pagand) proteins harbour leucine-rich repeats, and FBXOtgims
contain other diverse domafi€® While only a few FBP have been designated totsales and/or
cellular functions, each one of them play key ralescell cycle control and tumorigenesis. For
example, SCE™ can function as a tumor suppressor by targetirsitipe regulators such as the anti-
apoptotic molecule Mcl-1 as well as the cell cygulator cyclin E for degradatidft® while Skp2
can function as an oncogene by targeting the cylgipendent kinase inhibitors p27, p21, and®p57
Thus, SCF complexes form defined CRLs with intengfiag F-box proteins, whose exact cellular

substrates and functions remain to be determinetbst cases.
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3.2.4 Deubiquitylating enzymes

Similar to other covalent modifications, ubiquityte is reversibleThe human genome harbours
~90 deubiquitylating enzymes (DUBs), which proteicBlly cleave Ub off the substrates and
terminate ubiquitin-dependent signalling to reveitseparticular fat®’. DUBs subdivide into five
categories, of which four belong to Cys-proteas#SR, UCH, MJD, and OTU), while the remaining
JAMM proteins coordinate their active centre via &'Zon, classifying it as a metalloprote&8e
Although only few DUBs have been characterisedaso their implications cover a broad range of
cellular processes (Figure 6). Deubiquitylatingivatst is required for maturation of free mono-
ubiquitin, since premature ubiquitin is always setibed bound to ribosomal proteins or as linear
polyubiquitin chain¥® Other DUBs are crucial for recycling of free Ubthe proteasome, as for
example the RP subunit Pohl, which removes polwitiigchains from the substrate just prior
degradatiotf*. However, as described above, the most interestingtion of DUBs is the specific
opposition of ubiquitylation events by E3 ligas&his is exemplified by the action of Usp28 that
counteracts the SE®” mediated polyubiquitylation of c-My&. The DUB and the E3 ligase establish
a steady-state equilibrium of de- and ubiquitylatedyc which ensures an immediate responsiveness

Small ribosomal subunits
Polyubiquitin fusion protein

lblblﬁ)lklla lﬁ

Wem proy
Ub

™€ Disassembly of
: degradation /
g intermediates Edliting of
ubiquitylated

Residual proteins

Figure 6: The many functions of deubiquitylating engmes. Ubiquitin is synthesised as fusion proteinsfo
ubiquitin (Ub) monomers (polyubiquitin) or with small ribosomal subunits, which are then processed bgleavage at
the carboxy-terminal glycine. After the degradation of protein substrates, ubiquitin must be freed fran residual
peptides and disassembled. DUBs also reverse thdidty of E3s, sequentially removing ubiquitin from substrates (S).

(taken from Weissmari?)

The role of UPS in MM | Introduction




Bianca-Sabrina Targosz, M.Sc.

to cellular and environmental changes at minimaiscoption of cellular energy for proteasomal
degradation. Deregulation of this balanced statenofesults in cancer formatidn Given their
diverse functions, substrate recognition and tasgetificity of DUBs are not uniform as well. Ag fo
Usp28, a DUB can bind to its opposing ligase, thygrexerting its activity on the tard® while
others, such as Poh1, recognise the substrat@e/ipalyubiquitin chairf§, and even others display a
binding motif specific for the ubiquitylated sulsdtr. Hydrolysis of ubiquitylation bonds can be
processive removing one Ub after the other or tibgcdetaching ubiquitin polymers. In addition,
certain preferences for lysine linkage-types hagenbreporteld®. Furthermore, the DUB enzymes
themselves can be regulated via variations in ¢rgstton and PTMs, as well as distinct cellular
localisation®”. Thus, similarly to other members of the UPS, #jmity of deubiquitylation is granted
by a vast variety of regulatory modes, indicating essential role for DUBs within the complex
network of the UPS.

In summary, the UPS represents one of the most nbalweghtly regulated systems within the cell,
functioning in almost every aspect of cellular mausms to maintain viability, integrity and genomic

stability of a cell, whose full capacities stilimain to be elucidated.
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3.3 The mTOR pathway

A major task of every cell is to accurately coupl®tein synthesis, growth, and survival to
nutrient, growth factor and energy availability, a®ll as efficiently adapt to different stress
situations®, At the heart of this process is the mammaliarg@aof Rapamycin (mTOR) signalling
pathway, which senses and integrates environmérftabnces to modulate organismal growth and
protein homeostasfs. Regulated mechanisms are multifaceted and tiesrant mTOR signalling is
implicated in an increasing number of pathologicahditions, including cancer, obesity, type 2
diabetes, and neurodegeneration, as well as dgeimy the following, the diverse aspects of the
MTOR pathway are discussed in greater detail.

3.3.1 mTOR

Originally found in a screen for mutations that den yeast cells resistant to the antifungal
macrolide Rapamyci, TOR was soon identified as a major metabolic legr, which is highly
conserved up to humd3A mTOR is an atypical serine/threonine protein &maf ~ 280 kDa that
belongs to the phosphoinositide 3-kinase-relatedde (PIKK) family™>. Members of this family are
all signalling proteins of large size, comprisimgxt to mTOR, DNA protein kinase (DNA-PKcs),
Ataxia telangiectasia mutated (ATM), ATM and RADRddiation sensitive 5] related (ATR),
Transformation/transcription domain—associatedginofT RRAP) and Suppressor with morphological
effect on genitalia 1 (SMGL1). Just like mTOR, afidses play essential roles in the regulation bf ce
growth, gene expression, and genome surveillanderepait**. The multidomain protein mTOR
consists of an N-terminal protein interaction damafi ~20 HEAT (for Huntington, Elongation Factor
3, PR65/A, TOR) repeats and a C-terminal kinaseailonflanked by activating FAT (for FRAP,
ATM, TRRAP) -domains (FAT and FATEY and an inhibitory FKBP12-Rapamycin binding (FRB)-
domain. Binding to FRB domain by the adaptor mdiedeKBP12 and Rapamycin inhibits mTOR

kinase activity****’ (Figure 7).

ghiliigipyliipglliinlnlill oy ~  HE

HEAT repeats FAT domain FRB Kinase FATC
domain  domain domain

Figure 7: Domains in mTOR. Several HEAT repeats mediate proteuprotein interaction, FAT and FATC
dimerise to promote kinase activity of the kinase dmain, and FRB mediates inhibitory binding to
Rapamycin.(adapted from Laplante & Sabatint'9)

To exert its role in metabolic fine-tuning, cellulmTOR usually sits at the core of two well-
defined multimeric complexes. mMTOR complex 1 andm@ORC1 and mTORC2) have distinct

composition and functiohS, which are introduced in the following.
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3.3.2 mTOR complex 1

3.3.2.1 mTORC1 composition

Three members of mMTORCL1 can also be found assdorith mTORC2, suggesting overlapping
functions: mammalian Lethal with sec-13 proteinrBLET8)'®, DEP [Dishevelled, Egl-10 and
Pleckstrin] domain containing mTOR-interacting pint(Deptorj'®, and the Telomere maintenance 2
(Tel2) and Tel2 interacting protein (Ttil) compleX® (s. chapter 3.3.5), acting as scaffolds,
inhibitors, and stabilising agents, respectively. d¢ontrast, Regulatory associated protein of
mammalian target of Rapamycin (Rapttf}?2 which is required for binding to downstream tasge
and the inhibitory proline-rich Akt substrate 40&[PRAS40Y? are specific to mTORC1 (Figure 8).

3.3.2.2 mTORCL1 activation and regulation

Long before a different composition of both mTOR&sthe protein level was experimentally
clarified, mTORC1 was defined by its specific Ragam-sensitivity. Upon Rapamycin treatment
many cellular processes are inhibited and those wesignated to be governed solely by mTORC1
activity'*. To date, the mechanism of how Rapamycin bindirtii¢é FRB domain results in inhibitory

effects remains uncleaf 1%

The phosphorylation activity of mTORCL1 is stimuthtey growth factors, amino acid uptake and
high energy levels (e.g. ATP), while starvationpbxia and other stress strongly reduce signaifiing
Upon these stimuli, several well studied signallmglecules, e.g. growth factor stimulated ERK1/2
(extracellular-signal-regulated kinase 172)and TNF (Tumor necrosis factar) responsive KK
(IkB kinaseP)'?” subsequently modulate activity of their downstrednmases. As a consequence, a
dimeric complex called Tuberous sclerosis 1/2 (TRBL which acts as a GTPase-activating protein
(GAP) for the GTPase Rheb (Ras homologue enrichdutain), is phosphorylated. Since only the
active GTP-bound form of Rheb can interact with lRKl and promote its kinase activity, TSC1/2
acts as negative regulator of the mTORC1 pathfRay

3.3.2.3 Functions of mMTORC1

A broad variety of downstream effects have beentified for mTORCL, justifying its role as
master sentinel of cellular growth. For instancefaivourable situations, growth, i.e. accumulatdn
cell mass and content, is permitted by positivévatibn of energy productidff, fat synthesis®,
ribosome biogenesis, mRNA transcriptio’” and protein translatioff. In contrast, upon growth
factor deprivation or stress situations, aforenwer@d processes are restrained, while the negative
regulation of both autophagy and lysosomal degrawidt is relieved, allowing a rapid recycling of
cytoplasmic components required for immediate n@italadaption. The most renowned substrates of
MTORC1 are p70-S6 kinase 1 (S6K1), and the eukarynitiation factor 4E (elF4E) binding
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protein 1 (4E-BP1), whose specific phosphorylatisnassisted by Raptor mediated interacfion
Upon phosphorylation of 4E-BP1, its inhibitory asistion with the cap-binding protein elF4E is
resolved, enabling the formation of the cap-depenttanslation initiation compléX. While 4E-BP1
phosphorylation drives protein biogenesis, funciaf phosphorylated S6K1 are more versatile.
Being a kinase itself, the AGC [related to cAMP-elegent protein kinase 1 (¥, cGMP-dependent
protein kinase (PK), and protein kinase C (RK] type kinase S6K1 can phosphorylate many
effector molecules which leads to an increase ilNdIlRiogenesis, as well as translational initiation
and elongatiol® Apart from activation of its target ribosomal mia S6, S6K1 for example also
phosphorylates PDCD 4 (Programmed cell death praket a translation elongation inhibitor — at its
degron, marking it for polyubiquitylation and sufsent proteasomal degradafiin Thus, an
interplay between tightly balanced activatory agpressive phosphorylation events enables metabolic

regulation, driven by mTORCL1 and its major targabke S6K1.

3.3.3 mTOR complex 2

3.3.3.1 mTORC2 composition

MTORC2 forms a seven-membered multiprotein compléke mMTORC1, mTORC2 interacts
with the scaffold protein mLST, inhibitory Deptor *°, and Tel2/Ttilstability compléX.
Specifically part of mTORC2 are Rapamycin-insemsitcompanion of mTOR (Rictdf)" **’ the
mammalian Stress-activated map kinase-interactiogeim 1 (mSin1)®, and the Protein observed
with Rictor 1 and 2 (Protor1/2¥, which are all essential for directed kinase dgtigFigure 8).

3.3.3.2 mTORC2 activation and regulation

In contrast to mMTORC1, the less well studied mTOR@3 initially found to be non-responsive
to Rapamycin treatment; however, it was later shahat long-term treatment can also impair
mTORC?2 function¥®. So far, the only defined upstream kinase of mT@QRCphosphoinositide 3-
kinase (PI3K), which can be activated by Insulinlrsulin-like growth factors (IGF) that bind and
activate the transmembrane receptor Insulin receptbstrate (IRS). mMTORC2 signalling is also
dependent on ribosome association, tightly couglsginase activity to the translational capadaity
the celt®,
3.3.3.3 Functions of mMTORC2

MTORC2 has been assigned functions in regulatiopraliferation, cell survival, and motility.
Upon its stimulation, mMTORC2 phosphorylates digtdGC kinase family members including PKCa
(Protein kinase Ca), SGK (Serum and glucocortidoitlicible kinase), and Akt (also known as
Protein kinase B [PKB}f. While PKCa has been implicated in regulating raatitoskeleton
dynamic$’®, SGK1 is thought to be involved in an ion transpord growth regulatidf’. Being a
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well-known oncogene that regulates cellular intggrthe most prominent target of mTORC2 is
Akt'®. Since the phosphorylation status of Akt detersiite substrate specificity, it is noteworthy
that the specific phosphorylation of Akt at S473 mfORC2 kinase activates signalling for cell
survival and proliferatiot®, while other Akt regulated pathways are not a#dct. An exemplary
apoptosis inhibiting process driven by Akt is thegphorylation dependent sequestration of the pro-
apoptotic protein BAD from mitochondria membrafigsAnother target of mMTORC2 activated Akt is
the cell cycle inhibitory p27 that is retained lire tcytoplasm after phosphorylation, allowing cgltle
progressioff®. Thus, by combining both anti-apoptotic and pestitive actions, mTORC2 dependent

signalling via its target kinase Akt eventually prates cell survival.

3.3.4 mTORC1 and mTORC?2 — feedback inhibition

Although mTORC1 and mTORC2 have exclusive functionstabolism and survival are tightly
linked via a feedback mechaniSth(Figure 8). This makes sense in a setting, whegecell has to
ensure a temporal control of cell cycle progressamtording to the adequate production of cellular
components. For instance, mTORC1 activated S6K1 ptasphorylate IRS1, which leads to its
degradation, thus disabling Insulin and growthdagtduced activation of mMTORC2 by PI3K

mTORC1

Cell size 4 Apopiasig*
‘T“rangﬂaia@rw# Pr@ﬂferaﬁmn*

Figure 8: Schematic illustration of the mTORC1 and he mTORC2 components, their signalling cascade, tiie
cellular function and their tight connection via afeedback mechanism. Upon stimulation mTORCL1 phosphgtates its
target kinase S6K1. Several substrates of S6K1 caiftute to increased cell size and translation. Onhe other hand
mTORC?2 signalling leads to increased Akt kinase phgphorylation, which promotes proliferation and prewents
apoptosis. Importantly, the mTORC1/S6K1 axis is tighy linked to the PISBK/mMTORC2/Akt axis via feedback
inhibition on PI3K activity.
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Moreover, mTORC1 can directly phosphorylate 18Sand the mTORC2 inhibitory receptor tyrosine
kinase (RTK) inhibitor Growth factor receptor-boupibtein 10 (Grb10) thus reducing growth factor
signalling*®**% Of note, even though Akt has been reported tespihorylate the TSC1/2 complex

upstream of mMTORC1, a positive feedback followinf@RC2 activation has not been observed,

suggesting that mTORC2 activates a pool of Akt gaanot signal upstream of mTOREL

3.3.5 Ttil/Tel2

Of particular interest, Tel2 and Ttil proteins haeeently been identified to interact with all
known mammalian PIKKs and essentially regulate rthogllular abundanc®. Both PTMs and
transcriptional regulation have been largely exetlids regulatory means by which Tel2/Ttil proteins
control PIKK abundancg 2 Instead, it was suggested that Tel2/Ttil medih&e assembly and
maturation of PIKKs. Maturation assistance has h@meposed to involve a promotion of PIKdiée
novo synthesis by Tel2/Tt#° as well as chaperone-like functions during proteimgenesis, since
Tel2/Ttil are found in association with the chaperdHsp9¢™. Furthermore, dependent on the
phosphorylation status of Tel2/Ttd, those proteins are thought to enhance PIKK stathiy direct
binding™>>. With regard to mTOR, Tel2 and Tti1 proteins aoé anly crucial for protein stability* "
but constitute essential components of both mTOR@L mMTORC2 complexes, which are vital for

their assembly® 2%

In summary, mTOR kinase signalling is generally mattl through two distinct multimeric
complexes, mTORC1 and mTORC2. Stability and assembl both complexes is ensured by
Tel2/Ttil. While mTORC1 mainly regulates cell grémwtenergy consumption, and cellular
biomolecule synthesis or breakdown, mTORC2 contmatsility, proliferation, and survival. Both
signalling pathways are tightly linked via a feeatth mechanism, to reliably adjust responses to the

given cellular growth condition.
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3.4 Aim of the study

Novel clinical therapies inhibiting the proteasohsve essentially advanced the effectiveness of
treatment for MM patients. However, clearly defindM-specific deregulated ubiquitylation
pathways have remained largely unknown and a goedigiion of responsiveness is not yet available.
Searching for potential UPS-related candidates M, Minalyses of CGH array data revealed a
significant amplification of the FBXO9 locus. Toeidtify the substrates of the highly conserved
orphan FBP Fbxo09, which composes the E3 ligas€®€mith yet unknown functions, in this study
an unbiased screen applying tandem affinity pwiian (TAP) and mass spectrometric analyses
thereof were conducted. In order to subsequentgbbsh the potential interaction partners as bona
fide substrates of SCE their ubiquitylation dependent proteasomal degfiad was characterised
biochemically and further investigations aimed liccilate the biological relevance within the cedlul
context. By elucidating the physiological role dfx69, its interactors and the involved pathways, th
study wanted to provide a further rationale for hseustic investigations in the context of
pathogenesis and treatment of MM. Hence, in stahtiM cell culture and patient data analyses, the
importance of a non-physiological deregulationh# Fbxo9-dependent pathway should be linked to a
pro-survival advantage in MM-cells. By gaining a mmodetailed insight into the molecular
characteristics of a specific UPS-mediated pathtfeat is often deregulated in MM, this study
eventually aimed to identify novel reliable biomark for better prediction of response to proteasome
inhibitor treatment or to possibly provide potehtiaw target structures for a more specific treatme
of MM patients.
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4 Materials and Methods

4.1 Materials

4.1.1 Chemicals

Reagent

[y-**P]Adenosine 5'-triphosphateXTP)
B-Mercaptoethanol

3x FLAG Peptide
4-(2-hydroxyethyl)-1-piperazineethanesulfonic a¢iEPES)
Acetic acid

Acetone

Acrylamide/Bis Solution 40%, 29:1
Adenosintriphosphate (ATP)

Agarose

Albumin fraction V (BSA)

Ammonium persulfate (APS)
ANTI-FLAG M2 Affinity Gel

Aqua ad injectabila, sterile

ATX Ponceau S red staining solution
Bacto agar

Bacto trypton

Bacto yeast extract

Borate 20x Solution

Bromphenol blue

Calcium chloride (CaG)

CHAPS

Coomassie Brilliant Blue
Cycloheximide

Deoxynucleotide triphosphate (dNTP) mix (10mM)
Dimethyl sulfoxide (DMSOQ)

Ethanol

Ethidium bromide
Ethylendiamintetraacedtic acid (EDTA)
Freund’s Incomplete Adjuvant
Gelatine

Gluthatione Sepharose™ 4B

Glycerol

Glycine

Hydrochloric acid (HCI)

Isopropanol
Isopropylp-D-1-thiogalactopyranoside (IPTG)

Bianca-Sabrina Targosz, M.Sc.

Company

HartmannAnalytics, Braunschweig
Sigma-Aldrich, Taufkirchen
Sigma-Aldrich, Taufkirchen
SERVA, Heidelberg

Roth, Karlsruhe

Roth, Karlsruhe

Bio-Rad, Miinchen
Sigma-Aldrich, Taufkirchen
Roth, Karlsruhe

Roth, Karlsruhe

Roth, Karlsruhe
Sigma-Aldrich, Taufkirchen
Braun, Melsungen
Sigma-Aldrich, Taufkirchen
BD, Franklin Lakes,USA
BD, Franklin Lakes,USA
BD, Franklin Lakes,USA
Pierce, Rockford, USA
Sigma-Aldrich, Taufkirchen
Sigma-Aldrich, Taufkirchen
Sigma-Aldrich, Taufkirchen
Roth, Karlsruhe
Sigma-Aldrich, Taufkirchen
Fermentas, St. Leon-Rot
Roth, Karlsruhe

Merck, Darmstadt

Roth, Karlsruhe
Sigma-Aldrich, Taufkirchen
Sigma-Aldrich, Taufkirchen
Sigma-Aldrich, Taufkirchen
GE Healthcare, Louisville, USA
Sigma-Aldrich, Taufkirchen
Roth, Karlsruhe

Roth, Karlsruhe

Roth, Karlsruhe
Sigma-Aldrich, Taufkirchen
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L-[*S]-Cysteine
L-[3*S]-Methionine
L-Glutathione

Magnesium chloride (MgG)
Methanol
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Hartmann Analytics, Braunschweig
Hartmann Analytics, Braunschweig
Sigma-Aldrich, Taufkirchen
Sigma-Aldrich, Taufkirchen

Merck, Darmstadt

N,N-Bis(2-hydroxyethyl)-2-aminoethanesulfonic a@BES) pH 7.1 Sigma-Aldrich, Taufkirchen

Nocodazole (Noc)

Nonidet P40, 10% (w/v)

NuPAGE® MES SDS Running Buffer
Paraformaldehyde (PFA)

Polybrene (Hexdimethrine bromide)
Potassium chloride

Propidium iodide

Protein A Sepharose

Protein G Agarose

Protein G Sepharose

Skim milk powder

SlowFade® Gold antifade reagent with DAPI
SOC Media

Sodium acetate

Sodium azide

Sodium chloride (NacCl)

Sodium citrate

Sodium dihydrogenphosphat

Sodium dodecylsulfate (SDS)

Sodium fluoride (NaF)

Sodium hydroxid (NaOH)

Sorbitol

Strep-Tactin Superflow 50%

Strep-tag elution buffer (10x) with Desthiobiotin
SuperSignal® Chemiluminescence Substrat
Tetramethylethylenediamine (TEMED)
TiterMax Gold

Thymidine (Thy)

Trichloroacetic acid (TCA)
Tris(hydroxymethyl)aminomethane (Tris)
Tris buffered saline (TBS) (10X)

Triton X-100

Trypan blue

Tween 20

Ubiquitin (Ub)

UltraPure™ 10 x Tris/Borate/EDTA (TBE) Buffer

Sigma-Aldrich, Taufkirchen
Roche, Penzberg
Invitrogen, Karlsruhe
Sigma-Aldrich, Taufkirchen
Sigma-Aldrich, Taufkirchen
Fluka, Taufkirchen
Sigma-Aldrich, Taufkirchen
GE Healthcare, Louisville, USA
Sigma-Aldrich, Taufkirchen
Invitrogen, Karlsruhe
Fluka, Taufkirchen
Invitrogen, Karlsruhe

NEB, Frankfurt

Merck, Darmstadt

Merck, Darmstadt

Roth, Karlsruhe
Sigma-Aldrich, Taufkirchen
Merck, Darmstadt

Roth, Karlsruhe
Sigma-Aldrich, Taufkirchen
Roth, Karlsruhe
Sigma-Aldrich, Taufkirchen
IBA,Goéttingen
IBA,Goéttingen

Pierce, Rockford, USA
Sigma-Aldrich, Taufkirchen
Sigma-Aldrich, Taufkirchen
Sigma-Aldrich, Taufkirchen
Sigma-Aldrich, Taufkirchen
Roth, Karlsruhe

Sigma-Aldrich, Taufkirchen
Fluka, Taufkirchen

Invitrogen, Karlsruhe

Fluka, Taufkirchen

Boston Biochem, Cambridge, USA
Invitrogen, Karlsruhe
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4.1.2 Media and supplements for cell culture

Dulbecco's Modified Eagle's Medium (DMEM)
Express Five SFM

Iscove's Modified Dulbecco's Media (IMDM)
Grace's Insect Medium

McCoy's 5A Medium Modified

RPMI 1640

Sf-900 Il SFM

Fetal Bovine Serum (FBS) Gold

Bovine Serum (BS)

Opti-MEM® |, reduced serum media
Phosphate buffered saline (PBS), 10X, sterile
Penicillin/ Streptomycin (100X)
Trypsin-EDTA (10X) solution

Glutamine (100X)

Interleukin 6 (IL-6)

B-Mercaptoethanol

4.1.3 Antibiotics
Ampicillin
Kanamycin
Puromycin

4.1.4 Transfection reagents

ExGene 500
FUGENE HD
HiPerFect
Lipofectamine. 2000
TurboFect siRNA

4.1.5 Enzymes

Antarctic Phosphatase

Benzonase

DNase |

Ribonuclease A

Pfu Ultra DNA Polymerase
SuperScript Il Reverse Transcriptase
T4 DNA Ligase

Restriction enzymes

Bianca-Sabrina Targosz, M.Sc.

PAAgd$ehing, Austria
Invitrogen, Karlsruhe
Invdgen, Karlsruhe
Invitrogen, Karlsruhe
PAA, Pasching, Auat
PAA, Pasching, Austria
Invitrogen, Karlsruhe
PAA, Paschingstia
PAA, Pasching, Austria
Invitrogerarisruhe
APPasching, Austria
PAA, Paschigjstria
PAA, Pasching, Aria
PAA, Pasching, Austria
Sigma-Aldrich, Taufkirem
Invitrogen, Karlsruhe

Roth, Karlsruhe
Fluka, Taufkirchen
Sigma-Aldrich, Taufkirchen

Fermentas, St.Leon-Rot
Roche, Penzberg
Quiagen,Hilden
Invitrogen, Karlsruhe
Fermentas, St.Leon-Rot

NEB, Frankfurt
Sigma-Aldrich, Taufkirchen
Sigma-Aldrich, Taufkirchen
Sigma-Aldrich, Taufkirchen
Agilent, Loveland, NS
Invitrodéarisruhe
Fermentas, St.Leon-Rot

Fermentas, St.Leon-Rot

Apal / BamHI / Bglll / Dpnl / EcoRI / Hindlll / Nhief Notl / Sall / Xbal / Xhol

All enzymes were supplied with suitable reactioffdrs.
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4.1.6 Inhibitors

Aprotinin Sigma-Aldrich, Taufkirchen
Akt inhibitor IV CalbiochemlLa Jollg USA
Glycerol 2-phosphate disodium salt hydrate (G2P) Sigma-Aldrich, Taufkirchen
Leupeptin Sigma-Aldrich, Taufkirchen
Ocadaic acid Sigma-Aldrich, Taufkirchen
Phenylmethylsulfonyl fluoride (PMSF) Sigma-Ailchr, Taufkirchen

Rapamycin Sigma-Aldrich, Taufkirchen
Sodium orthovanadate (N0,) Sigma-Aldrich, Taufkirchen
Soybean Trypsin Inhibitor Sigma-Aldrich, Taubdken
Tosyl-L-lysyl-chloromethyl ketone hydrochloride (TK) Sigma-Aldrich, Taufkirchen
Tosyl-phenylalanyl-chloromethyl ketone (TPCK) ®BarAldrich, Taufkirchen
TBB (4,5,6,7-tetrabromobenzotriazole) Sigmasidd, Taufkirchen
Wortmannin Sigma-Aldrich, Taufkirchen
Proteasom Inhibitor MG-132 Boston Biochem, Gedye,
USA

4.1.7 Molecular weight standards for DNA and protei  ns

GeneRuler 1kb DNA Ladder

GeneRuler 100bp DNA Ladder

6X DNA Loading Dye
PageRulerPrestained Protein Ladder
PageRuler Plus Prestained Protein Ladder

Fermentas, St.Leoh-R
Fermentas, St.iRon
Fermentas, St.Leon-Rot
Fermestdson-Rot
Feaneht.Leon-Rot

4.1.8 Molecular biological Kits

Bio-Rad Protein Assay
Dual-Luciferase Reporter Assay System

Bio-Rad, Miinchen
Promega nikieim

GeneJET™ Gel Extraction Kit
GeneJET™ PCR Purification Kit

Imject Maleimide Activated mcKLH Kit
LightCycler 480 SYBR Green | Master

Fermentas, St.Leon-Rot
Fermentas, St.Leoh-Ro

Pierce, Rockth USA
Roche, Penzberg

QIAGEN Plasmid Maxi Kit Qiagen, Hilden
QIAprep Spin Miniprep Kit Qiagen, Hilden
QIAshredder homogenizer Kit Qiagen, Hilden
QuikChange Site-Directed Mutagenesis Kit Stratageteidelberg

RNeasy Mini Kit Qiagen, Hilden
SuperScript Il Reverse Transcriptase Invitrogeaslgtuhe

4.1.9 Buffers
All buffers were prepared in gB (aqua dest), if not stated differently.
Lysis Buffer: 50 mM Tris (pH 7.5)
250 mM NacCl
0.1% Triton X-100
1 mM EDTA
50 mM NaF
+ inhibitors
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Lysis Buffer (MS/IP):

CHAPS Buffer:

NETN Buffer (10X):

Inhibitors:

Denaturing Buffer (for Quenching)

Ubiquitylation Assay Buffer

Bianca-Sabrina Targosz, M.Sc.

50 mM Tris (pH 7.5)
150 mM NacCl

0.1% NP40

1 mM EDTA

5 mM MgCh,

5% Glycerol

5 nM Ocadaic Acid
+ inhibitors

40 mM HEPES (pH 7.4)
0.3% CHAPS

10 mM pyrophosphate
2 mM EDTA

+ inhibitors

20 mM Tris (pH 8,0)
100 mM NaCl

1 mM EDTA

0.5% NP40

1 mM PMSF

+ inhibitors

1 pg/ml Aprotinin

1 mMDTT

10 mM G2P

1 pg/ml Leupeptin

0.1 MM PMSF

0.1 mM NaVvO,

10 pg/ml Soybean Trypsin Inhibitor

5 ug/ml TLCK
5 ug/ml TPCK

100 mM Tris/HCI (pH 7,5)
1 mM EDTA

2% SDS

2mM DTT

50 mM Tris (pH 7.6)

5 mM MgCh

0.6 mM DTT

2 mM ATP

1.5 ng/ul E1

10 ng/pl Ubc3

10 ng/ul Ubch

2.5 pg/pl ubiquitin

1 uM ubiquitin aldehyde
respective E3-components
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Kinase Assay Buffer

Running Buffer (10X}

Transfer Buffer (10X)

Stripping Buffer:

Washing Buffer.

Blocking Buffer (Western Blot)

|F-Buffer :

BrdU wash buffer t

BrdU wash buffer It

DNA Denaturing Buffer.

Laemmli Buffer (5X):

Stacking Gel Buffer

Seperation Gel Buffer

Coomassie Staining

Bianca-Sabrina Targosz, M.Sc.

80 mM HEPES (pH 7.4)
10 mM MgCh

50 uM ATP
1 uCi [g%P] ATP
1mMDTT

250 mM Tris (pH 7.5)
1.92 M Glycine
1% SDS

250 mM Tris (pH 7.5)
1.5 M Glycine

1% SDS
for 1X:
2 vol Methanol and 7 vol di®

62.5 mM Tris (pH 6.8)
0.867%p-Mercaptoethanol
2% SDS

PBS (1X)
0.1% Tween 20

PBS (1X)
0.1% Tween 20
5% Milk powder

PBS (1X)
0.5% Tween 20

PBS (1X)
1% BSA

PBS (1X)
0.5% Tween 20
1% BSA

2 N HCI
0.5% Triton X-100

300 mM Tris (pH 6.8)
50% Glycerol

10% SDS

5% B-Mercaptoethanol
0.05% Bromphenolblue

0.5 M Tris (pH 6.8)
1.5 M Tris (pH 8.8)

0.25% Coomassie brilliant blue
45% Methanol
10% Acetic Acid
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Coomassie Destain

Luria-Bertani (LB) medium

LB-agar plates

4.1.10 Antibodies
Primary rabbit antibodies

Bianca-Sabrina Targosz, M.Sc.

45% Methanol
10% Acetic Acid

1% Bacto trypton
0.5% Bacto yeast extract
1% NacCl

1% Bacto trypton

0.5% Bacto yeast extract
1% NaCl

1.5% Bacto agar

Antibody Dilution Company

ATM 1:1000 Cell Signaling, Danvers, USA

ATR 1:1000 Cell Signaling, Danvers, USA

Caspase 3 1:1000 Cell Signaling, Danvers, USA
cleaved Caspase 3 1:400 Cell Signaling, Danverg, US

CK2 (0) 1:1000 Cell Signaling, Danvers, USA

Cyclin B1 1:1000 Cell Signaling, Danvers, USA

Deptor 1:1000 Millipore, Schwalbach/Ts

Fbxo9 1:1000 this study

Flag 1:1000 Sigma-Aldrich, Taufkirchen

GRB10 (K-20) 1:400 Santa Cruz Biotechnologies, 8&ruz, USA
HA-411 (Y11) 1:500 Santa Cruz Biotechnologies, 8a@ituz, USA
mTOR 1:1000 Cell Signaling, Danvers, USA

Myc 1:1000 Millipore, Schwalbach/Ts

p70 S6 Kinase 1 1:1000 Cell Signaling, Danvers, USA
Phospho Akt (S473) 1:1000 Cell Signaling, Danvel\SA

Phospho Chk2 (S19) 1:1000 Cell Signaling, Danvg&A

Phospho Histone H3 1:4000 Millipore, Schwalbach/Ts

Phospho p70 S6 Kinase 1(T389) 1:1000 Cell Signaliranvers, USA

Phospho S6 (S235/236) 1:1000 Cell Signaling, DanvéBA

Phospho Tel2 (S485) 1:1000 this study ( Innovageveden)

Phospho Ttil (S828) 1:1000 this study ( Innova@meden)

Raptor (for IP) 0,5ug/ul Bethyl Laboratories, Maorgery, USA
Raptor 1:1000 Cell Signaling, Danvers, USA

Rictor (for IP) 0,5pg/ul Bethyl Laboratories, Mootgery, USA
Rictor 1:1000 Cell Signaling, Danvers, USA

SMG1 1:1000 Bethyl Laboratories, Montgomery, USA
Tel2 1:1000 Proteintech Group, Chicago, USA
TRRAP (D2966) 1:1000 Cell Signaling, Danvers, USA

Ttil 1:1000 kind gift of T.Kaizuk&®

Table 1: List of primary rabbit antibodies
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Primary mouse antibodies
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Antibody Dilution Company

a- Tubulin 1:5000 Sigma-Aldrich, Taufkirchen
3-Actin (monoclonal) 1:10000 Sigma-Aldrich, Taufitien
Cul 1 1:500 Invitrogen, Karlsruhe
Cyclin B1 1:1000 Santa Cruz Biotechnologies, S&naz, USA
Cyclin D1 1:1000 Invitrogen, Karlsruhe
Cyclin E 1:100 kind gift of Dr. M.Pagano
DNA-PKcs (cocktail) 1:1000 Thermo Scientific, Katlke
Flag M2 (monoclonal) 1:3000 Sigma-Aldrich, Taufiien
HA.11 (monoclonal) 1:5000 Covance, Princeton, USA
Myc 1:1000 Santa Cruz Biotechnologies, Santa Cruz, USA
p27 1:200 BD, Franklin Lakes, USA
PIk1 1:500 Invitrogen, Karlsruhe

Ub (FI-76) 1:1000 Santa Cruz Biotechnologies, S&taz, USA
Ubiquitin (Mono/Poly) 1:500 Biomol, Hamburg

Table 2: List of primary mouse antibodies

Secondary antibodies

Antibody Dilution Company

Alexa Fluor anti mouse 488 1:1000 Invitrogen, Kaurte

Alexa Fluor anti mouse 594 1:1000 Invitrogen, Karte

Alexa Fluor anti rabbit 488 1:1000 Invitrogen, Kathe

Alexa Fluor anti rabbit 594 1:1000 Invitrogen, Kathhe

Avidin, Texas Red conjugate 1:1000 Invitrogen, Karhe

ECL anti mouse IgG horseradish

peroxidise linked 1:5000 GE Healthcare, Miinchen
ECL anti rabbit IgG horseradish

peroxidase linked 1:5000 GE Healthcare, Miinchen
ECL anti protein A horseradish

peroxidase linked 1:5000 GE Healthcare, Miinchen
Texas Red anti mouse 1:1000 Invitrogen, Karlsruhe
Texas Red anti rabbit 1:1000 Invitrogen, Karlsruhe

Table 3: List of secondary antibodies

4.1.11 Plasmids

All plasmids were DNA sequence verified by sequegevith MWG Eurofins, Ebersberg.

N-SF-TAP-pcDNA3.0

Dr. M.Ueffin§’

N-SF-TAP-pcDNA3.0_FBXO9 (is03)

this study, clonegdr. V.Fernandez-Saiz

N-SF-TAP-pcDNA3.0_TEL2

this study, cloned by B.-8tgosz

N-SF-TAP-pcDNA3.0_TEL2(S(485/487)A)

this study, ot by Dr. V.Fernandez-Saiz

N-SF-TAP-pcDNA3.0_ TEL2(S485A)

this study, clonedByS.Targosz

p3XFLAG-CMV-10_TTI1

Dr. T.Kaizuk&®

p3XFLAG-CMV-10_TTI1(S828A)

this study, cloned by-B.Targosz

pcDNA_MLV_GAG/POL

Dr. A.Krackardt
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pcDNA3.1 FBXQO9 (no Tag)

this study, cloned by DrF¥rnandez-Saiz

pcDNA3.1 Flag-CK2q)

this study, cloned by B.-S.Targosz

pcDNA3.1_FLAG-FBXO11

Dr. F.Bassermann

pcDNA3.1 _FLAG-FBXO18

Dr. F.Bassermann

pcDNA3.1_FLAG-FBXO3

Dr. F.Bassermann

pcDNA3.1_FLAG-FBXO4

Dr. F.Bassermann

pcDNA3.1_FLAG-FBXO9 (1)

Dr. F.Bassermann

pcDNA3.1 HA-FBXO09 (1)

Dr. M.Pagano

pcDNA3.1_HA-FBXO9 (3)

Dr. F.Bassermann

pcDNA3.1 HA-TEL2

this study, cloned by Dr. V.Ferniz-Saiz

pcDNA3.1 HA-TEL2(1-175)

this study, cloned by BT&rgosz

pcDNA3.1 HA-TEL2(1-350)

this study, cloned by BF8rgosz

pcDNA3.1_HA-TEL2(1-650)

this study, cloned by BT&rgosz

pcDNA3.1 HA-TEL2(175-350)

this study, cloned by 8.Fargosz

pcDNA3.1 HA-TEL2(350-end)

this study, cloned by®Fargosz

pcDNA3.1_HA-TEL2(650-837)

this study, cloned by 8.Fargosz

pcDNA3.1_HA-TEL2(S485A)

this study, cloned by BF8rgosz

pcDNA3.1 HA-TEL2(S(485/487)A)

this study, cloned by. V.Fernandez-Saiz

pcDNA3.1 HA-TEL2(S485D)

this study, cloned by BF8tgosz

pcDNA3.1_HA-TEL2(S491A)

this study, cloned by Dr.Rérnandez-Saiz

pcDNA3.1_HA-TTI1

this study, cloned by Dr. V.Fermfaz-Saiz

pcDNA3.1 HA-TTI1(1-466)

this study, cloned by B.¥&rgosz

pcDNA3.1_HA-TTI1(1-647)

this study, cloned by B.¥argosz

pcDNA3.1 HA-TTI1(466-773)

this study, cloned by 8.Fargosz

pcDNA3.1_HA-TTI1(773-end)

this study, cloned by 8.Fargosz

pcDNA3.1_HA-TTI1(S828A)

this study, cloned by B.¥argosz

pCMV_SL | Dr. M.Pagan&®

pCMV-HA-Ubiquitin Dr. F.Bassermann

peGFP-C3 Clontech, Saint-Germain-en-Laye, France
peGFP-C3_FBXO9 this study, cloned by B.-S.Targosz
pGEX-4T2 Amersham Biosciences, Miinchen
pGEX-4T2_FBXQO9 this study, cloned by Dr. V.Fernandez-Saiz
pLPC_N-FLAG Addgene, Cambridge, USA

pLPC_N-FLAG_FBXO9 (1)

this study, cloned by Dr. ¥rRandez-Saiz

pLPC_N-FLAG_FBXO9 (3)

this study, cloned by B.-Si@asz

pLPC_N-FLAG_hTEL2

Dr. T.de Lang®

pLPC_N-FLAG-TEL2(S(485/487)A)

this study, cloned ByS.Targosz

pLPC_N-FLAG-TEL2(S485A)

this study, cloned by BF&rgosz

pLPC_N-FLAG-TTI1

this study, cloned by B.-S.Targosz

pLPC_N-FLAG-TTI1(S828A)

this study, cloned by B.¥argosz

pRK5_MYC-RAPTOR

Addgene, Cambridge, USA

pRK5_MYC-RICTOR

Addgene, Cambridge, USA

pRL-nulll

Promega, Mannheim
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pXJ40 (MYC Ctrl) Dr. V.Fernandez-Saiz
VSV-G Clontech, Saint-Germain-en-Laye, France

Table 4: List of plasmids.

4.1.12 Oligonucleotides
All primers were synthesised with MWG Eurofins, Eleerg.

4.1.12.1 Primer for Cloning

CK2_EcoRI_fw 5'-CCGGAATTCTCGGGACCCGTGCCAAGC-3'
CK2_Notl_rv 5-GGTGCGGCCGTTACTGCTGAGCGCCAGC-3'
FBXO9_ BamHI_Fw_ Kozak 5'-CCCGGATCCGCCACCATGCCTGACPATTTGGGTTTTC-3'

FBXO9_BamHI_Kozak HA_Fw | 5-CCGGGATCCGCCACCATGTACCC
CTACGACGTGCCCGACTACGCC-3'

FBXO9_BamHI_Rv 5'-CGGGGATCCCTACAGAGGCCTTTCTGAG-3'
FBXO9_EcoRI_Fw 5-CCGGAATTCTTCCGAGCTCAGTGGATG-3'
FBXO9_EcoRI_Rv 5'-CCCGAATTCCTACAGAGGCCTTTCTGAGAAAGKE-3'
FBXO9_Fw_ EcoRI 5-CCGGAATTCTATTCCGAGCTCAGTGGATG-3'
FBXO9_Fw_BamHI 5'-CCGGGATCCTTCCGAGCTCAGTGGATG-3'
FBXO9_Hindll_FLAG_Fw 5'-CGCAAGCTTGCCACCATGGACTACAAGACGACG-3'
FBXO9_Rv_140_Sall 5-GGCGTCGACCTAACTGCTCTCAAGCTC-3'
FBXO9_Rv_250_Sall 5-GGCGTCGACCTACACTTGGTGCCAGGC-3'
FBXO9_Rv_Hindlll 5'-CGGAAGCTTCTACAGAGGCCTTTCTGAG-3'

FBXO9_Rv_Sall 5'-CGGGTCGACCTACAGAGGCCTTTCTGAG-3'
FBXO9_Sall_Fw_Kozak 5-CCCGTCGACGCCACCATGCCTGACATTATGGGTTTTC-3'
TEL2_506_Fw_Bqglll 5'-CCGAGATCTCTGAAGAGCAGCAAGGCTC-3
TEL2_612_Rv_Sall 5'-GGCGTCGACCTAGATGTCCATGCGCTGCC-3
TEL2_650_Sall_Rv 5-GTTGTCGACCTAGACGGCTGCCTCTGGCAG-
TEL2_Fw_(S485A/S487A) 5'-CACAGCTGGCGGGCGCTGACGCGGEAGGACAGCGATG-3
TEL2_S(485/7)D_Rv 5'-CATCGCTGTCCAGGTCGTCGTCGCCCGCRATGTG-3'
TEL2_S(485/7)D_Fw 5'-CACAGCTGGCGGGCGACGACGACGACCTACGAGCGATG-3
TEL2_Fw_176_Nhel 5'-CCGGCTAGCGCCACCATGTACCCCTACGATG

CCCGACTACGCCGCCGAGTTCTTCCCCCAGAAC-3'
TEL2_Fw_292_Kozak_HA_Nhel | 5-CCGGCTAGCGCCACCATGTACCTACGACGTG
CCCGACTACGCCGTGAAGAACAAGAAGGCCCAG-3'

TEL2_Fw_350_Nhel 5-CCGGCTAGCGCCACCATGTACCCCTACGACG
TGCCCGACTACGCCCACACTCCCCTGCCGCAG-3'
TEL2_Fw_351 Bglll 5-CCGAGATCTCACACTCCCCTGCCGCAGC-3
TEL2_Fw _604_Kozak HA Nhel | 5-CGGGTCGACCTAGAGGGCATABCTG-3'
TEL2_Fw_HA_Nhel 5-CCGGCTAGCTACCCCTACGACGTGC
CCGACTACGCCGAGCCAGCACCCTC-3'
TEL2_Fw_Nhel 5-CCGGCTAGCGAGCCAGCACCCTCAGAGGTTC-3'
TEL2_Fw_Nhel_Kozak_HA 5-CCGGCTAGCGCCACCATGTACCCCTSACGT
GCCCGACTACGCCGAGCCAGCACCCTCAGAG-3'
TEL2_Rv_S485A/S487A 5-CATCGCTGTCCAGGTCCGCGTCAGCAUBCCAGCTGTG-3'
TEL2_Rv_150_Sall 5-GGCGTCGACCTAGATGAAGCCGGGCTG-3'
TEL2_Rv_175_Sall 5-GTTGTCGACCTACAAGTTCTCCTGCTGC-3'
TEL2_Rv_350_Sall 5-GGCGTCGACCTAGCGGATGGCACTGCTG-3'
TEL2_Rv_506_Sall 5-CCGGTCGACCTACAGCTCTCTGTCCCCCG-3'
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TEL2_Rv_603_Sall

5'-CCGGCTAGCGCCACCATGTACCCCTACGATG
CCCGACTACGCCCTCCGGCAGCGCATGGACATCC-3'

TEL2_Rv_650_Sall

5'-GGCGTCGACCTAGACGGCTGCCTCTGG-3'

TEL2_Rv_Sall

5-GGCGTCGACCTAGGGAGACGCGGGTGG-3'

TEL2_Rv_Xbal

5'-CCGTCTAGATCAGGGAGACGCGGGTGGGAG-3'

TEL2_S347A_Fw

5-GTGGTGACTTTCTTCGCGCCCGGTTCTGCAAAGS-3'

TEL2_S347A_Rv

5-CATCTTTGCAGAACCGGGCGCGAAGAAAGTCACKL-3'

TEL2_S398_Fw

5-GCGGGCGTGAAGTGCCGCCTGGAC
GCTGCCCTGCCCCCCGTGCGACGC-3'

TEL2_S398_Rv

5-GCGTCGCACGGGGGGCAGGGCAG
CGTCCAGGCGGCACTTCACGCCCGC-3'

TEL2_S485A_Fw

5'-CACAGCTGGCGGGCGCTGACTCGGACCTGGACBGATG-3'

TEL2_S485A_Rv

5-CATCGCTGTCCAGGTCCGAGTCAGCGCCCGCCBGTG-3'

TEL2_S694A_Fw

5'-CCCAGCAGATTCAACGCCGTGGCCGGCCACTTOT-3'

TEL2_S694A Rv

5-GAAGAAGTGGCCGGCCACGGCGTTGAATCTGCE®-3'

TEL2_Sall_Rv_30pb

5-GTTGTCGACCTAGGGAGACGCGGGTGGGAG

TTI1_1-466_BamHI_Rv

5-GCAGGATCCCTAAGGCTGTGTGGCTGE=3'

TTI1_1-647_Rv_Xhol

5'-GGCCTCGAGCTACAAACAGAAGTCTTTTC-3'

TTI1_466-773_BamHI_Rv

5'-GCAGGATCCCTAGTCTGGGAACCAGEGGC-3

TTI1_466-773_Nhel_HA_Fw

5'-CCAGCTAGCGCCACCATGTACCTRACGACGTGC
CCGACTACGCCTGGAACCGCATCCAGAGG-3'

TTIL_773-end_Nhel_HA_Fw

5-CCAGCTAGCGCCACCATGTACCTRCGACGTGC
CCGACTACGCCACAGGTAATCTTGGGCACC-3'

TTIL_BamHI_Rv

5-CCTGGATCCTCACTGCAGCTCCTTGAGC-3'

TTIL_Fv_BamH

5-CCGGGATCCGCAGTTTTTGATACTCCTG-3'

TTIL_Fw_774_BamHI

5'-CCGGGATCCACAGGTAATCTTGGGCACC-3

TTIL_Fw_889_BamHl

5-CCGGGATCCCTGGATCTGTGTGTGGTTG-3

TTIL_Fw_956_BamHI

5-CCGGGATCCGTCTTACAGGGCCTGGGCC-3

TTIL_Nhel HA_Fw

5'-CCAGCTAGCGCCACCATGTACCCCTACGACGL
CCGACTACGCCGCAGTTTTTGATACTCCTGAGG-3'

TTIL_Rv_773_xhol

5'-GGCCTCGAGCTAGTCTGGGAACCACTGG-3'

TTI1_Rv_888_xhol

5'-GGCCTCGAGCTACACATCCAAGACCTTC-3'

TTIL_Rv_955_xhol

5-GGCCTCGAGCTAAGCCAGCTGCAACTTG-3'

TTIL_Rv_xhol

5-GGCCTCGAGCTACTGCAGCTCCTTGAGC-3'

TTIL_S1016_Fw

5-CTGCTTGATTTACCTCGCTGTCAAACAGCCCGTS

TTI1_S1016_Rv

5-CACGGGCTGTTTGACAGCGAGGTAAATCAAGCAG

TTI1_S459A_Fw

5-GATGATCTGAATGCTGCTCCAAAGACCTCAGCG-

TTIL_S459A_Rv

5-GGCTGAGGTCTTTGGAGCAGCATTCAGATCATG-

TTI1_S828A_Fw

5'-GCAGATGGAAATGTCGCGGATTTTGATAATGAAG!

TTIL_S828A_Rv

5-CTTCATTATCAAAATCCGCGACATTTCCATCTGS'

TTIL_S946A_Fw

5-GACGTGGGGCAGCAGCGCTGCCATCCGCCACACTB'

TTIL_S946A_Rv

5-GAGTGTGGCGGATGGCAGCGCTGCTGCCCCAGGT

TTIL_S959A_Fw

5'-CCAAAGCTGGCTGGCGCCCTAGTCACCCAGGEL-

TTI1_S959A_Rv

5-GGCCTGGGTGACTAGGGCGCCAGCCAGCTTTGG-

TTIL_S967A_Fw

5-CACCCAGGCCCCCATCGCTGCCAGGGCTGGACGA'

TTIL_S967A_Rv

5-CTGGTCCAGCCCTGGCAGCGATGGGGGCCTGAET

Table 5: List of cloning primer sequences
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4.1.12.2 Primer for Sequencing
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check pGEX_ Rv

5'-CCGGGAGCTGCATGTGTCAGAGG-3'

check pGEX_ Fw

5-GGGCTGGCAAGCCACGTTTGGTG-3'

check pLPC Fw

5-TAGGCGTGTACGGTGGGA-3'

Check pLPC_ Rv

5-CTTGCCAAACCTACAGGT-3

seq_peGFP_Fw

5-GCAGAGCTGGTTTAGTGAAC-3'

seq_peGFP_Rv

5-CGTCGCCGTCCAGCTCGACCAG-3'

FBXO9_seq2 5-CGACCTTGCAGAGCAGCAAGAGG-3'
FBXO9 seq3 5-GAGACCCTGAAATATGGCGTCTGG-3'
FBXO9 seq4 5-GAACTAGGAATACCAGGACTGATGC-3'
seq TEL2 1 5'-GAGCCAGCACCCTCAGAGG-3'

seq TEL2 2 5-GGCGTGCTGGTACCCCGGCTGG-3'
seq TEL2 3 5'-CAGAGAGCTGAAGAGCAGC-3'

seq TEL2 4 5'-CAGAAGCAAGACCCAGC-3'

check TTI1 1 5-GCAGAGCTGATGGTTTACAG-3'

check TTIL 2 5-GGGAGAGGAGCTGATGATGG-3'

check _TTI1 3 5-GGAGCCACCACTGCCATTGC-3'

Table 6: List of sequencing oligos

4.1.12.3 Primer for gPCR

FBX0O9 gPCRIl_Fw

5-GGGCAACTGGTGTGTTTATATGCC-3'

FBX09 gPCRIl Rv

5-TGTGCCTGCAGATCTGTTTCAGC-3'

mTOR_ gPCR_Fw

5-CTGGGACTCAAATGTGTGCAGTTC-3’

mTOR_gPCR_Rv

5 - GAACAATAGGGTGAATGATCCGGG-3

gPCR_ARPPA_Fw

5'-GCACTGGAAGTCCAACTACTTC-3'

gPCR_ARPPA_Rv

5-TGAGGTCCTCCTTGGTGAACAC-3'

gPCR_GAPDH_Fw

5'-GAAGGTGAAGGTCGGAGTC-3'

gPCR_GAPDH_Rv

5'-GAAGATGGTGATGGGATTTC-3'

gPCR_Integrin_Fw

5-TGGAGCGCTGCCAGTCACCATT-3

gPCR_Integrin Rv

5-CGTCTGAAGTGAACACCAGCAGC-3

TEL2_ gPCR_Fw

5-ATC GTG GCA GAG GTC GTT AGT G -3’

TEL2_gPCR_Rv

5-GCTCAGTTCATCCTCTTCGTACTG -3’

TTIL_gPCR_Fw

5-TGC TCT GAT GGC AGC ATT AGC C-3’

TTI1L_gPCR_RV

5-TGG AGG TGC CCA AGATTA CCT G-3

Table 7: List of gPCR probe sequences

4.1.12.4 siRNA Oligonucleotides

All siRNA duplexes were purchased from Dharmadaiayette, USA.

CK2 #1 5-AACAUUGUCUGUACAGGUU-3’
CK2 #2 5-CGUGGUCGCUUACAUCACU-3’
CK2 #3 5-GGAGUGUGUCUUAGUUAC-3’
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CK2 #4 5-GCAUUUAGGUGGAGACUUC-3
Fbxo9 #1 5-GGUGUAAGCUCUAGCAAUU-3’
Fbxo9 #2 5-GUAUUAAACUUGUUCCGUA-3’
Fbxo9 #3 5-GAGCUCAGUGGAUGUUUGA-3’
Fbxo9 #4 5-GCAACUUGUACCUGAUAUA-3’
Tel2 #1 5-GAGCGGAUCAGAAGCAAGA-3’
Tel2 #2 5-UGAUGUGCCUGGCUGUUAA-3’
Tel2 #3 5-GUACGAAGAGGAUGAACUG-3
Tel2 #4 5-GAAGACCUGUGUGGUGGGA-3’
Ttil #1 5-GCACUGACCAGGCUUAUCAZ’
Ttil #2 5-AGGAUUUGCUGUAUCUUUA-3’
Ttil #3 5-GUGAAUGGGAUCUCUUUAA-3
Ttil #4 5"-GAACACACCUGCCAAGUUA-3’

Table 8: List of siRNA target strand sequences
4.1.13 Lentiviral particles
For shRNA mediated silencing of Fbxo9 SMARTvectod Zentiviral ShRNA particles by

Dharmacon, Lafayette, US were used.
The target sequences for human Fbxo9 were:

Fbxo9_sh_1 5-GTATTAACTTGTTCCGTA-3’
Fbxo9_sh_2 5-AACCACATATATTCGTCA-3’
Fbxo9_sh_3 5-TTATACTCCTCTTTACGCA-3’

4.1.14 Patient samples
Samples of formalin-fixed tissues of MM patientsravekindly provided by Dr. Slotta-Huspenina

(Institute of Pathology, Technische Universitat Miien, Germany) and analysed for protein and
MRNA by Clemens Reiter of Technische Universitamnigtien. Dr. Christian Langer of University of
Ulm provided the analysis of 180 MM patients.

4.1.15 Mice
Wildtype C57BL/6 mice were a kind gift of Ursula BBaann (Technische Universitat Minchen)

and relevant experiments were performed by Rutlnrigic of Technische Universitat Minchen in

accordance to the local guidelines.

4.1.16 Bacteria
BL21(DE3) Competeri. coli New England Biolabs, Frankfurt
NEB 5-alpha A Competent. coli New England Biolabs, Frankfurt
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4.1.17 Cell lines
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Cell lines Description Media Source
. RPMI 1640; | kind gift of
ANBL6 human multiple myeloma cells +5 ng/ml IL6 | Dr.Tobias Dechow
) African Green Monkey kidney fibrobla| oo
Cos-7 cells,with SV40 large T-Antigen SbMEM ATCC, Virginia, USA
H929 human multiple myeloma cells RPMI 1640 DSMzalhschweig
human embryonic kidney cells, with .
HEK293T SVA40 large T-Antigen DMEM DSMZ, Braunschweig
HelLa human cervix carcinoma cells DMEM DSMZ, Brazmgeig
High Five Insect ovarian cells frofirichopulsia ni gé?/lress Five Invitrogen, Karlsruhe
IMR-90 primary human lung fibroblast DMEM ATCC, Yginia, USA
. RPMI 1640, |kind gift of
INAG human multiple myeloma cells +5ng/ml IL6 | Dr. Tobias Dechow
JIN3 human multiple myeloma cells RPMI 164( DSM@Aawischweig
. kind gift of
KMS-12-BM human multiple myeloma cells RPMI 1640 Dr. Tobias Dechow
LP1 human multiple myeloma cells IMDM DSMZ, Brauhse®ig
OPM2 human multiple myeloma cells RPMI 1640 DSMzalhschweig
RPMI 2668 human multiple myeloma cells RPMI 1640 MDXS Braunschweig
Sf9 Insect cells frongpodoptera frugiperda Egﬁﬁ; Ir]SeCtlnvitrogen, Karlsruhe
sfo1 Insect ovarian c_eIIs fror8podoptera Grac_e S InseCtlnvitrogen, Karlsruhe
frugiperda Medium
T98G human glioblastoma cells DMEM ATCC, VirginlaSA
u20Ss Human osteosarcoma cells McCoy's 5A ATCC, Mieg USA
U266 human multiple myeloma cells RPMI 1640 kind gift of

Dr. Tobias Dechow

Table 9: List of cell lines

All media (3" panel) were supplemented with L-Glutamine, Pdim¢8treptomycin and 10% FBS;

except for HEK293T, where 10% BS instead of FBS wsexl.

4.1.18 Cell culture dishes

2- and 8-well glass slides
Dishes and flasks
24-well, 12-well, 6-well, T25, T75, 6 cinlOcnf, 15cnt

4.1.19 Membrane

PVDF membrane (Immobilon P)

Nunc, Roskilde, mark
Biochrom, Berlin

Millipore, Schwadh/Ts
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4.1.20 Machinery and equipment

Agarose electrophoresis chamber Mini-Sub Cell GT

Analytical balance ABJ
Bacterial Shaker
Calligrapher MiniArrayer
Centrifuge Multifuge 3SR+
CO,-Incubator Hera cell 150i
Cool-Centrifuge 5417R
Cool-Centrifuge 5430R
FACS Calibur

Fluorescence microscope
FluoView FV10i

Invitrogen Chamber for Ready Gels
Magnetic Thermo Stirrer RCT basic
Microscope Axiovert 40 CFL
Nano-Photometer
Neubauer hemocytometer
PCR-Thermocycler Primus
pH-meter pH720 InoLab
Power Supply PAC Basic
Power Supply PAC HC
Precision balance 572
Rotating Wheel 3000

Safety cabinet Herasafe KS
Scanner V750 Pro

SDS-gel Electrophoresis chamber Mini-Protean
SpeedVac
Tabletop centrifuge 5424

Thermomixer
Waving platform shaker Polymax 1040
Western Blotting chamber Trans Blot Cell

4.1.21 Software and Databases

Till Vision: Microscope Imaging software
FlowJoFlow cytometry analysis software
MacVector Sequence analysis software
Oncomine database

Bianca-Sabrina Targosz, M.Sc.

o-Bad, Miinchen
Kern & Sohn, Balingen-Frontme
Eppendorf, Hamburg
Bio-Rad, Miinchen
Thermo Scientific, WalthaUSA
Thermo Scientific, WaliydJSA
Eppendorf, Hamburg
Eppendorf, Hamburg
BD, Franklin Lakes,USA
Olympus, Hamburg
Olympus, Hamburg
Invitrogen, Kate
IKA, Staufen
Carl Zeiss AG, Oberkoehe
Implen, Minchen
Marienfeld, Lauda-Kdnigsiofe
Peqlab, Erlangen
WTW, Weilheim
Bio-Rad, Miinchen
Bio-Rad, Miinchen
Kern & Sohn, Balingen-Frommern
Frobel Labortechnik, Lindau
Thermo Scientific, WatthUSA
Epson, Meerbusch
Bid;Ra&linchen
Eppendorf, Hamburg
Eppendorf, Hamburg

Eppendorf, Hamburg
Heidolph Ingstemts, Kelheim
Bio-Radjmdhen

Till Ptamics, Gréfelfing
Tree Star, Ashland, USA
Mac VeGQary,USA
Compendia bioscienéas) Arbor,
USA
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4.2 Methods

4.2.1 Molecular biology

4.2.1.1 Agarose Gel Electrophoresis

To visualise DNA, its electrostatic properties orgjing from its negatively charged phosphate
backbone were exploited. Agarose was dissolvedBE Buffer, boiled and allowed to cool down to
form a stable gel, through its pores the DNA cagrate according to its charge — proportional to its
size — once a potential is applied. Adding DNA iin&dating ethidium bromide to the gel allows for

staining under UV-light.

4.2.1.2 PCR

The polymerase chain reaction (PCR) was used tdifgrgpnes of interest. To this end 100 ng of
target DNA was diluted in a reaction mix with 1 gifimer, with compatible sequences to end or
beginning the DNA segment of interest, respectivély mM dNTPs new strand synthesis and the
elongating enzyme DNA polymerase Pfu Ultra HF (@gane) in suitable buffer. DNA-double helix
was separated at 95°C, primers annealed at 55-8B6&8Celongation carried out at 72°C. Since the
processivity of the polymerase is ~ 1kb/min, theetiof this step was adjusted to the length of the
desired product. Repeating this reaction (25-30lesycamplifies the amount of DNA product

exponentially.

4.2.1.3 DNA Restriction

Restriction enzymes have the capability to protiezdjly sever DNA at specific sites, while
producing overhanging single stranded ends. Easthiaton enzyme detects a specific palindromic
recognition site on the DNA. Enzymatic reactiongevancubated at 37°C for 2 hrs for a complete
digest.

4.2.1.4 DNA Ligation
For Ligation the T4 Ligase (Fermentas) was usedlfor at 24°C or over night at 16°C. The
enzyme ligates compatible overhanging ends oficesti DNA molecules. For optimal integration the

molarities of the DNA molecules were adjusted teeal.

4.2.1.5 Molecular cloning

To clone a desired gene into an expression veleOR primers (s. chapter 4.2.1.1) were designed
with short overhanging ends, which encoded forlanghamic restriction site (s. chapter 4.2.1.3)ttha
were also present or compatible to enzymes raatgiéh the Multiple Cloning Site (MCS) of the
vector. After the PCR, the DNA fragment had to heiffed by PCR Purification Kit (Fermentas),
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before sequential restriction. Digested plasmid gere amplicon were purified on a 1.2% agarose gel
for 2 hrs, and the material extracted using the Bdlaction Kit (Fermentas). Before ligation (s.
chapter 4.2.1.4) the destination vector was treatgld antarctic phosphatase for 30 min at 37°C,
followed by a heat inactivation at 65°C for 5 niliis step reduces the capability of the plasmikkto
ligate without the insert DNA, since the T4 ligasguires free phosphate groups for restriction end
joining. Ligation reactions were transformed inticteria, positive clones selected, plasmid extdacte

(s. chapter 4.2.1.7) and insertion verified by seqing.

4.2.1.6 Mutagenesis PCR

To mutate DNA sequences, the Stratagene Quik Mo&mie Kit was used according to the
manufacturer’s instructions. Primers of ~40b welesigned, which carried the mutation and
compatible sequences to both sites of the base(be tmutated. In a PCR (s. chapter 4.2.1.1) the
whole plasmid with the sequence to be mutated wgsdified. To remove the template plasmid, 1 hr
digestion with Dpnl, an enzyme digesting only beaty methylated sites, was performed, before
transformation into competent bacteria. Positivenes were assessed by sequencing of the purified

plasmid (s. chapter 4.2.1.7)

4.2.1.7 DNA extraction

Plasmid DNA was amplified using NEB®acteria grown to a density of @ 0.6 — 0.8. DNA
was purified using QIAprep spin Miniprep Kit for athamounts and QIAGEN plasmid Maxi Kit for
larger amounts. This method uses alkaloid lysibréak the cell wall of the bacteria and subsequent
immobilization of DNA on an anionic column. RNA arngfotein are removed by raising salt
concentrations. DNA is eluted with high salt bufferd precipitated with isopropanol in the cold.

DNA pellet is cleared form salt with 70% Ethanotlaesuspended in suitable storage buffer.

4.2.1.8 RNA extraction

RNA was extracted from tissue and patient sampleimguRNeasy Mini-Kit or (Qiagen)
respectively, according to the manufacturer’s ugtons. For stability RNA in RNase-free water was
stored at -80°C.

4.2.1.9 RT-PCR

To produce complementary DNA (cDNA) 1ug RNA wasamely transcribed using the protocol
of SuperScript lll Reverse Transcriptase (Invitmggero this end oligo-dT primer, which amplify
polyA-tails of mMRNA were added to the reaction Somin at 42°C for annealing, before amplification
for 60 min at 72°C. For subsequent gPCR analysish@pter 4.2.1.10) the product was diluted 1:20 in
dH,0.
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4.2.1.10 Quantitative PCR

Quantitative PCR (qPCR) was performed with SYBRe&BrgPCR Mix (Roche). Since the dye
SYBR intercalates with DNA, the analyser can meaghe fluorescence intensity as an indirect
amount of PCR product in correlation with the affigdition cycles. Values were given a&8*2". For
normalization, expression of the genes ARRPA, GAPBhRH INTEGRIN, respectively, were
assessed. gPCR primers were designed using thiegllybhvailable Quant Prime software

4.2.2 Protein biochemistry

4.2.2.1 SDS-Gel Electrophoresis

To visualise proteins, they were separated acrglargels according to their size. To this end the
protein samples were denatured with Laemmli buechapter 4.1.9). Its main component SDS coats
all proteins with negative charge, thus once pa@eig applied, migration of proteins proportional
their electrostatic properties. In the stacking géth a pH of 6.8 negatively charged glycine of th
Laemmli buffer assembles all proteins at the saor&dbntal barrier, in the separating gel of pH 8.8

this is neutral and proteins can resolve accorttirtheir charge, correlating with size.

4.2.2.2 Western Blot Analysis / Immunoblots

Size separated protein samples were immobilize@ oitrocellulose membrane using wet blot
method for 1 hr at 100V or at least 6 hrs at 30MMie proteins transferred were stained with
Ponceau S or Coomassie Brilliant Blue for refereand destained with Washing Buffer (WB) or
Coomassie destain (chapter 4.1.9), respectivelgckdhg was performed with 5% milk in WB.
Membranes were incubated with first antibodies @fitutions s. chapter 4.1.10) agitating over night
4°C or for 1.5 hrs at room temperature (RT = 24t®ither milk (5%) or BSA (5%). Antibodies were
washed off three times for 15 min with WB and inatdal with the corresponding secondary antibody
diluted in milk (5%) for 1 hr. After three washdébe membrane was developed on photosensitive
films using chemiluminescence substrate by Piefte intensities of the resulting signals were

evaluated using publicly available Imag@program.

4.2.2.3 Cell Lysis

For whole cell lysates, cell pellets were resuspdrid Lysis Buffer containing salt concentrations
to keep proteins stably in solution. When inteatsiwere to preserve, lower salt concentrationg wer
used, for extremely pure fractionation of protethg concentrations were raised. Detergent wasdadde
to disrupt the cell membrane, protease, kinasepandphatase inhibitors to avoid activity, enzymatic
cleavage or modification of potential target progewithin the lysate. If DNA-bound fraction was to
be prepared, Benzonase was added to the Mw@taining buffer. The mixture was incubated for 2

30 min on ice, before centrifugation at maximum espdor 15-20 min. The protein containing
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supernatant was transferred into pre-chilled tudres protein concentration determined using Lowry
assay’® based Bio-Rad DC protein assay. For SDS-PAGE dgsatere denatured with Laemmli
Buffer (s. chapter 4.1.9) and denatured at 95°C@omin. Protein lysates can be stored at -80°C.

4.2.2.4 Immunoprecipitation

Immunoprecipitation (IP) is based on the high datffirof antibodies to their respective target.
These antibodies are chemically coupled to sodtdtleads, which allow a clear separation in a
centrifugation due to their mass. In this mannegda proteins and their respective co-factors or
binding partners can be easily extracted from alavbell lysate. To detach the target proteins from
the bead-coupled antibodies — a process calletbrldtelevation of salt concentration, additionaof

competitive protein in high concentrations or danat the proteins by heat or SDS can be applied.

Tandem Affinity Purification (TAP)

The Tandem Affinity Purification (TAP) method enltas sensitivity by applying two sequential
purifications with beads directed against two défd tags. Here, Flag- and Strep-Tags were used as
described previousl§* to reduce unspecific binding to beads. In a lagme set-up for maximal
protein production, the embryonic stem cell linek2@3T was grown to 2 x £Gnd transfected with
either empty control vector or the construct exgires the protein of interest. Cells were harvested
after a sufficient time of expression under cowdisi indicated and snap frozen in liquid nitrogeime T
20 ml of lysate were prepared by Dr. V.Férnandaz-SBUM) using MS Lysis Buffer (s. chapter
4.1.9), adding Benzonase and homogenized by twsagas through a 19 Gauge syringe. In a first
purification, protein was precipitated with 2 mr&i-Tactin superflow resin (IBA) for 1.5 hrs. After
four wash steps, proteins were eluted twice usirfign¥ desthiobiotin elution buffer (IBA). The
combined eluate was then subjected to a secondpppagion with 400ul anti-FLAG resin (Sigma-
Aldrich) for another 1.5 hrs, washed four timeshwBT Buffer (s. chapter 4.1.9) and treated to a
further competition with 3xFLAG peptide (Sigma-Aici). 1.5 ml of eluate were precipitated with
TCA (10%) over night at 4°C. Pelleted proteins weneshed twice with ice-cold acetone and dried
using a speed vac for 20 min. These samples ¢betdbe analysed by mass spectrometry (MS) with
Dr. Simone Lemeer and Prof. Bernhard Kuster in Teiding. The methods used are presented in

short below.

Mass spectrometry analyses (performed by Prof. Kiist ~ er and Dr. Lemeer)

In short summary, peptides generated by in-gektrydigestion were dried down and dissolved in
0.1% formic acid (FA). LC-MS/MS was performed byupting a nanoLC-Ultra (Eksigent) to a LTQ
Orbitrap XL mass spectrometer (ThermoFisher Sdightiusing a 60 min gradient from 0 to 40%
solution B (0.1% FA in AcN). Peaklists were exteattfrom MS data files using Mascot Distiller

v2.2.1 (Matrix Science) and subsequently searclyainat the Human IP1 database version v3.58
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using Carbamidomethyl (C) as fixed and Ox (M), Rmas (ST), Phospho (Y) as variable
modifications. Mass tolerance of the precursor vaas set to 5 ppm (parts per million) and for
fragmentations to 0.6 Da. Scaffold2, v2.1.03 wasdu®r data interpretation. Proteins were filtered
using a minimal protein identification probabilitgf 99% and minimal peptide identification

probability of 95%.

For phosphorylation analyses, proteins of intenesse immunoprecipitated with anti-FLAG resin
and eluted twice by competition with 3XFLAG peptide Dr. V. Férnandez-Saiz. The eluates were
then processed for phosphopeptide enrichment. @slildowere cut out and in-gel trypsin digestion
was performed. PHOS-Select (Sigma) iron coated d@ste mixed with the peptide mixture and
incubated for 30 min at room temperature. Phospbtafes were directly eluated onto a stainless steel
target Maldi target (Bruker Daltonik) using 20 mey/BHB in 50% AcN and 1% phosphoric acid.
Mass spectra were acquired in positive ion reftectmode on an ultrafleXtreme MALDI-TOF/TOF
mass spectrometer equipped with a 1 kHz Smartbétasdr (Bruker Daltonik). Laser intensity was
adjusted for optimal signal-to-noise ratio and hatson and spectra were recorded from 1000 to 3500
m/z. Tandem mass spectra were acquired in posdivaeflectron mode using the LIFT technique
with an increased laser intensity (+40%). Mass tspagere analyzed using the flexAnalysis software

(version 3.3) (Bruker Daltonik). Peak picking wasfprmed manually.

GST-Purification

Recombinant expression of GST-tagged proteins ateba is described in chapter 4.2.7.2. For
lysis frozen bacteria pellets were resuspended BTN buffer (s. chapter 4.1.9) and treated with
100 pg/ml lysozyme to break the cell wall for 30wron ice. Complete disruption was further ensured
by ultrasound treatment avoiding foam formationthwiiO pulses at 50% amplitude. Cell debris was
discarded by centrifugation and the supernatarjestéd to an immunoprecipitation with glutathione-
coupled beads at 4°C for 30 min. After four waslhesind proteins were eluted four times for 10 min
in the cool using glutathione elution buffer. Femoval of excess glutathione, the eluate was didlys

against 10 ml PBS in the cold. Eluted protein wegpdrozen in — 198°C and stored at -80°C

4.2.2.5 Reverse phase protein lysate microarrays

Extract preparation of formalin fixed bone marrovogdsies and reverse phase protein lysate
microarrays were performed by Clemens Reiter (TURNX}hort, formalin fixed bone marrow biopsies
of MM patients were with an infiltration rate >70#ere selected from the archive of the Institute of
Pathology, Technische Universitat Minchen, Germéxgract preparation was essentially performed
as describeld Protein arrays were generated using the CalligaMiniArrayer (BioRad). For every
extract and every dilution (undiluted, 1:2, 1:48,11:16, buffer only), three replicates were apmplie

onto a nitrocellulose-coated glass slide (GracelBibs)® For quantification, parallel arrays were
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stained with Sypro Ruby (Molecular Probes) accgrdothe manufacturer's instructions

4.2.2.6 Ubiquitylation assay

in vivo ubiquitylation

By overexpression of HA-tagged ubiquitin, FLAG-taggsubstrate and the F-box protein in
HEK293T cells (s. chapter 4.2.5.1), the ubiquiigiatreaction in physiological context could be
assessed. After transfection, exogenous proteine wepressed for 24 hrs prior to treatment with
10 pM MG132 for 3-4 hrs to inhibit proteasomal detation of marked substrate and hence preserve
ubiquitylation. Cells were pelleted and resuspenitled00 pl Lysis buffer (s. chapter 4.1.9). The
supernatant was denatured to preserve only covadgiide bonds by addition of 0.1% NP-40, 5 mM
EDTA, and 1% SDS and subsequent calefaction at 96fG min. Samples were allowed to cool
down at RT, but not on ice to avoid precipitatidritas point. For quenching the SDS, 900 pl 10%
Triton-X in Lysis buffer (s. chapter 4.1.9) weredad to a final concentration of 1% and samples
immediately put back on ice. An IP for the substratas performed as in chapter 4.2.2.4 and
ubiquitylation assessed using western blot analgsishapter 4.2.2.2). These experiments were

essentially performed by Dr. V.Férnandez-Saiz.

in vitro ubiquitylation

To reconstitute the ubiquitin system in a contlenvironment, each component of the SCF
complex was purified from insect cells by Dr. V.R&ndez-Séiz and stored in aliquots at -80°C. Equal
amounts were added to the ubiquitylation assayebyf. chapter 4.1.9). The reaction was incubated
with the substrate purified from eukaryotic celleated with or without the intended stimulus. The
ubiquitylation reaction was carried out for 30, 80, and 120 min at 37°C shaking and stopped with
the addition of Laemmli buffer (s. chapter 4.1.9).

4.2.2.7 Kinase Assay

To show specific phosphorylation of the substrated their mutated phospho-degron forms, they
were overexpressed in and purified from HEK293Tckspter 4.2.5.1). Together with the active CK2
(Millipore) they were incubated in kinase assayfé@utontaining labeled ATP (s. chapter 4.1.9) for
10 min at 30°C and subsequently visualised by adtography.

4.2.3 Antibody production

The antibody against Fbxo9 was produced with tHp bé& Dr. Daniel Moik and Prof. Fessler
(MPI1 Munich) together with Dr. V.Férnandez-Séiz eTprotein sequence of Fbxo9 was screened for a
suitable epitope of ~15 aa, which does not cordalys, does not cover a highly structured region of
the protein, is predicted to be soluble, and is present in a second human protein. For structure

determination coils serv&f was used, GenScript (Piscataway,USA) providedrinéion for peptide
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solubility and using Basic Local Alignment Searcbol (BLAST'®), the non-ambiguous sequence
was ascertained. The peptides were designed widdditional Cys at either C- or N-terminus. The
antibody of this study was generated against aigeemiontaining amino acids 390-404 of human
Fbxo9 (Cys_CSSGHQRFNKLIWIH)

Prior to immunization, sera of twelve rabbits wedested by Dr. V.Férnandez-Saiz, if they
produced unspecific western blot signals at the sfzFbxo9 (40-60 kDa), and those were excluded
from the production. Peptides were coupled to lyigimmunogenic carrier proteins using the Imject
Maleimide Activated mcKLH Kit (Pierce). Per peptjdsvo rabbits were immunized injecting an
antigen-adjuvant emulsion. For the first boost 1 doTiterMax Gold (Sigma-Aldrich) was mixed to
one aliquot of coupled peptide solution at RT kst fonstant mixing for one min, just before injenti
to the animal. All further boosts used Incompleteurd’s Adjuvant (Sigma-Aldrich). The first boost
was after four weeks and the following boosts regmbaevery three weeks. Sera were tested for
specificity on Western Blots two weeks after bawgtiThe animal producing Fbxo9 Antibody positive

serum, was immunized a fourth time and after tweksethe serum collected in a final bleeding.

Using the same method, phospho-specific AntibodespS485-Tel2 and pS828-Ttil were

produced with Innovagen (Sweden).

4.2.4 Murine liver cell extraction

Mice liver cells were essentially extracted as dbsd beforé®® by Ruth Eichner (TUM). Briefly,
six month old male wild type C57BL/6 mice were fedfasted for 16hrs. After sacrificing the mice,
livers were weighed, perfused with an EDTA containbuffer and hepatocytes were isolated for

subsequent cell lysis and western blot analyses.

4.2.5 Eukaryotic cell culture
Cells were cultured in a humidified incubator sugglwith 5% CQ. Physiological pH and

temperature were set to pH 7.365 and 37°C, resedeti When necessary the media was
supplemented with essential growth factors (segtehat.1.14). At a density of 90% cells were
splitted to allow further growth. Adherent cellsathare able to form a mono-layer attached on the
plates, were detached using trypsin. Cell dengity wability of suspension cells was assessed by
counting trypan blue stained aliquots on a neubaummocytometer. For long-term storage,
exponentially growing cells were pelleted and rpsasled in FBS with 10% DMSO. DMSO
intercalates in the cell membrane and stabilize§hie mixture was slowly frozen in isopropanol
at -80°C to avoid rupture of the cell membrane dqyid freezing. When unfreezing cells, DMSO was

quickly removed by centrifugation to impair its jeération to the interior of the cell.
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4.2.5.1 Transfections

Calcium Phosphate Method

HEK239T were transfected using the CaP@ethod, if not stated differently. To this endgrhid
DNA was diluted in dHO to 2 pM and mixed with Caglko a final concentration of 250 mM.
Calcium-ions form ionic bonds with the negativelyacged phosphate-backbone of plasmid DNA.
Addition of 1 Vol of BES (N,N-Bis-(2-hydroxyethyR-aminoethansulfonic acid buffered in NaCl and
NaHPO, to pH 7.1) leads to DNA-complex formations at 24°&fter incubation for 20 min
complexes were slowly dropped to 70-80% confluagit layers. Uptake of plasmid DNA through
pores formed in the cell membrane was allowed fdws4 Media exchange washed away the
remaining complexes and re-established physiolbgigain the culture. Transfection efficiency was
determined as percentage of green fluorescent tdis had been co-transfected with a peGFP

expression plasmid.

Lipofection

Other cell lines were transfected using Lipofectset 2000, ExGen 500n vitro Transfection
Reagent, or FuGene HD according to the manufacsuirgstructions. Briefly, the reagents can form
liposome complexes with the plasmid DNA that araeneasily incorporated by the lipid bilayer of

cell membrané$§’. To avoid toxicity the complexes are washed awagnbdia exchange after 3-4hrs.

siRNA silencing

HiPerFect Transfection Reagent was used for siRidfAang in U20S, Hela, and T98G. For an
efficient co-transfection of plasmids and siRNAoOINHEK293 TurboFect™ siRNA Transfection
Reagent was used according to the manufacturessuntions. Efficient knockdown could be
observed after 24-48 hrs.

4.2.5.2 Retrovirus production

HEK293T were seeded on gelatinised & @tates one day before transfection to reach a
density of 90%. With Lipofectamine 2000 (Invitrogeoells were co-transfected with 4ug of each the
VSVG plasmid encoding for the virus’ envelope piotehe pcDNA-MLV_GAG/POL construct that
allows expression of the viral structural proteam&l the viral polymerase — a reverse transcriptase
and the vector with the desired gene cloned in-betwthe LTR (Long terminal repeats) sites that
allow for integration to the host cell's genomeridé containing media was harvested 48 and 72 hrs

post transfection.
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4.2.5.3 Viral infection

For retroviral infection, cells were seeded on 6hpkates to reach a confluency of 50-60%, since
retroviruses can only integrate their genetic imfation into the genome of dividing cells. For
lentiviral infection particles were diluted in madto 10 Titer Units (TU)/ ml. To reduce the
electrostatic repulsion between cell membrane angs \surface 8 pg/ml Polybrene was added for
enhanced infection efficienty). Using the double spin infection method, cells aveentrifuged with
the virus containing media for 1 hr at 1200 rpmteA# hrs incubation, media was replaced with new
infectious media the centrifugation step was regmbaCells were allowed to recover for 1-2 days in
virus-free media. At this stage stable integratiould be tested by GFP signal and/or puromycin

selection.

4.2.5.4 Cell Cycle Profiling
Usually cells are growing asynchronously, i.e. eaelin the culture dish can be at any point of
all cell cycle stages. To access the status ofllaircea specific phase, their growth has to be

synchronised applying chemical compounds.

Synchronisation in G ;-S-phase transition

Addition of 2 mM Thymidine (Thy), results in an @gs concentration of one of the four bases,
needed for DNA replication in S-Phase. Due to tkeess, the remaining dNTPs are no longer
accessible to the DNA-Polymerase, and all cellehavstall in S-Phase. This block is reversible by
washing away the Thy. After the first Thy block fmrernight, the cell population will be uniformly a
different stages of S-Phase. For an exact syncataon in the G-S-phase transition, this population
is released from Thy for 7-10 hrs according to riy@ication time of the respective cell line, befor
addition of a second Thy block for overnight. Adllls will now accumulate at the entry to S-Phase.

Synchronisation in M-phase

For synchronisation in Mitosis, cells can be trdatéth either 500 ng/ml Nocodazole or 1uM
Taxol. Both are spindle poisons, destabilizingtab#izing the microtubules of the spindle appasatu
respectively. While Nocodazole arrests cells imirtaphase, Taxol will perturb Anaphase-transition.

For time course experiments cells were synchroniaed8 hrs with non-toxic Thy, released and
supplemented with Nocodazole, to reduce the ineubatith the poison to a minimal time of 10-
12 hrs depending on the cell line investigated.olit rounded cells could be disattached from the
plate by manual shake off, and released into tliecgele by extensive wash with PBS (twice) and

media (once).
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4.2.5.5 Serum deprivation

Serum withdrawal leads to accumulation of cellsGgPhase. T98G and U20S were serum
deprived (SD) using 0.02% FBS and restimulated dryira addition (SA) of 10% FBS containing
media. For the HEK293T starving with 0.1% FBS indimaewas sufficient. Deprivation of IMR90 was
conducted with 0.2% FBS containing media. For HEBS was completely removed from media to
induce apoptosis. To effectively starve cells, thveye plated one day prior for a density of 60%eh
growth media was washed away twice with PBS. Alfimash for 5 min with the SD media was

performed to completely remove remaining FBS frathsc

4.2.5.6 Proteasome inhibition

To analyse cells for polyubiquitin mediated degtaataof certain proteins, the activity of the
proteasome has to be impaired. To inhibit the psmmal function 10uM MG132 in DMSO were
added to the media for 3-4 hrs.

4.2.5.7 Ribosome inhibition

By inhibition of the ribosome with Cycloheximide ve) protein biosynthesis is impaired. Thus,
levels of those proteins that are constantly repred will eventually decline. Taking cell samples
over time the stability and half-life of proteinarcbe analysed by Western Blot (s. chapter 4.2.2.2)
Cycloheximide was dissolved in 100% Ethanol andeddd culture media in a final concentration of
100pg/ml.

4.2.5.8 Kinase agonism and antagonism

CK2 was specifically inhibited using 50 uM TBB (aiéd in DMSO). Starved cells could be
incubated for up to 9 hrs, untreated for more thdinrs. Activity of CK2 was stimulated with 0.5 M
Sorbitol for 2 hrs.

4.2.5.9 mTOR signalling inhibition

To inhibit MTORC1 signalling, cells were treateithw50 nM Rapamycin (Rapa). To block
PISK/mTORC2/Akt signalling cells were either treteith 500 nM Wortmannin or 1.5 uM Akt
inhibitor 1V, which specifically impairs Akt actity. All inhibitors were dissolved in DMSO.

4.2.5.10 Protein Translation Assays

Luciferase Assay

To monitorin vivo protein translation, HEK293T cells were seeded iB4-well plate to 60%
confluency and transfected with either pcDNA3.1LTHWT or S828A), or siRNA oligonucleotides
directed against Fbxo9 or LacZ, a 5’ structurednktep firefly luciferase reporter gene (pcDNA-SL-

LUC)™® and a pRL-null Renilla luciferase plasmid. Thetmmsfection of two different luciferase
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encoding constructs allows for normalisation of #fsues to the general transfection efficiency,
whereas the firefly luciferase construct experirafiyptmeasures starvation induced translation, and
Renilla luciferase general translation. Cells waltewed to recover for 12 hrs in DMEM with 10%

FBS and then serum starved for 48 hrs. The lugéegtivity was measured using a dual-luciferase

reporter assay system (Promega) according to thefaeturer’s instructions.

de novo protein biosynthesis

Metabolic in vivo cell labelling with f°S]-Met/Cys was essentially performed as described
previously™® Briefly, 15 cnf plates with serum starved cells were washed tiimes with Met/Cys-
free media and incubated with 8 ml labelling medi(Met/Cys-free DMEM, 10% dialyzed FBS,
2 mM L-glutamine) supplemented with 0.2 mCi/ml &5]-Met/Cys mix for 2 hrs before harvesting.
Thereafter IP reactions against the proteins adrést were conducted. Purified newly synthesized

proteins that incorporated the radioactive amirid ean be visualised by autoradiography.

4.2.5.11 Flow cytometry (FACS Analysis)

The Fluorescence Activated Cell Sorting (FACS) wsial allows for quantitative characterization
of surface markers or intracellular molecules aingle cell level and specific sorting of heteragen
populations according to desired parameters. Tlsic arinciple is that cells are the specifically
stained with fluorescently labelled substances rdibadies which can be excited by lasers of the
appropriate wavelength. These dyes then emit peabbra certain energy that can be detected. The
concentration of photons is thus proportional #® a&mount of dye per cell. The FACS machine can
simultaneously measure different emission wavelenfgr one cell. Additionally, the forward scatter
(FSC), a measure of scattered laser signals, gmwesnation about cell size, since proportionalby t
its size the cell will produce lighter scatterir§jdeward Scattering (SSC) is produced by the cells’

inner compartments. Data was analysed with Flowdwvare.

Proliferation analysis

Bromodesoxyuridin (BrdU) can be incorporated ifite DNA of replicating cells instead of base
desoxy thymidine triphosphate (dTTP). For assessmeproliferation exponentially growing cells
were pulsed for one hour with 10uM BrdU before leating. This was followed by a washing step
with BrdU wash buffer | and fixation in 70% Etharas described above. After removal of Ethanol the
DNA was denatured for 30 min with 500ul DNA denatgrbuffer, cells pelleted and resuspended in
1M Borate to neutralize the acid. Then cells wessived with BrdU wash buffer I, resuspended in
20u1/1x16 cells containing FITC labeled BrdU antibody for 8in at 24°C and finally stained with
0.5ug/ml with the DNA intercalating agent propidiuodide (Pl) to measure DNA content as a

marker for cell cycle distribution in homogenougpplations.

The role of UPS in MM | Materials and Methods




Bianca-Sabrina Targosz, M.Sc.

4.2.5.12 Immunofluorescence staining

To visualise the localisation of proteins within iaract cell, fluorescent dyes, fluorescent tags or
specific antibodies coupled to dyes were applietb dixed cells. Pictures were obtained using the
laser-scanning confocal microscope FluoView FVIDiytmpus) for blue (excitation (Ex) = 400 nm;
emission (Em) = 460 nm), green (Ex= 495 nm; Em=&3) and red (Ex= 570 nm; Em= 635 nm),
and processed with the accompanying Olympus Sadtwor quantification of protein localisation,

100 cells were analysed in three different sets.

Direct Immunofluorescence

For direct staining, cells were grown on glass calips (Nalgene), transfected with an expression
vector coding for fluorescently labelled proteiniferest, allowed time for expression and treaed
indicated. Cells were fixed with ice-cold methafa 10 min at -20°C, permeabilising the membrane
at the same time. Methanol was washed away with, RB8& the cells briefly dried, before staining
with DAPI, a dye that can intercalate with the DMAd allows for localisation of the nucleus. To
protect from oxygen the cell layer was shieldedhv@tow Fade Gold (Invitrogen) and sealed with nalil

polish. To preserve the samples, they were storéaki cold protected from light.

Indirect Immunofuorescence

Cells were grown and fixed as above. After washimigh PBS, cells were additionally
permeabilised for 20 min with IF buffer (s.chaptet.9). Then first antibodies against either
endogenous protein or its tag, were diluted 1:5001F buffer, if not stated differently (s.
chapter 4.1.10) and applied on the fixed cellsifdr.5 hrs. In three wash steps first antibodiesewer
removed before addition of the corresponding flaoceatly labeled secondary antibody (1:1000
dilution) for 45-60 min in the dark. As a referenicg background staining, one sample was only
incubated with the secondary antibody. After thglowashing with PBS, cells were DAPI stained

and shielded as described before.

4.2.6 Insect cell culture

Insect cells were cultured in respective mediald€3n a controlled environment in collaboration
with Dr. V.Férnandez-Saiz. For virus production9 Sfere transfected with BacFectin (Invitrogen)
and the cDNAs encoding the entire coding regionhoman Fbxo9, Fbxw7, Cull, Rocl, and
Skplinserted into the baculoviral expression veg@®BastBac6 (Invitrogen). After five days virus
containing supernatant was used to infect High Eels that could produce high amounts of the

recombinant proteins in their media for furtherification.
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4.2.7 Bacteria cell culture

For amplification, all bacteria were cultivated liB Media at 37°C under constant shaking, to
allow optimal oxygen distribution in the culturé.recessary, selection pressure was applied using
100pg/ml Ampicillin or 50ug/ml Kanamycin. For longrm storage an over-night culture was

supplied with 30% Glycerol and kept frozen at -80°C

4.2.7.1 Transformation

For amplification, desired plasmids were transfatnre chemically competent NEBEI' E.coli
bacteria using a heat shock for 45 sec at 42°C satdequent incubation on ice for 2 min. For
recovery, cells were supplemented with SOC Meddhamitated at 37°C for 1 hr. Bacteria suspension
was distributed on LB-Agar plates containing amtilsis specific to the resistance encoded on the

respective plasmid. Bacteria colonies were visdfler 12h incubation at 37°C.

4.2.7.2 Induction of protein expression

For expression of recombinant proteins, pGEX-4T2tmes coding for the desired GST-fusion
proteins were transformed in BL21. Positively seddacolonies were amplified in L.gr media over
night at 37°C. The Optical Densitiy (Q@§g of the culture was assessed photospectromeyriaali
adjusted to be 0.4 - 0.6 with LB media. This vahkispecific for exponentially growing bacteria. Tihe
1 uM IPTG was added to induce expression from #€ bromoter for 2 hrs. The activity of the LAC
promoter is usually blocked by the Lac repressdemde. By binding to this repressor IPTG removes
it from the promoter and allows for active trangtidn of the encoded gene. The bacteria were
harvested by centrifugation and the pellet frozet8@°C. In a following GST-Purification (s. chapte

4.2.2.4) recombinant proteins could be extracted.

4.2.8 Data mining

In order to investigate a potential correlationwesn the expression levels and response to the
proteasome inhibitor Bortezomib, a previously psiiid gene expression data set available at Gene
Expression Omnibus (GE8Y (GEO accession number: GSE9782) was correlated avitcome in
clinical trials of Bortezomib treatment by Prof.Blullinger (University of Ulm). Based on the
normalized gene expression data provided in thesigpy, expression data was correlated with
clinical data. Samples were grouped based on trdtam&bxo9 expression (probe set 238472_at).
Kaplan Meier curves were plotted using GraphPashid (GraphPad Software Inc., La Jolla, USA).

Further expression data were retrieved from theoBime websitd’. Histograms depicting
Fbxo9 gene expression in each sample, as welsaglant’s t-test giving a P value for the compariso
of candidate gene expression between the groups, el#ained directly through the Oncomine 3.0

software.
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5 Results

The presented data of this study was obtained @opa large collaborative project, which was
jointly conducted by the submitting author (Biar®abrina Targosz, M.Sc) and Dr. Vanesa
Fernandez-Saiz at the research group of PD DridAldassermann at the Klinikum rechts der Isar
(TUM) as well as other collaborators. To ensuremmrehensive presentation of the results within the
scope of the project, the present work comprises #hlose results that were provided by researchers
other than the submitting author. For clarity, thasntributions are indicated in the following test

well as in the figure legends.

5.1 Fbxo9 mediates degradation of Tel2 and Ttil pro teins in response to

serum withdrawal to regulate mTOR abundance and fun  ction

5.1.1 Fbxo9 interacts with Tel2 and Ttil

In an attempt to identify interactors of the orphl&abox protein (FBP) Fbxo9, an unbiased mass
spectrometry (MS) based screen for co-immunopretipg proteins was conducted by Dr.
V.Férnandez-Saiz (TUM). To this end FBXO9 gene wlaged into an expression vector that encodes
an N-terminal tag consisting of a combination ofndam-Strep-single-FLAG peptides. After
transfection into human embryonic kidney (HEK) 29&ls, the
resulting fusion-protein was subsequently expresteid allowed
for Tandem affinity purification (TAP), a methodathenhances
specificity and reduces false positive counts ljapter 4.2.2.4).
To account for the reduced sensitivity of a TAPlagge scale
purification with cell lysates of 2x2@ells was performed. As a
control, cells were transfected with an empty ve@Rirl) and the
cell lysate subjected to the purification process parallel.

Figure 9 shows 5% of the final eluate visualisedao®&DS-gel
with silver staining methods. The prominent band58tkDa
(s. molecular weight (MW) marker on the left) wastetted at the
171 _ expected size of the Fbxo9 protein. Compared tadomerol (Ctrl)

Figure 9: Silver Gel of TAP- purified Fbxo9 for massspectrometry analysis. Tandem-Strep-single-FLAGaggec
(SF-TAP)-Fbx09 (Fbx09) was transiently overexpresseih HEK293T cells (2x109 cd$) and subjected to

sequential immunopurification com-prising immobilisation on Strep-Tactin beads and elution with desthiobiotin ir
the first step, and immobilization on anti-FLAG resin and elution with 3XFLAG-octapeptide in the second step. Tl
FLAG eluate was separated by SD®AGE and analysed by mass spectrometry. As a contrgCtrl), a parallel
purification was performed from HEK293T transfected with an empty vector. The depicted gel corresponds t6%
of the final FLAG-eluates visualized by silver staimmg. (MW: molecular weight) [Data provided by

Dr. V.Férnandez-Séiz|
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eluate, there are several bands with a strong Isigieasity, which is only present in the Fbxo9atky
indicative of putative abundant interactors of Fxdhe weakly stained bands that are present im bot
lanes reflect the unspecifically co-purifying prote Eluates were analysed in the MS facility o th
chair for Proteomics and Bioanalytics (TUM) in etlbration with Prof. B. Kiister and Dr. S. Lemeer,
and a list of detected peptides was provided. WiBpdackground detection was defined as similar
peptide counts in both the Fbxo9 and Ctrl eluatk @mitted from further analyses. Interestingly, the
resulting list of putative interactors of Fbxo9 d&d a high number of peptides corresponding to the
proteins Skpl and Cull — the main components oStBE complexes (s. chapter 3.2.3.3). This served
as an internal control that indeed interacting girst of the FBP Fbxo9 can be co-immunoprecipitated
by TAP and subsequently be detected by MS analgdier an intensive review of the MS results,
Telomere length regulation protein Tel2 homolod{®16868) — in the following referred to as Tel2
— emerged as an interesting candidate with teruenpgptides identified (Table 10). Tel2 is a protei
of 838 aa and the peptides detected could coveosiltine entire protein of ~ 95 kDa with high
confidence (Table 10).

Sequence I(L\Anas?ggrt o Modifications Start Stop
(R)QGLLSAVSSVLLSLPAAR(L) 72.1 768 785
(R)EVSVELAK(V) 26.45 551 558
(R)LVEQVPDR(A) 28.05 255 262
(R)QGLLSAVSSVLLSLPAAR(L) 34.48 768 785
(R)AMEAVLTGLVEAALGPEVLSR(L) 25.89 Oxidation (+16) 63 283
(R)LLEDLMDELLEAR(S) 90.83 786 798
(R)LLEDLMDELLEAR(S) 73.31 Oxidation (+16) 786 799
(K)AVLICLAQLGEPELR(D) 63.76 | Carbamidomethyl (+57) 63 377
(R)QGLLSAVSSVLLSLPAAR(L) 94.96 768 785
(R)LQQENLAEFFPQNYFR(L) 111.71 171 186
(R)AMEAVLTGLVEAALGPEVLSR(L) 90.93 Oxidation (+16) &3 283

Table 10: Sequences and modifications of the idenfl peptides corresponding to Telomere length reguli@n
protein Tel2 homolog (IPI00016868) (Tel2). The letter ‘m’ or ‘c’ represent Oxidation or Carbamidomethyl,
respectively. [Data provided by Dr. S. Lemeer and Rif. Dr. B. Kister]

Because Tel2 is known to regulate the abundand@liiKs as part of a protein complé¥ the
MS analysis data was further scanned for its icterg protein. Indeed, also Tel2-interacting protgi
homolog (IPI 00011702) — from now on called Ttiteuld be matched to five unique peptides of the
list of putative interactors of Fbxo9 (Table 11}ilTis a large protein of 1089 aa and ~128 kDas thu
only a relatively small portion of the protein wesvered by the identified peptides (Table 11). This
might reflect stochiometric abundance of the protbut could as well be explained by experimental

limitations to detect all resulting peptides ofITtiith the MS method.

The role of UPS in MM | Results




Bianca-Sabrina Targosz, M.Sc.

Sequence Mascot Modifications | Start| Stop
lon score)
(K)FSTLSLLLGYLK(L) 41.07 398 409
(K)ALADILSESLHSLATSLPR(L) 47.69 369 387
(K)FSTLSLLLGYLK(L) 92.03 398 409
(K)ALIQVLELDVADIK(I) 76.35 431 444
(K)YQLGDLFASFLPGISTALTR(L) 71.94 201 219

Table 11: Sequences of identified peptides corresponding fiel2-Interacting protein 1 homolog (IP1 00011702)
(Ttil). [Data provided by Dr. S. Lemeer and Prof. Dr.B. Kister]

To confirm the results of the MS screen, a serfeBnonunoprecipitations (IP) was performed by
Dr. V.Férnandez-Séiz. First, to out rule that iatdions of Fbxo9 with Tel2 and Ttil are mediateal vi
other components of the SCF, binding to five ddfdr FLAG-tagged FBPs was tested in a
simultaneous experiment. Expression constructs wemesfected and cells collected for analysis
24 hrs post transfection. As negative control aptgmector (EV) was used. Western blot analyses of

whole cell extracts (WCE) show expression levelsttedf different FBPs, as well as endogenous

expression of Ttil and Tel2 proteins WCE IP: a-FLAG
(Figure 10). While all FBPs could be o o o e
©C OO0 OO0 OO0 OO0 O

efficiently immunoprecipitated (IP), a co- > 338333 >33 838 38

Wy W Iy Iy TN W 1/ [ W W W W T
immunoprecipitation of Tel2 and Ttil could - -
only be observed with Flag-tagged Fbxo9. - - FBPs

* -...-- - (a-FLAG)

This result suggested a specific interaction of - -
Tel2/Ttil with Fbxo09. To further confirm this - —— o Tti1
notion reciprocal IPs with FLAG-tagged Ttil = — """ § b Tel2

Figure 10: Fbxo9 is the only Fbox protein that interacts with
Tel2 and Ttil. HEK293T cells were transfected with emty
vector (EV) or constructs of the indicated FLAG-tagg@d F-box
interaction, in  immunoblot  analyseproteins (FBPs). Whole cell extracts (WCE) wer

endogenous Fbxo9 was detected to immunoprecipitated (IP) with anti-FLAG beads, and subjecte

or Tel2, respectively, were performed by D
V.Férnandez-Saiz. As expected for a dire

immunoprecipitate with both overexpresseto a denaturing SDSPAGE, immobilised on a membrane b

. o Western Blot methods and subsequently probed wi
proteins and while in the control IP (EV

Fbxo9 could not be detected (Figure 11).

antibodies to the irdicated proteins. Asterisks denote
nonspecific band.[Data provided by Dr. V.Férnandez-Saiz]

Thus starting from an unbiased approach, an F-pexific association of the orphan Fbxo9 with Ttil

and Tel2 could be demonstrated.
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IP: IP:
WCE a-FLAG WCE  o-FLAG
= = o 8
F = e N
¢ 2 g 2
o T oo o o o
— 8 Tti1 (o-FLAG) —_ & Tel2 (-FLAG)

— e " I;bxog -— .- -? . }bxog

Figure 11: Reciprocal co-immunoprecipitation of Fbx9 with Ttil and Tel2. HEK293T cells were transfected
with empty vector (EV) or FLAG-tagged Ttil (left panel) or Tel2 (right panel) constructs, respectivelyWhole cell
extracts (WCE) were immunoprecipitated (IP) with ani-FLAG beads and probed with the indicated antibodes.
Asterisks denote nonspecific band§Data provided by Dr. V.Férnandez-Saiz]

5.1.2 SCF™° ybiquitylates Tel2/Tti1

The direct binding of the proteins suggests a eebiochemical interaction, and thus it was
tested by Dr. V.Férnandez-Saiz, whether Fbxo9 pssseubiquitin ligase properties towards Tel2 and
Ttil. In a reconstituted system, purified composeot the E3 ligases SEE*° or SCE™ were
incubated with ubiquitin, E1 and E2 enzymes (spt#ra4.2.2.6) to test ubiquitylation of FLAG-
tagged Tel2 or Ttiln vitro (Figure 12). Polyubiquitylation can be visualidsdwestern blot analysis
as a vertical accumulation of signal depicting thgltiple numbers of ubiquitin conjugates. This is
only observed for Tel2 (Figure 12a) or Ttil (Figut&b), respectively, if the SCF complex is
reconstituted with Fbxo9, but not with an altermatF-box (Fbxw7) or in the absence of an FBP
(Ctrl). During the course of time the polyubiquétibn signal becomes more intense, which is
indicative of a fully functional reconstituted sgst. It is also worth noting that at the start @ thac-

a Tel2 b Tti1
Ctrl Fbxo9 Fbxw7 Ctrl Fbxo9 Fbxw7

"I | Ub, H“ Ub,

e il = — O-FLAG —asanen o-FLAG
Egjgo 60 90 min) _ Eénfo 60 90 min)

Figure 12: SCE™specifically ubiquitylatesTel2 and Ttil. In vitro ubiquitylation assays of Tel2 (a) and Tti1 (b)
proteins. SCE™® and SCF™" were expressed using baculoviruses and purifieddm Sf21 insect cells. FLAG-tagged
Tel2 and Ttil were immunoprecipitated from HEK293T celk. Reactions were supplemented with ubiquitin, E1,ral
E2, and the respective E3 incubated at 37°C as spéed, and subjected to immunoblotting with the indiated
antibodies. As control (Ctrl) no E3 was added. The lackets on the right side mark polyubiquitylated (UkR) Tel2 or
Ttil, respectively. [Data provided by Dr. V.Férnande-Saiz]
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tion (0 min) neither FLAG-Tel2 nor FLAG-Ttil1 purdd from human cells are detected when tested
with an ubiquitin specific antibody. This excludég possibility that the signal observed could ltesu
from a prior ubiquitylation event during cell cuitug.

Even though ubiquitylation of Tel2 and Ttil wasestively observed for the active SCEin
vitro, it remained to ensure that ubiquitylation is doé to the utilisation the artificial system. Thas
identify the relevance of the ubiquitylation reaatiinin vivo, HEK293T cells were transfected with
expression vectors coding for HA-tagged Ubiquititb), Fbxo9 and FLAG-tagged Tel2 or Ttil,
respectively. Addition of the proteasome inhibidG132 prior to analyses blocked the degradation
by the UPS to allow detection of cellular Ub corgtes. The ubiquitylation substrates Tel2 and Ttil
were then immunoprecipitated under denaturing d¢mmdi by Dr. V.Férnandez-Saiz to detect only
covalently bound Ub moieties (s. chapter 4.2.2.%estern blot analyses showed a strong
accumulation of ubiquitylated Tel2 (Figure 13a) detected by an HA-specific antibody under
conditions when Fbxo9 expression was enforced @né&f note in lane 2 a weak vertical signal
accumulation could be shown, indicating that Ted® also be polyubiquitylated by the endogenous
E3 ligase, since Fbxo9 was not overexpressed. Henyvtvs signal disappears in controls without Ha-
tagged Ub or Tel2 (lane 1+4). Similarly, for pweidi Ttil an enhanced intensity of the polyubiquitin
signal can be detected once Fbxo9 is overexpreg§agure 13b/lane 4). Again, a weak
polyubiquitylation signal can be detected withoddition of the exogenous Fbxo9 (lane 2).

Ha-Ub o o o Ha-Ub e o e @
Fbxo9 e o Fbxo9 @ o B
Tel2 o e o Ttid e o o
MG132 ® o o o MG132 o e .
Tel2 Tti1 M ﬂ' Ub (a-HA)
Ub, l Ub (a-HA) Ub,
-
“=Eame» 1.2 (o-FLAG) = v = Tti1 (0-FLAG)
IP: a-FLAG IP: a-FLAG

Figure 13: SCE™®specifically ubiquitylatesTel2 and Ttil. In vivo ubiquitylation assays of Tel2 (a) and Ttil (b)
proteins. HEK293T cells were transfected with plasmigl expressing FLAG-tagged Tel2 or Ttil, HA-ubiquitin ad
Fbxo9 as indicated. Following treatment with MG132,extracts were prepared and subjected to anti-FLAG-
immunoprecipitations using denaturing conditions. The brackets mark polyubiquitylated Tel2 or Ttil (Ub,). [Data
provided by Dr. V.Férnandez-Saiz]

Together, the above ubiquitylation experiments dadéntify Tel2 and Ttil as specific substrates
of the E3 ligase SCB*°
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5.1.3 Tel2/Ttil protein levels decrease upon serum  withdrawal

Because the observed polyubiquitylation possiblycfions as a degradation signal, stability of
Tel2 and Ttil proteins was further examined. Cogréid), the well-established role of UPS in cell
cycle regulation, a first approach was to testgmoexpression during the cell cycle. However, as
shown in Figure 14 the levels of Tel2 and Ttil werainly unchanged throughout the cell cycle.
Synchronised progression through the cell cycléeigicted by strong signals of the mitotic markers
phosphorylated HistonesHp-HH3) and Polo-like-kinase 1 (PIk1) as cellseemhitosis, as well as by
increasing detection of cyclin E — an early S-Pharsgein (Figure 14a, b). The cytoscletal protein
o-tubulin and the stably abundand Skpl were usedoatols to ensure that an equal amount of

protein lysate was analysed in the immunoblot.

a hrs post NOC release b hrs post 2xThy release
02 46 912 02 46 8101214
------ Tel2 - — - - Tp|2
—————— {1 —— = - - 11
SEEW®. . inE SpR——— |1
- Plk1 — @ p-HH3
- p-HH3

S -tubulin

Figure 14: Cell cycle profile of Tel2 and Ttil. (a) @Il cycle release from M-Phase to S-Phase entry. He cells
were pre-synchronised with 2 mM Thymidine (Thy) and eleased into Nocodazole (NOC) (c = 500 ng/ml) coirtang
media for 16 hrs. Mitotic cells were released frontheir block to uniformly progress into S-Phase. Saples were
harvested at times indicated and probed for the inidated antibodies. (b) Cell cycle release from S-Rke to M-Phase
entry. HelLa cells were synchronised by a double Thiglock (2xThy) and released to progress to M-Phase.dltected
samples of the time course were subjected to immublotting with indicated antibodies.

As protein levels of Tel2/Ttil were constant durithg cell cycle, other biological contexts that
would specifically cause Tel2/Ttil degradation wersted. Because Tel2 and Ttil proteins regulate
the abundance of all mammalian PIKKs (ATM, ATR, D¥Xcs, SMG-1, TRRAP, and mTOR)
(s. chapter 3.3.5), Tel2/Ttil expression was maoedo in response to a series of PIKK
activating/inactivating stimuli. These experimersntified a decrease in Tel2/Ttil expression level
in response to growth factor withdrawal (SD), wha#&er growth factor stimulation (SA), levels
increased (Figure 15a). Notably, the destabiliratibTel2/Ttil paralleled decreased expressiomef t
different PIKKs, particularly mTOR (Figure 15a), kmown regulator for response to nutrient
deprivation (s. chapter 3.3.1). Evidently, the pimsylation of the downstream targets of mTOR
kinase Akt, S6K1, and S6, could not be detectedr aferum deprivation (SD), but detection was
quickly restored upon serum addition (SA) (Figuba)l Since T98G cells are revertants from T98

glioblastoma cells, which acquired the propertyat@umulate in the cell cycle phasg& in low
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serum concentrationstarvationcould be monitored by elevated levelstoé C,-Marker cyclin D1
under deprived conditions (SCFigure 15a). Moreover, rentry into the cell cycle was ecked by
accumulation of cycliih signal after 2 hrs post SA (Figure 15a). On the othand, mRNA level.of
Tel2 and Ttil after serum withdrawal were unchanged, suggestiotgip degradation by the UF
(Figure 15b). Importantly, alsBbxo9 and mTOR mRNA levels are largely unaffected, arguithat

their expression regulatidakes placwon the post-translational level, too (Figl&b).

a gp SA
S4872 2 4 6 78 9101224 27 hrs
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Figure 15 Effects of serum deprivation (SL) and serum addition (SA in T98G compared to normal cultivation in
serum (S). (a) Human T98G cellsrévertants from T98 glioblastoma cells that acquiredhe property to accumulate in
Gy/G; in low serum)were either grownin the presence of serum (S: 10% BS) or deprived of serum (SD: 0.02% FB)
for up to 72 hrs. After this period, serum was added (S/10% FBS). Protein extracts were analysed b
immunoblotting with antibodies to the indicated praeins. (b) mRNA levels of the indicated gentin T98G cells under
serum or serum deprivation (48hrs)were analysed using reatime PCR in triplicate measurements(n [number of
independent experiments] = 3; + sd [standard devi@n]). The value given for the amount of mRNA in the senm

treated sample of each gene wast as 1

Since the ubiquitiation studiesof Dr. V.Férnandez-Saiz (Figure 12+i)gges an UPS mediated
degradation of Tel2/Ttilinhibiting the proteasome in nutrient deprived T98€lls was expected
reverse the decrease Bél2/Ttil. Indeed, treatment with proteasome irtbibMG132reproducibly
prevented the disappearance of Tel2 and Ttil sigmastarved Ctrl cell(Figure 16/lanes 1+2) and
concomitantlyled to increasedevels of mMTOR (3-fold)and other PIKKs (ATM+ATR Of note,
serving as positive control for functional proteaso inhibition levels of known trgets,

phosphorylated S6K1 and cycll, showeda marked decrease or increase, respec’>*"?
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Figure 16: Tel2/Ttil degradation is mediated by the biquitin proteasome system in an Fbxo9-dependent

manner. T98G cells were infected with short hairpin(shRNA) constructs directed against a non-relevanmRNA

(Ctrl) or against two distinct sequences ofbxo9 mRNA. Cells were deprived of serum (SD: 0.02% FBSpr 48 hrs

and during the last 4 hrs before harvesting, cellsvere treated with 10 pM MG132 where indicated. Pratin extracts

were analysed by immunoblotting with antibodies tahe indicated proteins. The right panel shows quaification of

respective protein band intensities averaged ovehtee independent experiments. The control sample-(MG132) was

setas 1 (n = 3; £sd).

IP: a-FLAG
Ctl  FLAG-Fbxo9
S S SD SA SA
- - - - + CKe
emanenew
(a-FLAG)

T e g e (2

Figure 17: Fbx09 binding to Tel2/Ttil
upon SD. U20S cells, infected with
retrovirus expressing FLAG-tagged Fbxo!
or control virus and transfected with &
CK2 expression plasmid where indicate(
were either grown in normal serum (S
10% FBS) or deprived of serum for 48 hr
(SD: 0.1% FBS) and then activated wit

2hrs (SA:10% FBS)
cell lysates were prepare

serum  for
Thereafter,
subjected to immunoprecipitations (IP)
with anti- FLAG beads and immunoblottec

with antibodies to the indicated proteins.

If the SCE™°marks Tel2/Tti1 for degradation especially
upon serum withdrawal, it is conceivable that thieieraction
would also be enforced under such conditions. T tkis
hypothesis IPs of overexpressed Flag-tagged FbixdBferent
conditions were probed for binding to Tel2 and Tibteins.
Indeed, after SD the detection of bound Tel2 antl Was most
pronounced, while levels of precipitated Fbxo9 wareilar in
all conditions tested (Figure 17/lanes 2-4). A mueksfected
control (Ctrl) was used to show specificity of tlsggnals
(Figure 17/lane 1).

To this indirect

immunofluorescence (IF) staining analyses (s. @rap.5.12)

further  strengthen hypothesis,
were performed to investigate co-localisation ofxé® and
Tel2 or Ttil. The microscopy studies revealed docadization

of Tel2 and Ttil with Fbxo9 (Figure 18) as depictad the
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yellow colourin the merged ima¢. While Ttil (shown in geen) is generally cytoplasmiFigure
18a), Tel2 (shown in green) localises to the nuckeus cytoplasm under normal conditions, whe
it fully co-localises with cytoplasmic Fbxo9 (shown in redserum depried cells Figure 18b). The
DNA was counterstained with DAPI (shown in blue)visualise the nucleus. Thus, Tel2 and ~

associate with Fbxo9 particularly under conditiohserum deprivatio

a i Fbxo9

Fbxo9 DAPI

DAPI

Figure 18: Codocalisation of Fbxo9 and Tel2/Ttil under S and SD. &7 cells were transiently transfected witl
plasmids encoding HAtagged Fbxo9 and either FLAC-tagged Ttil (a) or Tel2(b). Cells were then cultured in normal
serum (S: 10% FBS) ordeprived of serum for 5 hrs (SD: 0.02% FBS). There#ér, cells were fixed with methanol anc
incubated with anti-FLAG antibody (green) and ant-HA antibody (red). DNA was counterstained with DAPI (blue).

Scale bars represent 10 pm.

5.1.4 Fbxo9 loss impairs protea somal degradation of Tel2/Ttil under serum
deprivation

To further test whether Fbxo9 maygulate the stability of Tel2/Ttitluring serum deprivati,
two different short hairpin RNA (shRN constructs to silence the mession of Fbxo9 wel
retrovirally introduced into T98G cells. Depletioh Fbxo9 using either shRNA inhibited the stron
decreased signal of Tel2 and Ttil after serum wawal (Figure 19 compared to the ccrol
experiment (Ctrl). Importantly, statsation of Tel2 and Ttil was associated wdetection of
increased expression levels of different PIKIFigure 1%). This effect was most prominent
MTOR, in line withits most marked loss of abundance in responsertonseithdrawe (Figure 15).
Importantly, stabilization of Tel2/Ttil and mTORstdted in sustained phosphorylation of
MTORC1 substrate S6K1, while phosphorylation of ,ABh mMTORC2 substrate, was furtt
restrained. As expected, general levels of S6K1Akidvere not affected by starvation, as well as
levels of MTORC1 and mTORC2 components Raptor otoRirespectively, suggesting an oppos
deregulatory effect on mTOR@ signalling. Of note, also phosphorylation ofk€l— a target of
ATM — was strongly attenuated in Fbxo9 depleted celtdicative of an additional involvement f
DNA damage response (DDR) mechanism. However, iefficstarvation could be monitored
increase of p27 levels, a marker accumulating o-Phase. These results wereproducible and

respective western blot signal quantifications aged over three independent experiments sho
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overall threefold increase of signals for Tel2,17TmTOR and pS6K1, and similar dimensions
decrease for p-Akt (Figure b Furthermore, in cells depleted of Fbxo9, treatnveith the MG13Z
had no additional effect on the stability of Tel@2lTand the PIKKs, demonsting that proteasomal
degradation of Tel2/Ttil is strictly dependent dx®&9 (Figure 16/lanes 3-6).

a Ctrl Fbxo9 1 Fbxo9 2 shRNA
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Figure 19 Fbx09 depletion in serum starvation. (a) T98G cedl were depleted of Fbxo9 with twoindividual

418 hrs post 5D

W sh_Cirl sh_Fbxo3_1 g sh_Fbxo9_2

shRNA constructs. Those ells were serum deprived (SD: 0.02% FBS) for indicad times, and subjected t
immunoblot analyses for the indicated antibodies.k) Quantification of proteins shown in (a) averagedwith two
additional, independent experiments.The value given for the amount of protein present inthe control sample
(sh_Ctrl) was set as 1 (n = 3; + sd).

To validate the observed results on differentiglifation of mMTORC1 or mTORC2 signalling a
general cellular mechanism governed by Fbxo9,lar studies were conducted in primary hur
IMROO0 fibroblasts. Notably, cells treated for natrt deprivation under depletion of Fbxo9 by ei
small interfering RNA (siRNA (left panel) or shRNA (right panel) rroduced above resulin T98G
cells (Figure 20). Afterexum withdrawe, depletion of Fbxo9 impaired signal reduction of Z'ahd
Ttil, stabilised mTOR levels, sustained phosphtigitaof S6K1 or its target S6, t diminished
phosphorylation of Akt, whea: levels of the two kinases were unaffectétiese results strong
suggest thatFbxo9 degradation of Tel2/Ttil in response to sthow represers an universal

mechanism to differentiallsegulate mMTORC1 and mTRC2 signalling pathway
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Figure 20: Fbxo9 promotes degradation of Tel2/Ttil irresponse to serum withdrawal in primary IMR90 celk.
IMR90 cells were treated with siRNAs directed agaist Fbxo9 or LacZ (left panel) or infected twice withshRNA
constructs directed against~bxo9 or against a non-relevant mRNA (Ctrl) (right pane). Cells were grown in normal
medium (S: 10% FBS) or deprived of serum (SD: 0.29%-BS) for 48 hours. Protein extracts were then prepad and

probed with antibodies as specified.

5.1.5 The function of Tel2/Ttil in serum deprivatio  nis modulated by loss of Fbxo9

As depletion of Fbxo9 resulted in non-physiologiaatumulation of Tel2 and Ttil proteins, the
next investigations analysed effects of overexged%Il2 or Ttil upon serum withdrawal in parallel.
Tel2 was reported in the literature to affdemnovo synthesis of ATM and mTO®, thus in arin vivo
labelling experiment protein synthesis of these kivases was monitored as a read-out for Tel2/Ttil
function (Figure 21). Under deprived conditions #maount of newly synthesised protein is usually
low, as shown for the control cells (sh Ctrl/lade$), but upon knockdown of Fbxo9 an increase in
de novo synthesised mTOR and ATM could be detected by adiography (lanes 2+7). This effect
could be recapitulated to some degree by overesioresf either Tel2 or Ttil (lanes 3, 4, 8+9). The

WCE IP: a-mTOR IP: a-ATM
N @ D = o E
3 % ,9 s _ 9 & n = g & -
- E 58 O j=e)
& 2¢ SLgg Of 5%
s . . == e Fhxo9 g e
= - - e = mTOR
B FLAG [3°S]Met/Cys auto-radiograph

Figure 21: De novo synthesis of mMTOR and ATM is mediated by Fbxo9. U208ells were retrovirally infected
with either shRNA to Fbxo9 or expression constructcoding for Tel2 or Ttil as indicated and serum stared
(SD: 0.02% FBS), pulse labelled witj**S]Met/Cys for 2 hrs, and subsequently subjected to imunoprecipitations (IP)
with antibodies to either mTOR or ATM. De novo protein synthesis was visualised by autoradiograph Whole cell

extracts (WCE) were immunoblotted with antibodies tathe indicated proteins.
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efficient knockdown and overexpression, respectivaie depicted with immunoblotting (WCE). Of
note, the effect was more pronounced for mTOR, Wwhiakes sense considering its essential role

during starvation (s. chapter 3.3.1)

5.1.6 Ttil/Tel2 degradation and its impact on mMTOR functions upon serum
withdrawal
As differential changes of mMTORC1 and mTORC2 phosghtion substrates were repeatedly
found in above experiments, further investigatidosussed on the elucidation of the integrity of
MTOR signalling after Fbxo9 loss. To this end agbwth and mRNA translation were tested as
readouts of a functional mMTORCL1 pathway (s. chaht@2.3), while proliferation and survival were
assigned to be specific for mTORC2 signalling (mpter 3.3.3.3). In flow cytometric analyses, cell

size was determined by forward scatter (FS(

A 0 hrs 48 hrs post SD
analyses (s. chapter 4.2.5.11). Starved ce _
(]
treated to downregulate Fbxo9 (blue and re ‘é — sh_Ctrl
were larger than control cells (black), as shown % sh_Fbxo9_t
Figure 22, (@] == sh_Fbxo9_2
Likewise, protein translation was enhance cell size (FSC-H)

upon loss of Fbxo9. In luciferase assa Figure 22: Cell size is increased upon loss of Fbx
T98G were retrovirally infected with shRNA constructs

(s. chapter 4.2.5.10) the Cap-dependt y
) ) ) directed against a nonrelevant mRNA (Ctrl) or against
transiation of a luciferase MRNA with a Ster]two distinct sequences ofFbxo9 mRNA. Cells were

loop structured 5-UTR was measured Upweprived of serum (SD: 0.02% FBS) for 48rs or left

nutrient deprivation and demonstrated wntreated (O hrs). Forward scatter analyses (FSE4) of

increased translation activity in cells depleted CyPhase gated cells were performed to determine tteize.

Fbxo9 by siRNA (Figure 23). As control (Ctrl) nopegific SiRNA against LacZ was utilised. While
translation is usually reduced to minimal levelsstarved conditions (= 100%), deletion of Fbxo9
increased the activity more than 1.5-fold. Altemgdtein levels mediated by siRNA are shown in

Western blot analyses. In sum, both experimenisantelincreased mTORCL1 signalling.
Figure 23: Elevated Cap-dependent translation
200 - during starvation upon depletion of Fbx09. HEK293T cés
—I— were transfected with a pCMV-SL-LUC reporter plasmid
together with a pRL-null Renilla luciferase plasmid and
100 A Ctrl Fbxo9 siRNA siRNA oligonucleotides against the non-relevantacZ or
Fbxo9. Cells were serum starved (SD: 0.1% FBS) for

48hrs, and luciferase activities were measured by dual-

-— Fbxo9

in vivo translation
(%relative units)

-— == Cull

luciferase assay. Data are the means of three indapdent

Ctrl Fbxo9 siRNA experiments (in duplicate) (n=3, *sd). Protein leus of

Fbxo9 are shown in the right panel.
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In stark contrast, BrdU uptake, indicative of plerating cells, was decreased in serum starved
cells upon Fbxo9 knockdown (Figure 24). In a 2D cgtle analysis (s. chapter 4.2.5.11) by flow
cytometry, distribution over the different cell tyhases was assessed. While the cell cycle gisfil
almost identical in untreated conditions (panel)1 with few cells detected in subsGnd the lion
share of cells being in S-Phase, significant diffees were observed in serum starved states
(panels 3+4). As cells need to adapt to shortnésaitnients, proliferation is normally reduced, as
evidenced by a reduction of replicating cells iRls&se (from 40.9% to 26.7%) and accumulation of
cells in G (from 31.8% to 44.5%) (compare panels 1+3) in thetrol cell lines. For cell lines lacking
Fbxo9, the proliferative capacity is further reddiggnumbers shown in bold) compared to their
respective controls (panels 3+4). Also quite stigky, the fraction of cells in subs@ses from 12.1%

to 32.1% for Fbxo9 depleted cells, indicative afrgased cell death.

A Ctrl Fbxo9 shRNA
1 2
0 hrs
post SD
=
©
j -
Q
o
A 48 hrs
L post SD
— FL2-A (P)
% | Sub-G1 | GI S GaM
1| 73 318 | 409 | 19.1
2 | 82 359 | 367 | 167 S
3 | 121 246 | 267 | 153 sub-
M
4 | 321 367 | 193 | 103 G, |G Gdf

Figure 24: Proliferation is reduced upon Fbxo9 loss2D cell cycle analysis (BrdU/PI) of T98G infecteavith Ctrl
or shRNA for Fbxo9 were performed for untreated orserum deprived (SD: 0.02% FBS) conditions at timemmdicated.
Distribution of the cell population over the four dfferent cell cycle phases sub-G1, G1, S and G2/Meshown in the
table below.

To gain further insights on cell death stimulatistarvation sensitive HeLa cells were deprived of
serum for subsequent induction of apoptosis. AsTRBG cells, deletion of Fbxo9 abolished serum
withdrawal induced destabilisation of Tel2/Ttil anTOR, and induced oppositional deregulated
phosphorylation states of S6K1 and Akt, respegtivigldicative of an expedient cell line to study
MTOR pathways (Figure 25). Immunoblot analysexfeaved forms of the apoptotic markers PARP
and caspase 3, revealed a specific increase dlsadier SD, which was much more pronounced in

Fbxo9 depleted cells (lanes 2+4), indicative fdnrarced apoptosis induction.
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Ctrl  Fbxo9 shRNA Taken together, loss in mMTORC2 signalling duringnsition can be
0 30 0 30 hrspostSD . .
. Fbxo9 enhanced in an Fbxo9-dependent fashion.

w= g =4 == MTOR

- - ?212 To finally exclude that possibly other Fbxo9 resgive factors are
- - - e

- e == == D-S6K1(T389) involved in the deregulation of MTOR signallingc@mplementation
e w=  p-Akt(S473)
— e o v DARP

—~ == == w= cleaved PARP Mmain action accompanying Fbxo9 loss, depletion ef2Tor Ttil
= s == = caspase 3
@+ s« == W cleaved

e caspase 3 former results (s. Figure 22) cell size was incedas Fbxo9 depleted
“om e (-tUDULIN

approach was designed. If stabilisation of Tel2/Twias indeed the
proteins should readily reverse the observed pigpast Recapitulating

cells (shown in red) compared to control cells y@hdn black) (Figure

Figure 25: Apoptosis inductior
is enhanced by Fbxo9 depletian 26). However additional siRNA mediated knockdownTal in Fbxo9

HeLa cells expressing either Ctt  depleted cells yielded a similar cell size as camgbdo control cells.

or Fbxo9 shRNA were serum |mportantly, in line with the reported complex fation of
deprived 30hrs (SD: 0% FBS

to induce apoptosis. €Il extracts

Tel2/Tti1**% upon Ttil siRNA treatment, signals for Tel2 are
were analysed with antibodies t decreasing in parallel to those of Ttil, demonstgata mutual
the indicated proteins dependency of Tel2 and Ttil protein levels (Fig@6éright panels).
Furthermore, in the cell lines treated with Fbx¢8RNEA, the mTOR bands showed the starvation-
specific increase only in the presence of endogeitid (lane 2+4). Similarly, phosphorylation level
of S6K1 and Akt, respectively, were also restomredhiese cells, clearly demonstrating that Fbxo9
dependent regulation of mMTOR signalling in respaisautrient deprivation is exclusively mediated

by Tel2/Tti1 specific degradation.

48 hrs post SD Ctrl _Tti1 _ siRNA
_—shct/ — + — + sh_Fbxo9
= si_Ctrl SR T
F — sh_Fbxo9/ [l eme Tel2
g si_Ctrl @ == == = Fbx09
c = Sh_Ctrl/ — mTOR
= si_Tti1 E
8 — sh_Fbxo9/ :Ep EEK”TSSQ)
si_Tti1 B D-AKL(S473)
e I - o ctin

cell size (FSC-H) 48 hrs post SD

Figure 26: Tel2/Ttil degradation via Fbxo9 specificdy regulates differential mTOR signalling after serum
withdrawal. T98G cells expressing either control (shCtrl) or Fbxo9 shRNA were transfected with siRNA
oligonucleotides either directed against a contro(si_Ctrl) or Ttil (si_Ttil) and deprived of serum for 48 hrs
(SD: 0.02% FBS). Cell size was assessed using fordvacatter analyses (FSC-H) as in Figure 22. Wholeell extracts

were prepared and processed for immunoblotting usig the specified antibodies.
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5.2 Phospho-degron dependent ubiquitylation of Tel2  /Ttil via Fbxo9

regulates mTOR signalling

5.2.1 Identification of the degrons

Most SCF substrates are recognized by the FBP ppstitranslational modificaltions (PTM),
usually through phosphorylation of a specific degmwtif (s. chapter 3.2.323%. Hence to identify the
Fbxo9-specific degrons of Tel2 and Ttil, comprehenbinding experiments using deletion mutants
were performed together with Dr. V.Férnandez-Sdiggecify the exact region of Fbxo9 binding to
Tel2/Ttil. To this end, different truncates of bdwl2 and Ttil proteins were generated. Those were
subsequently overexpressed and tested for co-impneapitation with FLAG-tagged Fbxo9 by
Dr. V.Férnandez-Saiz (Figure 27). The N-terminahtate of Tel2 (604-800) cannot be detected in
the Co-IP, while the C-terminal truncate (Tel2 BDHBo-immunoprecipitated with Fbxo9, narrowing
the binding region down to the first 604 aa of ginetein (Figure 27a). For Ttil, binding with Fbxo9
supposedly occurs to the C-terminal part from ad 71089 of the protein, as evidenced by the
absent Co-IP signal for the C-terminal truncaté&tdf (1-647) (Figure 27b/lane 3).

a b
WCE IP: o-FLAG WCE IP: a-FLAG
< < 2} [o)]
© ©
85 o® | e— 080 S« S«
| — 737 oCO% o%% | — 547 “f&)% vég
504 == 800 “@8" Qo | e—1 089 -~ -~
| ee—O 37 S DG 50 0 * T T B
*k AN NN LWFEFF WEF FEFE kDa
S0 D0 20000
WHFFF WHEFFFkDa - & = 130
— -95 . . _
Tel2 proteins (a-HA)| "™ = Te= 7 Tti1 proteins (a-HA) | 72
] -28 - ___ .
Fbxo9 (G.—FLAG) T — — - —— - FbXOg(CL-FLAG) ————— —— e — —

Figure 27: Binding site for Fbxo9 to Tel2 or Ttil. HEK293T cells were co-transfected with FLAG-tagged Fbxo9
and the indicated HA-tagged deletion or point mutats of Tel2 (a) and Ttil (b) (s. graphic on the left)Whole cell
extracts (WCE) were immunoprecipitated (IP) with ananti-FLAG antibody, and the indicated proteins weredetected
by immunoblotting. [Data provided by Dr. V.Férnandez-Saiz]

In a parallel approach phosphorylation of Tel2 &nd proteins was analysed by phosphopeptide
enrichment and subsequent MS in collaboration withMS facility of the chair for Proteomics and
Bioanalytics (TUM) with Prof. B. Kister and Dr. &emeer (s. chapter 4.2.2.4). Assuming that
Tel2/Ttil are preferentially targeted upon SD, bptbteins were overexpressed under normal and
deprived conditions, purified and analysed theesaftor qualitative differences in overall
phosphorylation status. Figure 28 shows the siy@rof proteins purified by Dr. V.Férnandez-Saiz.
Analysis of the eluates by Dr. S. Lemeer and PBofKuster identified phosphorylation of Tel2 at
three serines (S, Ser): $8rSef®’, and Sef* (Figure 29), which are indeed comprised within firet
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605amino acids of Tel2. Further binding experimentsfgened by

Dr. V.Férnande-Saiz could show that mutation of “®°and the close

Sef® to Ala (Tel2S485/487A) strongly impaired «IP detection by

western blot arlysis (Figure 27a/lane 5), showinglevance of tt results.

Figure 28: Silver gel of purified Tel2 and Ttil proteinsfor comparative phosphopeptide
enrichment. FLAG-tagged Tel2 and Ttil were transientlyexpressed in HEK29T cells.
24 hrs post transfection, cells were either culturé in normal serum (S: 10% FBS) or
deprived of serum for 5 hrs (SD: 002% FBS). Thereafter, whole cell extracts were
prepared and processed folP with anti-FLAG beads and subsequent elution with -
FLAG -octapeptide. The eluate was then processedrfMS analyse:. The depicted gel
corresponds to 5% o the final FLAG-eluates visuali®d by silver staining [Data
provided by Dr. V.Férnandez-Saiz]

o0 -H,PO, [M+H]"
2648245 2746009
LAGpPSDpSDLDpPSDDEFVPYDMSGDR
L L L U L L L Ll Ll L L -H PO,
y18 y17y16 y15 y14 y13 y12 yl1y10 y9 y8 y7 y6 y5 y4 y3 y2 yl
2550.409
800 4
600
“ y8 y14-98
940.203 1614.638
400 4 y14
1712791
y15-98
1729.881 -H,PO‘
i 2452575
y5 i
565.244 )”6 i
200 H 1941111 E
rs H
y4 yi1 16- i
434222 H y 6-98 i
y3 m;ggzlz ‘315:“5)"2 ;Y‘S ‘“,! b _.v"- i
347.186 | i y10 |1430538 frs2z.9m / H
1 % i 1186329 ' A
174913 y6 ; . y13 7 y7
i P 680.228 1545.708 i / w0se69 y18
i m:sol‘ J H usy:;;'o i ‘ 2223469
o .I "‘-‘n PR | JAL e m " 1Y mLLLY. ..|LL‘_L ‘.“ A.\.L.._I._‘k_lh.‘-_v:l-“n_-’lm L, "

T
500

Figure 29: Phosphorylatio
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n analysis of Tel2. IMAC enrichmentand subsequent MALDI-TOF mass spectrometry

reveals that the peptide LAGSDSDLDSDDEFVPYDMSGDR of T& is triply phosphorylated, as indicated bythree
major neutral losses of HPO, after fragmentation of the precursor peptide mass. Phosphoryten can readily be

assigned to residues “®, S'%’

and S as the indicative fragment ions, y13, y14 and yl8eclearly present in the

MS/MS spectrum. [Data provided byDr. S. Lemeer and Prof. Dr. B. Kister]
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For Ttil, Set*® — a residue that indeed maps to tt-terminal part of Ttil -was the only residue
found to be phosphorylatebly the analyses of Dr. S. Lemeer and PB. Kuster (Figure 30).
Consistently, the mutation ohe respective S**° to Ala (Tti1S828A) abolished C-IP with Fbxo9
(Figure 27b/lane 5).
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Figure 30: Phosphorylation analysis of Ttil. IMAC enrichmentand subsequent MALDI-TOF mass spectrometry
reveals tha the peptide DVADGNVSDFDNEEEEQSVPPK of Ttil is phosphoylated, as indicated by the major
neutral loss of HPO, after fragmentation of the precursor peptide nass. Phosphorylation ca be assigned to the
residue $?%as the indicative fragment ions, y14 any16 are present in the MS/MS spectrum. [Data providd by Dr. S.

Lemeer and Prof. Dr. B. Kister]

Evolutionary analyses using CLUSTALW alignmentthe identified peptides revealed that *%°

of Tel2 and Sé&f® of Ttil and heir surrounding aminacids are highly conserved, indicative c
functionally important motiffigure 31). Together, the above studies could convincindgntify the
evolutionary conserved mofitpSDSDL** of Tel2 and®™®pSDFDN>® of Tti1 as the relevant bindir
sites to Fbxo9. Of note, since residues*®’ and Sef’* of Tel2 were previously described to
constantly phosphorylat&d, this study has focused on the newly identified*® for further

mutational analyses.
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Tel2 @ Tti1
19 1838 14 }1090
S(485) S(828)

H. sapiens 480-AQLAGSDSDLDSDDEF-495 H. sapiens 822-VADGNVISDFDNEEEE-836
R. norvegicus 480-AQPQGSDSELDSDDEF-495 B. taurus 824-VAAGNVSDLDNEDEE-838
M. musculus  480-TQPQGSDSELDSDDEF-495 R. norvegicus 818-MAEGNV|SDLEAEEVL-832
G. gallus 377-MPDEESDAELDSDDDL-492 M. musculus 818-VAEGNVSDLEAEEEV-832
D. rerio 472-DPGNGSESELDSDDDL-497 G. gallus 814-IAEGNFSDSGDEEAD-828
X. laevis 498-KADQASDSELDSDDDL-513 D. rerio 840-GST FDNEGEE-854

Kle » o kkkk Kk o *

Figure 31: Degrons in Tel2/Ttil are evolutionary consrved. CLUSTALW alignments of the candidate phospho-
degrons in Tel2 and Ttil depict conservedness. Identl residues (*), conservative residue difference§). [Data
provided by Dr. V.Férnandez-Saiz]

5.2.2 Biological relevance of Fbxo9-specific phosph  o-degrons in Tel2/Ttil in the
context of serum deprivation

To additionally test the relevance of the newlynitifeed degrons in a cellular setting, mutant and
wildtype (WT) forms of both Tel2 and Ttil proteingre transiently overexpressed in HEK293T and
probed for abundance following SD. Recapitulatiognfer results (s. chapter 5.1.3), western blot
analyses showed a decreasing signal for the WEipsupon prolonged SD (Figure 32/ lanes 1-3). In
contrast, the degron-mutants Tti1(S828A) and Telgf3\) retained stability after nutrient withdrawal
(lanes 4-6), indicating that degradation of Tel?d @til proteins upon SD is dependent on their intac
phospho-degrons, further underscoring the spetifidi SCF"*° as the relevant ligase in this context.

a Tti1 Tti1 b Tel2 Tel2
WT S828A WT S485A
0 12 24 0 12 24 hrs post SD 0 12 24 0 12 24 hrs post SD
—— e —— T1i1 (a-FLAG) — Tel2 (a-FLAG)
— o —tUDUIIN ————— e CL-tUDULIN

Figure 32: Stability of (a) Ttil WT and Tti1(S828A) muant and (b) Tel2 WT and Tel2(S485A) mutant upon SD.
HEK?293T cells were transiently transfected with consticts expressing wild type or degron-mutated formsof Tel2
and Ttil, which are deficient in Fbxo9 binding. Cek were subsequently deprived of serum (SD: 0.1% FB$or the
indicated times, and processed for immunoblotting ith the specified antibodies.

Based on these observations, stable cell linesessjpg either FLAG-tagged Ttil WT or
Tti1(S828A) were established to monitor responsendtrient deprivation. As expected, the Ttil
degron-mutant gained stability after growth factwthdrawal, as visualised in immunoblot analysis
(Figure 33a). This notion was accompanied by irsineplevels of mTOR, phosphorylation of
MTORC1 target S6K1, and further restraint of AKT@RC2 substrate) phosphorylation (Figure 33b).
Importantly, also Tel2 signals are detected at dnidévels, again showing that protein levels ofZTel
and Ttil are mutually dependent. Of note, the olexbreffects on mTOR pathway were less

pronounced in alike experiments with cells expresdiel2(S485A) (data not shown), presumably as a
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result of additional interference with phosphorygle-dependenactivity of Tel2 on R2TP and HSP!
during PIKK assembliy*.

a Tt WT  Tii1(S828A) b Ttii mTOR p-S6K1  p-Akt
0 244872 0 24 48 72 hrs post SD 4 8 1.0
- - ee=e.  Ti1(a-FLAG) 3 6
— —= - — Tel2 2 i 0.5
—~—-—-— ————mTOR 1 2
o= & -~ - p-SEK1(T389) 0 0
- - - == p-S6(S235/6) 48 h post SD
- ——e = p-Akt(S473) T WT
S . & & D27 Tti1(S828A)
S | —— - ctin

Figure 33: Effects of the nondegradable degron mutant of Ttil. (a) T98Ccells were retrovirally infected with
constructs for Ttil WT or Ttil(S828A), dprived of serum (SD: 0.02% FBS), and allected at the indicatedtime
points. Immunoblotting was performed with antibodies to he specified proteins. b) The graphs show the
quantification of Ttil, mTOR, phosphc-S6K1, and phosphcoAkt levels detected in (a) 48 hrs after SD averagedith
an additional, independent experimer (n = 2).

To further assess, if the stable Ttil der-mutant can similarligompromis mTOR signalling as
does Fbxo9 loss (s. chapgef.€), the impact on mTORC1 and mTORC2 specreadout was
investigated (Figure 34Indeed, bottan increase in cell size (Figure 34apda more than 2-fold
elevated Capglependent translation activitFigure 34b) duringgrowth factor wthdrawal could be
detected for Tti1(S828)ndicative of increased mTORCL1 signalli Behaviour of wildtype (WT) Tti:
was used for comparisoRonversely, mTORC2 pathw-dependent proliferation during starvat
was further decreased in Tiitegror-mutantexpressing cells, as monitored in a 2D cell cydalysis
(Figure 34c). BrdU positive -Bhase cells, indicative of replicating cellgere reduced to 6.8
compared to wildtype control (16.4%). Likewise, the-G; fraction raisedrom 16.2% to 28.3% for
Tti1(S828A) overexpressing cellFigure 34c), which ign accordance with the increased inductiol

apoptosis detected in Figured34

Overall, the results reproduce the obse effects for depletion of Fbxo09, suggesting i
phosphodegron dependent degradation of Tel2/'by Fbxo9essentially regulates mTOR signalli

response to serum withdrawal.
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Figure 34: Expression of a non-degradable Ttil mutandifferentially affects mTORC1 and mTORC2 signalling.
(a) Cell size of T98G stably expressing FLAG-tagged illt WT or Tti1(S828A) was determined by flow cytometry
Forward scatter analyses (FSC-H) of Gphase gated cells are shown for cells either deped of serum
(SD: 0.02% FBS) for 48 hrs or left untreated (0 hr) (b) Translation assay was performed with HEK293T dés that
were transfected with a pCMV-SL-LUC reporter plasmid together with a pRL-null Renilla luciferase plasmd and an
expression plasmid coding for either FLAG-tagged TtilWT or Tti1(S828A). Cells were serum starved (SD: 0%
FBS) for 48 hrs, and luciferase activities were maared by a dual-luciferase assay. Data are presentas the means of
three independent experiments (in duplicate) (n=3tsd). Protein levels of Ttil forms are shown on theght panel. (c)
T98G stably expressing FLAG-tagged Ttil WT or Ttil(S828A were left untreated (0 hrs) or serum deprived
(SD: 0.02% FBS) for 72 hrs. Proliferation was asseed by 2D cell cycle analysis (BrdU/PI). Cell cycldistribution is
shown in the table below. (d) HeLa cells stably expssing FLAG-tagged Ttil WT or Tti1(S828A) were deprivecf

serum for 30 hrs (SD: 0% FBS) to induce apoptosi€ell extracts were probed with the specified antibdies.

5.2.3 Ubiquitylation is dependent on phospho-degron s of Tel2/Ttil

If the degron site in Tel2/Ttil was important fonding and starvation response, it should also be
for ubiquitylation by SCP*® Therefore arin vitro ubiquitylation experiment was conducted by
Dr. V.Férnandez-Saiz, using either wildtype (WT) degron mutant forms of Tel2 and Ttil,

respectively, and the reconstituted E3 ligase.iéi@b shows a marked vertical accumulation of sig-
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a Tti1 proteins b Tel2 proteins
- - - -4+ + ++++ + SCFFbxo9 - - - -4+ + ++++ + SCFFbxo9
+ 4 kbt == - THT WT ++++++++--- - Tal2WT
-------- +++ +TH1(SB28A) - - - - - - - -+ 4+ + Tel2(S485A)
LL.L Biaale
LIS Ub,
I — 0-FLAG | - - -FLAG
el et I D e U L)
(0 30 60 90 min) (0 30 60 90 min)

Figure 35:in vitro ubiquitylation of Tel2 and Ttil proteins is dependenton their phospho-degrons. FLAG-tagged
Ttil (a) and Tel2 (b) WT or degron-mutant proteins [Td2(S485) and Tti1(S828) were purified and sub Njected to an
in vitro ubiquitylation assay with the reconstituted Skp1-Cill-Rocl complex, E1/E2 enzymes, and Ub in the presenc
or absence of Fbxo9 for indicated times. The brackedn the right side marks polyubiquitylated Tel2 or Ti1 (Ub,).
[Data provided by Dr. V.Férnandez-Saiz]

nal for wildtype proteins, only in the presence SEF™° (lanes 1-8). This signal was strongly
reduced, if either Tel2(S485A) or Ttil(S828A) wewnsed as reaction substrates (lanes 9-12),
demonstrating that efficient ubiquitylation is imdedependent on the presence of the phospho-degron.

Along the same line, the dephosphorylated forms ol _Tel2 Tti1
= - PPTase
Tel2 and Ttil could not be ubiquitylated in &mvitro . .PPTase +’
L] ]
ubiquitiylation experiment with reconstituted SER° Ub, " Ub,

performed by Dr. V.Férnandez-Saiz. A prion vitro
dephosphorylation of purified FLAG-tagged Tel2 and
proteins using the globally activephosphatase (PPTase),

could efficiently reduce the detection of verticagnal = = Flag-Tel2/= =+ Flag-Tti1

accumulation in immunoblots (Figure 36). As a cohtrrigure 36: Kinase dependent ubiquitylation o

untreated Tel2/Ttil were included to the experiraeT€l2 and Ttil proteins. Lysates of purified Tel:

and Ttil were (or not) pre-treated with A-
(lanes 2). Thus, A-phosphatase treatment strong ( ) P _ _ _
phosphatase (PPTase) prior to in vitro

. o= bXOg . . . . . .
inhibited SCF mediatedin vitro ubiquitylation of ubiquitylation with reconstituted SCF™®°,

Tel2/Ttil, demonstrating the prerequisite of Ppriel/E2 enzymes, and Ub. Brackets on the rig

phosphorylation for the Fbxo9 mediated degradatmark polyubiquitylated (Ub,) Tel2 or Ttil.

process. [Data was provided by Dr. V.Férnandez-Saiz]
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5.3 CK2 associates with Tel2 and Ttil upon growth f  actor withdrawal to
mediate degron-specific phosphorylation and Fbxo9-d ependent
degradation

5.3.1 Identification of CK2 as kinase for Fbx09-spe  cific degrons in Tel2/Ttil

After characterisation of the important features ghospho-degron sites of Tel2/Ttil, the next
step was to identify the involved kinase, its aatflion and impact on nutrient starvation. As such,
sequence alignments revealed that both degron snafif Tel2 and Ttil represent canonical
phosphorylation sites for Casein kinase 2 (CK2)x(Bk). Consistently, in aim vitro kinase assay
CK2 phosphorylates both Tel2 and Ttil proteins (Fég37). Phosphorylation of wildtype (WT)
proteins was depicted by autoradiography signalse@ 2/left graphic; lane 2 and 4/right graphic).
Neither control sample), with no protein included, nor purified degrontami forms of Tel2 and
Tti1 displayed phosphorylation specific signalsmdestrating that S&F inTel2 and Sé&f° in Ttil,
respectively, are indispensable for CK2 dependansphorylation. Of note, omitting CK2 from the
reaction yielded no signal, excluding a residuabke activity that might have been carried oveh wit
the purified Tel2/Ttil proteins. Thus CK2 can indespecifically phosphorylate Tel2 and Ttil at their
indentified degrons.
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+ + + - - - + + + + o+ - — — - active CK2
®
[P - - 4 phosphorylated
autoradiograph Tel2/Tti1 proteins

Figure 37: CK2 phosphorylates Tel2 and Tti1 degronsn vitro. Equal amounts of the indicated purified protein
forms of Tel2 and Ttil were transferred to anin vitro kinase reaction to test for phosphorylation by puified active
CK2 in the presence of P]-ATP. An empty vector control () was used. Phosphorylated proteins were visualisdxy
autoradiography.

After the identification of the degron-specific kie, the next experiments aimed at elucidating
the interplay of CK2 and Fbxo09. Since binding ofZl'&til to Fbxo9 is dependent their phospho-
degrons, enforced phosphorylation by CK2 shoulanate this interaction. Thus, binding capacity of
purified Tel2 and Ttil WT or mutant proteins predted with active CK2 was testediimvitro pull-
down assays with GST-tagged Fbxo09. As controls,piier phosphorylation step was omitted or
empty-GST was used for pull-downs. Results showetan though lower amounts of phosphorylated

Ttil and Tel2 proteins were added to the reactioy the CK2 phosphorylated wildtype forms of
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Tel2 and Ttil could be detected to bind to Fbxo%itro (Figure 38). The amount of GST-tagged
Fbxo9 and empty-GST coupled to beads was equall ise&ups, as visualised by quantitative
Ponceau S staining (lower panels). Thus, bindinget®/Tti1 to Fbxo9 is dependent on CK2 mediated
degron phosphorylation.
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— 3 Tti1 proteins - . - Tel2 proteins
S (-FLAG) (0-FLAG)
Input Input
@GST-Fbxo9 «GST-Fbxo9
Ponceau S Ponceau S
—_——— qGST — e < GST
GST- GST GST- _ GST
Fbxo9 Fbxo9

Figure 38: CK2 phosphorylation of Tel2/Ttil mediateshinding to Fbxo9 in vitro. The indicated forms of purified
Tel2 (right panel) and Ttil (left panel) were phosphgylated by CK2 in vitro as indicated (Input), and tested for their
binding to GST-tagged Fbxo9 bound to GST-beads uginanin vitro pull-down assay. Empty-GST beads were used as
control. Equal amount of GST or GST-tagged proteins wre visualised by Ponceau S staining.

Since these experiments confirmed that CK2 enhasabstrate interaction with Fbxo9, it was
reasonable to assume that the kinase might alsaneatthe enzymatic reaction of SEF with Tel2

2 2 < = and Ttil proteins. Indeed, in an vitro ubiquitylation
mn mnH
o ﬁ,_ § i = % - c% assay using reconstituted S€#’, E1/E2 enzymes, Ub
Nn=w B - : .
13_ %:% g ii o i o and purified FLAG-tagged Tel2 and Ttil proteins or
e O O 0 0 0
FFFFFE FEFEFEE their mutant forms, addition of purified active CK2
-++++ —++++ SCFMx® , , _ o
it o = i KD could intensify the detection of polyubiquitylatidh
" m .-a.a- These effects were however not observed for the

degron-mutants of Tel2 and Ttil (lane 3+5),
demonstrating that only degron specific

phosphorylation of Tel2/Ttil by CK2 can enhance

. ubiquitylation activity of SCF**°,

—w—— A e — = o-FLAG
Figure 39: CK2 activity enhances Tel2/Ttil ubiquitylation by SCE®™. In vitro ubiquitylation assays wer:

performed as in Figure 35except that purified CK2 was added where indicatedSamples were immunoblotted for th

antibodies specified. Brackets on the right mark plyubiquitylated Tel2 or Ttil(Ub ).
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5.3.2 Regulation of CK2 activity towards Tel2/Ttil  under serum deprivation

Next investigations focussed on how CK2 can mediatext-specific phosphorylation of
Tel2/Ttil1 during growth factor withdrawal, while @Ks considered to be constitutively active and its
regulation is poorly understotd In a first attempt to resolve the issue, it wgpdihesised that an
stimuli-dependent PTM — here serum starvation -dcalier directed CK2 kinase activity. Therefore,
CK2 was purified from exponentially growing cells cells deprived of serum to test its kinase
activity towards Tel2 and Ttil in a subsequémtvitro kinase assay (Figure 40). No significant
changes in the intrinsim vitro kinase activity of CK2 could be observed in anosadiograph of
phosphorylated substrates, indicating a differeatienof regulation. As a positive control, the well-

established substrate casein was added to theéoreact

£ £
- o b - Q %
ECS E @S
« Ttil
[**P] < Tel2
autoradiograph
- < casein

+ CK2 from + CK2 from
untr. cells starved cells

Figure 40: Intrinsic kinase activity of CK2 towards Ttil and Tel2. FLAG-tagged CK2a was immunoprecipitated
from untreated (untr.) or serum starved HEK293T cels and subjected to arin vitro kinase reaction using purified
Tel2, Ttil and casein as substrates. Phosphorylatedqgieins were visualized by autoradiography.

Since compartmentalisation is a common theme tggleaction partners into close proximity, the
interaction of Tel2/Ttil with CK2 was visualised Wy at different nutrient availability states. In
untreated cells (S) CK2 (shown in green) was mdetiglised to the nucleus (shown in blue) (Figure
41a, b). However, following serum deprivation (SD)substantially moved to the cytoplasm to co-
localise with both cytoplasmic Tel2 and Ttil (shown red). Fluorescence signal quantification
revealed an around four-fold increase of cytoplast@K2 (Figure 41c) after growth factor
withdrawal, indicating that Tel2/Ttil specific plpd®rylation activity is dependent on a nucleo-

cytoplasmic translocation of its kinase CK2.

Consistent with the alteration of co-localisatidRs of CK2 purified from either untreated or
serum starved cells, showed different binding tt2/Meil proteins (Figure 42). After growth factor
withdrawal (SD), a marked increase in Tel2/Ttiloasation with CK2 could be observed. An empty
vector (EV) was used as control for unspecific bigd Thus, kinase activity of CK2 directed to

Tel2/Ttil is context-specifically regulated by sphtontrol.
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Figure 41: CK2 translocates from nucleoplasm to cytosol uponesum starvation. Cos7 cells were transientl
transfected with plasmids encoding FLAC-CK2 and either HA-Tel2 (a) or HA-Ttil (b). Cells were then cultured in
normal serum (S: 10% FBS) or deprived of serurrfor 5 hrs (SD: 002% FBS). Thereafter, cells were fixed witt
methanol and incubated with antiFLAG antibody (green) and ant-HA antibody (red). DNA was stained with DAPI
(blue). Scale bars represent 10 unic) Quantification of cells shown in (a, b) with gtoplasmic CK2 fluorescence

grown under serum containing (S)or serum deprivec (SD) conditions (n = 3, £ sd).

IP (a-FLAG)
EV S SD
o CK2

Figure 42 CK2 associates with Tel2/Ttil upon serum deprivatio. HEK293T cells were transfected with eithel
empty vector (EV) or a FLAG-CK2a expression plasmid. Cells werdeft untreated (S: 10% FBS) orserum starved
(SD: 0.1% FBS) for 48 hrs as indicated, and ar-FLAG immunoprecipitations performed thereafter. Bound fractions

were analysed with antibodies indicated

5.3.3 Depletion of CK2 impacts on Tel2/Ttil degradation upon serum withdrawal

A combinational experimenperformed by Dr. V.Férnandez-Saiwing siRNAs could furthe
show the interdependency of Tel2 and Ttil phosghtton and CK2 in the biological context
growth factor withdrawal. To this end, phosj-degron specific antibodies fo-Tel2(S485) and p-
Tti1(S828) were generated and applied in immunohblwlyses of cells cultured in normal (S)
serum deprived (SD) conditionFigure 43).While signals specific for Ttil and Tel2 decreaspon
SD, their degrorspecific phosphorylation status actually increagkshe 1+3), suggesting th
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starvationinduced phosphorylation mediates Tel2/Ttil sig
fading. Specificity of thgohosph~-degron specific antibodies was
confirmed by siRNA depletion of both Tel2 and T¢idne: 2+4).
Additionally, depletion of CK2 not only restoredvéds of Tel2
and Ttil comparable to those of untreated sampies, alsc
abrogated detection of phosphorylated 2 or Ttil (lane 5),
demonstrating that specifiohosphorylatio by CK2 is a

prerequisite for proteasomal degradation Tel2 atifl @uring
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Figure 43: The phosphorylation anc

stability Tel2/Ttil in SD are influenced

. . . . by CK2. T98G cells were transfecte
Consideringthe importance of Fbxo9 mediated proteasc y

with combinations of different sSiRNA

degradation of Tel2/Ttil in unfavolble nutrient situations, loss¢ . i - )
oligonucleotides as indicated, eithe

of the degrorspecific kinase CK2 presuibly has a similar grown under serum containing (S

impact on Tel2/Ttil expressiargulating mTOR signalling. Tol0% FBS) or
(SD: 0.02%

subjected to immunoblot analyses wit

serum  deprivel

FBS) conditions, an

test this hypothesis, CKRvels were depleted in T98G using
SiRNA, and cell lysates were analysed fol2 and Ttil levels

the indicated antibodie. [Data was
after SD (Figure 44). Compared to control cells (LacZ) wh

provided by Dr. V.Férnandez-Saiz]
signal intensities of Tel2 and Ttil disappear deprived
conditions, Tel2/Ttil are stabilised if CK2 levetiecrease. Concomitantly with this incsed
abundance, mTOR levels are detected with simildaensity as in unstarved samples,
phosphoryléion status increases for S6K1 or decreases for vadpectively. Opposite effects i
observed, when CK2 kinase activity is stimulatedhw&orbitol Figure 44), demonstrating thi

Fbxo9 and CK2 indeed act together to regulate dhgescellular pathwa

a LacZ CK2 SiRNA

0 24 48 0 24 48 hrspostSD
ww — - Ttil (a-FLAG)
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Figure 44: CK2 impacts on Tel2/Ttil phosphorylation and stabiliy. (a) T98G cells were treated wit SiRNAs
directed against CK2, deprived of serum (SD 0.02%FBS) for the indicated time points, and processedof
immunoblotting. (b) T98G grown under normal (S: 10% FBS) or SD conditions were stimulated witt0.5 M Sorbitol

for 2 hrs as indicated and subjeted to immunoblot analyses
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5.3.4 Phospho-mimic of Tel2 degron co-localises wit  h Fbxo9

As shown before, Tel2 does not exclusively locals¢he same cellular compartment as Fbxo9
(Figure 18). To test whether phosphorylation statars influence localisation of Tel2, the &was
mutated to an aspartic acid (D), an amino acidrfiatics the overall negative charge of a phosphate-
group. IF analyses showed a mostly cytoplasmiclikation of this phospho-mimic mutant of Tel2
(shown in red) under normal growth conditions (F&ggd5a). Of note, quantification of fluorescence
signal intensities showed only minor impact on lsedion by serum deprivation (SD) (Figure 45b).
Thus, while Ttil is constitutively localised to tlogtoplasm (s. Figure 18), CK-dependent degron

phosphorylation conserves the cytoplasmic locadisatf Tel2, enabling co-localisation to Fbxo9.

S485D) DAPI
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Figure 45: Localisation of phospho-mimic degron-mutat Tel2. (a) Cos7 cells were transiently transfectedith a
plasmid encoding HA-Tel2(S485D) and subsequently ftured in normal serum (S: 10% FBS) or deprived ofserum
for 5 hrs (SD: 0,02% FBS). Thereafter, cells wereiXed with methanol and incubated with anttHA antibody (red).
DNA was stained with DAPI (blue). (b) Quantificatian of cells shown in (a) with cytoplasmic Tel2(S4890lourescence
grown under serum containing or serum deprived conitions (n = 3, + sd). Scale bars represent 10 pm.

In summary, CK2 activity is shown to be regulatedtioe level of subcellular localisation and is

essential for Tel2/Ttil degradation and mTOR silgmgintegrity upon serum withdrawal.

5.4 Fbxo9 preferentially targets mTORC1-bound Tel2/ Ttil, thereby
activating mTORC2 signalling

5.4.1 Fbxo9 targets mTORC1 associated Tel2/Ttil

Experimental evidence so far suggested differeefi@cts of Fbxo9 on both mTOR complexes.
This allowed hypothesising that Fbxo9 might prefiéiedly target mTORC1-bound Tel2/Ttil leading
to its inactivation, which in turn, would activatiee PISK/mTORC2/Akt axis by relieving feedback
inhibition (s. chapter 3.3.4). Starting to inveatig this possibility, an analysis of Tel2/Ttil bduto
either mTORC1-specific component Raptor (s.chapdes.2.1) or mTORC2-specific Rictor
(s. chapter 3.3.5) in serum starved cells was padd. Therefore, MYC-tagged Raptor or Rictor were

immunoprecipitated from cells either depleted okd® by shRNA or the respective control cells
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(Ctrl) (Figure 46) by Dr. V.Férnandez-Saiz. An eynpector (EV) was used to control MYC-IP
specificity (lanes 1). As shown before (s. chaft8r5), binding of Tel2 and Ttil1 could be detediad
both mTOR complex components; however, upon serithdvawal (SD) signal intensities are only
decreased in the Raptor-bound fraction, coincidimigh increased phosphorylation signals of
Tel2/Ttil degrons (compare lanes 3+5/Ctrl). Thieafcan be abrogated by depletion of Fbxo9 with
shRNA: Upon SD, no decreased signals for Tel2 aid d&re detected following Raptor IPs, yet the
enhancement degron phosphorylation was unchanged 8+5/Fbxo9 shRNA), suggesting intact
CK2 phosphorylation, but absent ubiquitylation. r@ote also association of Fbxo9 to Raptor, but not

Rictor is enhanced in response to serum withdrawaetected by a stronger immunoblot signal.

MYC-IP
Ctrl Fbxo9 shRNA

MYC- MYC MYC- MYC
EV Raptor -Rictor EV Raptor -Rictor

S §S8D 88D § §SD S 8D

-— - esweme < Rictor
-aas . -y - Raptor
L ] Fbxo9
- . e e e T
PR | === - DTHi1(S828)
- g . I 1|
—— ——— - = = D-Te12(S485)

Figure 46: mTORC1-bound Tel2 and Ttil are degraded inan Fbxo9-dependent and phospho-degron specific
manner. Cell lines treated to downregulate Fbxo9 omock (Ctrl) were transfected with empty vector (EV) or
plasmids encoding MYC-Raptor or MYC-Rictor, serum garved (SD: 0.1% FBS) for 48 hrs or left untreated
(S: 10% FBS), and subjected to anti-MYC immunopregitations (IP). Bound protein fractions were analysd by
immunoblotting for the indicated proteins. [Data provided by Dr. V.Férnandez-Saiz]

These data strongly suggest degron-specific phoglalion and Fbxo9 dependent degradation of
Tel2 and Ttil only within mTORC1, while the mTOR@8sociated fraction of Tel2/Ttil remains
unaffected. Further, if a complex specific degratabf Tel2/Ttil was indeed the reason for the
observed results, specific inhibition mTORC1 or niRT2 signalling in the setting of Fbxo9 deletion
should recapitulate the differential responses afete To this end, in experiments conducted by
Dr. V.Férnandez-Saiz, mTORCL1 specific changes lhsiee and apoptosis induced via mTORC2
were assessed upon Rapamycin (Rapa) and Akt iahibit(Akt-Inh.) treatment, respectively (Figure
47). Rapamycin specific inhibition of MTORC1 patlywaliminished the enlarged cells as observed
for cells depleted of Fbxo9 (Figure 47a), and reduthe concurrent increase in apoptosis (Figure
47b). In contrast, Akt inhibitor IV treatment toleetively modulate mTORC2 signalling displayed
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apoptosis induction to similar levels for both eohtand Fbxo9 knockdown cells, a tendency, which is
recapitulated in combination with Rapamycin treattn@his indicates that while specific mTORC1
inhibition signalling can counteract loss of Fbx@@ther inhibiting mTORC2 signalling can restore

the apoptosis phenotype of Fbxo9 loss, invariamagamycin treatment.

a , b
1 < 50

. — sh_Ctrl @ 40 0O sh_Ctrl
_g — sh_Ctrl+Rapa o 30 1 W sh_Fbxo9
5 \ = sh_Fbxo9 o
= | = sh_Fbxo9+Rapa B 20 7
3 §1o 1

\ 20
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Figure 47: mTORC1 and mTORCS2 inhibitors reverse Fbx® depletion phenotypes.T98G cells expressing either
control or Fbxo9 shRNA were serum starved for 48 ks in the presence of vehicle or mTORC1 inhibitor Rapmycin
(Rapa) and Akt-inhibitor 1V (Akt-Inh.), as specified. Cells were then subjected to forward scatter argses (FSC-H) of

G1-phase gated cells to determine cell size (a) BACS analyses (P) to determine apoptosis (b) (n ¥2[Data provided

by Dr. V.Férnandez-Saiz]

As the presented results identified Fbxo9 and CKliated degradation of Tel2/Ttil to be specific
for mMTORC1 complex associated proteins, furtherattarisation of the role of Tel2 and Ttil in
regulating serum deprivation response was perforfoedRaptor-bound proteins. To clarify whether
degradation of Tel2/Tti1 contributes to the immeelilesponse to growth factor withdrawal or rather
functions to maintain this response, time courggedarments using Cycloheximide to inhibit protein
biosynthesis (s. chapter 4.2.5.7) were performe®by.Férnandez-Séiz. While a decrease in S6K1
and Akt phosphorylation was observed within 30 migl2/Til (within mTORC1) became instable
within three hours post serum withdrawal in contrells (lanes 1-5) (Figure 48). This effect was
predictably not detected upon Fbxo9 depletion 8&640). Furthermore increased phosphorylation of
Tel2 and Ttil degrons could readily be detecteeraifitial starvation. Of note, in Figure 48b siaril
effects on Tel2 and Ttil could be shown by Dr. Viléddez-Séiz even in the absence of
Cycloheximide. These data suggest that degradafidrel2/Ttil via Fbxo9 and CK2 is required to

establish a stable state of low mMTORC1 and sustamBORC?2 activity during persistent starvation.
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Figure 48: Degradation of Tel2/Ttil is specific for Rptor-bound fraction. (a) T98G cells treated to dowregulate
Fbxo9 or control cells were deprived of serum (SD0.02% FBS) in the presence of Cycloheximide and haested at
the indicated time points. Endogenous Raptor was ssbquently immunoprecipitated (IP) from whole cell gtracts
(WCE), and immunocomplexes and WCE were probed withratibodies to the indicated proteins. (b) The expement

was essentially performed as in (a), except that Cpheximide was omitted[Data provided by Dr. V.Férnandez-Saiz]

5.4.2 Overexpression of Fbxo9 and CK2 enhances mTOR  C2 signalling
Next experiments investigated if overexpressingd®bsould reverse the effects on differential mTOR
complex regulation observed for CK2 and Fbxo9 depie(Figure 44 and Figure 19) as well as for
O@, the stable Tti1l(S828A) mutant (Figure 33). As shpvarced
o & Fbxo9 expression led to a decrease in Tel2/Ttilelevand

e
¢ T inhibited phosphorylation of S6K1, and at the saime increased

--::E?(Xzog Akt phosphorylation (Figure 49). Overexpressing Clibne
i i Tti1 substantially enhanced levels of phosphorylate@ &al Ttil, but
- . -« p-Tti1(S828)  further reduction in signal intensity of Tel2 andlTwas only
S —— e Tel2 affected when CK2 was co- expressed with Fbxo9,hasiging
C s, PTEI(S485)  ihat CK2 acts prior to SCRto mark Tel2 and Ttil proteins for

subsequent ubiquitylation and degradation.
S ——— D-AK1(S473)

— - Akt Figure 49: Overexpression of Fbxo9 and CK2 activalemTORC?2 signalling.
e . . p-S6K1(T389) HEK293T cells were transiently transfected with emptyvector (EV) or
—— een ewa o S6KI1 plasmids encoding FLAG-tagged CK2 and/or Fbxo9 as dicated. Whole cell
S e - [3-actin lysates were analysed by immunoblotting for indicatd antibodies.
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The effects of forced expression of Fbxo9 on mTOR@&alling were further monitored by 2D
cell cycle analysis (Figure 50). While in the notreapression status (panels 1+3) proliferation and
survival were reduced upon SD, overexpressing Fimalls greatly limited apoptosis and growth
restriction (panels 2+4). Of note, this effect veagn seen in unstarved cells (panels 1+2); however,
more pronounced upon growth factor withdrawal, vgtbliferative cells in S-Phase increasing from
11.4% to 26.7%, while sub-G1 fractions were redufredh 38.0% to 8.7% (panels 3+4). Thus,
constant overexpression of Fbxo9 results in aneame of proliferation and survival, confirming

sustained mMTORC2 activity.
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Figure 50: Fbxo9 overexpression increased cell sumal and proliferation. U20S cells were retrovirally infected
with expression vector for FLAG-tagged Fbxo9 or empt vector (EV), fixed at the indicated times post sem
deprivation (SD: 0.02% FBS), and subjected to 2D decycle analysis (BrdU/PI).

Taken together, overexpressing Fbxo9 results imirad mTORCL1 signalling, paralleled by an

activation of the mTORC2 pathway.

In analogy to the function of Fbxo9 upon growthtésowithdrawal described in chapter 5.1.4,
forced expression of Fbxo9 was likely to resultconstitutive mTORC1 specific degradation of
Tel2/Ttil. Indeed, in IP experiments for endogendResptor or Rictor, which were essentially
performed by Dr. V.Férnandez-Saiz, a significardrdase in the amount of Raptor-bound Tel2/Ttil
could be observed upon Fbxo9 overexpression, whédevels of Rictor-bound Tel2/Tti1 remained
largely unaffected (Figure 51). Of note, this efffaeas reversible upon proteasome inhibition
(MG132), indicating an UPS dependent degradatiom®©ORC1 bound Tel2/Ttil. An increase in
cyclin B signal served as a control for efficiembtggasome inhibition. The Fbxo9 overexpression is
depicted by a FLAG-immunoblot.
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Figure 51: Fbxo9 preferentially targets mTORC1-bour Tel2/Ttil. HEK293T cells were transfected with FLAG-
tagged Fbxo9 or empty vector (EV) and treated with M5132 where indicated. Endogenous Raptor and Rictor &re
immunoprecipitated (IP) from whole cell extracts (WCE), and immunocomplexes were probed with antibodie® the
indicated proteins. Rabbit IgG was used as controfor specificity of Raptor and Rictor IP. [Data provided by
Dr. V.Férnandez-Saiz]

In summary, experimental evidence could confirmBORC1-specific degradation of Tel2/Ttil
mediated by CK2 phosphorylation and $&® ubiquitylation, which accounts for differential
regulation of mTOR complex signalling.

5.4.3 Tel2/Ttil degradation is relevant for mTOR s ignalling in vivo

In an attempt to verify the experimental data inimwivo setting, mice were fed or fasted for
16 hrs and analysed. In accordance with the madeiyer extracts of fasted mice levels of Fbxo9
increased up to 7.5-fold (Figure 52a, b), indi@tof an essential regulatory role during starvation
response. Similarly, staining for phospho-degrdnbed2 or Ttil increased, while signal intensitfes
Tel2 and Ttil proteins decreased (Figure 52a,49emtially recapitulating the observed degradation-
mediating priming phosphorylation event. Of speai&trest, coinciding with lower levels of mTOR,
detection of phosphorylated S6K1 and S6 was rediec@dL6 or 0.1 fold, respectively (Figure 52a, b).
Furthermore, weight of the liver was significantgduced from 1.43 g to 1.08 g, indicating a robust
response to starvation (Figure 52c). Together,inh@évo data indicate that upon fasting attenuated
mMTORC1 signalling indeed involves phosphorylatiependent degradation of Tel2/Ttil via Fbxo9.

The role of UPS in MM | Results




Bianca-Sabrina Targosz, M.Sc.

: b 10 Ca 5
Murine liver extracts 75 %; s
. - E
0 16 hrsfasting T >
s Fbxo9 s 2
[
" e p-Tel2(S485) 2,5 g 05
e Tel2 0 "
T © < &
PN W p-Tti1(S828) & g
T Tt 1
B p-SBK1(T389) _—
s 3 [ fasted
' (S
B W p-ses23sE) L 05
w— e [-actin 0

NPCANGI=
AL '\QE_OQ, N

Figure 52: Tel2/Ttil degradationin vivo. (a) Wildtype C57BL/6 mice were fed or fasted for & hrs and sacrificed.
Thereafter, liver extracts were prepared and subjead to immunoblotting using the indicated antibodies (b)
Quantification of protein levels shown in (a) averged with an additional independent experiment (n 22). The values
present in the fed samples were set as 1. (c) Panshow liver weights of sacrificed mice (n = 2). fa provided by
Ruth Eichner]

5.5 Fbxo9 is overexpressed in MM to promote surviva |

Together, the above experiments demonstrate thab9Fland CK2 mediate phospho-degron
dependent degradation of Tel2/Ttil within mTORClattenuate mTORCL1 signalling and sustain
PISK/mTORC2/Akt activity in the setting of growtladtor withdrawal. Moreover, the data indicate
that this mechanism can be driven towards consgtuactivation of mTORC2, when forced
expression of Fbxo9 is present. Since upregulaifaime PIBK/mTORC2/Akt pathway is commonly
observed in malignancies and the FBXO9 locus wagquintly found to be amplified in human
multiple myeloma (MM) (s. chapter 3.1.4) the nextastigations focussed on the role of Fbxo9 in this
blood cell malignancy.

In a first approach, openly available Oncomine liasa$’® of previous microarray studies were
re-analysed foFbxo9 expression levels in MM patients (Figure 53). Iratlewith a significance of
p = 0.00017 an increase of expression could bedfdonpatients diagnosed in the premalignant state
of the disease - monoclonal gammopathy of undeterthisignificance (MGUS) (22 samples) -
compared to plasma cells from bone marrow of hgaltinors (23 samples) (Figure 53a). As well, the
further transformation from MGUS (seven patientsjero MM (39 patients) to late stage
extramedullary plasma cell leukaemia (six patienss)paralleled with a gain oFbxo9 mRNA
expression levels (Figure 53b). Data evaluatioricatds that Fbxo9 might be involved in both

priming and progressive events during MM developmen
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Figure 53: Elevated mRNA levels ofbxo9 in human MM at different clinical stages. All datawas provided by

the Oncomine database. The associated p-values atmwn for each study. Box-and-whisker plots show thapper and

lower quartiles (25-75%) with a line at the medianwhiskers extend from the 10th to the 90th percerlg, and dots

correspond to minimal and maximal values. (a) Datdrom Mattioli, M. et al., 2005*"" reanalyzed to show expression

levels of Fbxo9 in hormal bone marrow and monocloriggammopathy of undetermined significance (MGUS) (= 78).

(b) Data from Zhan, F. et al., 200¥"® reanalysed to show expression levels of Fbxo9 inGUS, MM, and plasma cell

leukaemia (n = 52).

To reliably correlatd=bxo9 mRNA expression with disease status, a cohort86f Human MM

samples was analysed and normalised to mRNA leselsormal plasma cells of four individual
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Figure 54: Relevance of Fbxo9 overexpression in patients. Rékae
Fbxo9 mRNA expression levels in 180 MM patient samples.@pressior
levels are normalised to the expression levels obmmal plasma cells o
four independent healthy donors. 54 ©180 cases (30%) show an at le:

five-fold increased expression compared to normal plasmeells. MM

healthy donors. These analyses,
conducted in the Department of
Internal Medicine 1l (University of

Ulm) by Dr. C. Langer revealed an
expression range covering five
logarithmic ranks and overexpression
of Fbxo9 (defined as more than five-
fold compared to normal plasma cells)
in 30% (54 out of 180) of the

investigated cases (Figure 54).
Interestingly, patients harbouring a

hyperdiploid chromosome set express

samples presenting with a hyperdiploid chromosomees express Foxo9 Fbx09 to significantly higher levels

at significantly higher levels as compared to casegith a translocation
involving the immunoglobulin heavy chain (IgH) locus. The mea
Fbxo9 expression levels are shown for each group & 180; p = 0.02
unpaired t-test) Error bars represent s.e.m. [Data povided by

Dr. C.Langer]

than patients with an IgH translocation,
indicative of a correlation with distinct

genomic aberrations.
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As Fbxo9 was characterised to mediate proteasosgiadation of its substrates, inhibiting the
UPS was suspected to be beneficial for patients aliévated Fbxo9 expression levels. Therefore a
previously published gene expression data set 8fpidients treated with the proteasome inhibitor
Bortezomib was analysed in the Department of Illeddedicine Il (University of Ulm) by
Prof. L. Bullinger. Apparently, responders to Badmib treatment (R) showed significantly
(p = 0.0079) higher Fbxo9 expression levels contpéwmenon-responding patients (NR) (Figure 55a).
In the course of time the progression-free surviehlR positively correlated with high Fbxo9

expression as shown in Kaplan Maier curves (Figab), suggesting that indeed Fbxo9 could
promote survival of MM cells in these cases.

a b
6007 P value: 0.0079 100 P value: 0.0408
500+ — &0
~ 80
B 4001 al
3 T 604 — Fbxo9 low
L 3001 2 40 — - Fbxo9 high
2001 a
1004 20 1
0 L] ] O T L] ] 1
NR ] 0 250 500 750 1000 1250

Time to Progression

Figure 55: Response and survival correlate with Fin9 expression.(a) Normalized-bxo9 fluorescence intensities
are shown for Bortezomib non-responders (NR) and mponders (R).Fbxo9 levels were significantly higher in R vs.
NR (n = 163; P = 0.0079, unpaired t-test). (b) Kaph Meier analyses for progression-free survival bas on Fbxo9
expression (data dichotomized at the mediaibxo9 expression level; n = 182P = 0.041, log-rank test). Gene

expression data of this figure were derived from Mlligan et al., 2007#"° (GEO accession number: GSE9782). [Data
provided by Prof. L.Bullinger]

Since Fbxo9 expression correlated with disease ressgpn, further investigations tried to
recapitulate the delineated mechanism of Fbxo@imadti patient samples. To this end, extracts ddrive
from MM patient bone marrow samples, were subjetteverse phase protein microarray analyses
with antibodies specific to the phosphorylated ferof S6 and AktKehler! Verweisquelle konnte
nicht gefunden werden) and analysed by Clemens Reiter (TUM). Since Flawthody could not be
utilised for this specific method, expression Ievelere obtained using quantitative PCR (qPCR)
analyses (graphs on the leffehler! Verweisquelle konnte nicht gefunden werdenshows five
representative MM cases (in grey), with either ated (upper three panels) or normal (two lower
panels)Fbxo9 levels compared to a control sample (Ctrl; in kja®epicted in the middle are the
immunoblot analyses of the protein array spotteth waising concentrations (in triplicate) and the
respective whole protein extract control (SyproyjulQuantifications of signal intensities (right
graphs), were performed in comparison to Ctrl dgna@hey reveal a correlation of high Fbxo9
expression with low phosphorylation of the mTOR@ggfic S6 and high phosphorylation of the
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MTORC?2 target Akt (graphs on the right), indicatiagrole for Fbxo9 in the activation of
PIBK/mTORC2/Akt axis via reduced mTORC1 activityNtM patients.
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Figure 56: High Fbxo9 expression correlates with divation of Akt. Protein extracts were prepared from bone
marrow biopsies of different MM cases and subjectedo a reverse phase protein microarray (in triplicae) using the
indicated validated antibodies. Sypro ruby was usedo visualise equal amounts overall protein extractmiddle
panels). Microarray signal intensities were normaked to Ctrl and set as one (right graphs)Fbxo9 mRNA levels of
control (Ctrl) and MM cases were assessed by qPCRi@xtracted material (left graphs). [Data providedby Clemens
Reiter]

To test the hypothesis further, different MM catles were characterised by immunoblot analyses. As
expected cell lines with high levels of Fbxo9 dig@d low expression signals of Tel2/Ttil and
mMTOR, high phosphorylation levels of Akt and lowogphorylation levels of S6K1 (Figure 57), while
overall levels of Akt and S6K1 were found to be aquhis result suggests that the differential

deregulation of both mTOR pathways can be recaédlin MM. Interestingly, five out of nine cell
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lines tested displayed a strong signal of Fbxo8jcating that its elevated expression is indeed

favourable for survival of myeloma cells.

. . . . N
Nevertheless, taking into consideration tha _9 28 OE'; © 9 % ©
. . o =2
phosphorylated Akt is known to drive gene L5 2E€EZ230 8

* == =mww W Fbxo9

B TSR v & S I MTOR

expression of a number of genes (s. chapter 3)3.3.
it was still possible that hyperactivity of Akt ddu
account for the observed elevated expression e S D G VR R
Fbxo9 in those cell lines. To test thiS POSSIDilY mm—— = = - p-S6K1(T389)
OPM2 — a cell line with high levels of DOth = ea - w— e ——— 55K 1
phosphorylated Akt and Fbxo9 (s. Figure 57) — wel e smem « 5 = = == p-S6(S235/6)
treated with Wortmannin, which could that = "~ SW W D-AKi(S473)

effectively inhibit phosphorylation of Akt, as show Akt

by immunoblot analyses (Figure 58). HoweveFlgure 57: Fbxo9 expression corredtes with

. asymmetric mTOR signalling in MM cell lines.

levels of Fbxo9 and controls (mTOR, Cull) remain o
Whole cell lysates of nine different human MM ce

unaffected by this treatment, demonstrating tllines were subjected to immunoblot analysis for tF

expression of Fbxo9 is not dependent on Akt agftiviindicated proteins.

As a significant number of MM cell lines were chamised to resemble good models for a
deregulated Fbxo09-Tel2/Ttil-mTOR axis in the conhtefkthe disease, final approaches tried to re-
establish physiological Tel2/Ttil levels by mangtiig activity of CK2 or levels of Fbxo9
expression. By inhibiting CK2, the effects of Fbxm@&rexpresseion should be counteracted. Indeed,
upon pharmacologic inhibition of CK2 with TBB inrte different

Oh 2h 8h
S Fbx00 MM cell lines with high Fbxo9 expression, stabitliskevels of Tel2,
- B P-Akt (3473) Ttil, and mTOR, and increased phosphorylation ¢€IS6éompared to

—— = = mTOR
untreated controls could be detected in collabonatith Ruth Eichner

— — — culf

Figure 58: Fbxo9 expression i (Figure 59a). Conversely, stimulation of CK2 adfivivith Sorbitol

not driven by phosphaylated could indeed minimise protein levels of Tel2 and Th MM cells with
Akt. OPM2 cells with high levels - high |evels of Fbxo9 (Figure 59b). As such, in limi¢h the notion that
of Fbxo9 expression were treate
with Akt inhibitor Wortmannin

(500nM) for the indicated times
and subjected to immunoblo Can indeed modulate Tel2/Ttil stability and mTORhpay signalling

CK2 dependent phosphorylation is a prerequisite Tai2/Ttil
degradation, it could be shown that CK2-dependémtsphorylation

analysis. in the context of MM.
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Figure 59: CK2 kinase activity modulates Tel2/Ttil sbility. (a) Inhibition of CK2 kinase stabilises TeR/Ttil.
The MM cell lines OPM2, RPMI-8226, and JIN3 were trated with TBB or vehicle to inhibit CK2 kinase, lysedand
probed with antibodies to the indicated proteins [[ta provided by Ruth Eichner]. (b) RMPI-8226 and JINB were
treated with Sorbitol for 2 hrs to activate CK2 kinase. Immunoblot analyses to the indicated antibodseare shown.

To directly assess if Fbxo9 overexpression indesders a survival advantage to the MM cell
lines, apoptosis induction upon Fbxo9 depletion waalysed. Lentiviral sShRNA constructs against
Fbxo9, coupled to a GFP expression marker, waseapiol MM cell lines with either normal (U266)
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Figure 60: Survival of MM cells is dependent on Fba9 overexpression. U266 and RPMI-8226 (8226) were
lentivirally infected with shRNA constructs directed against a non-relevant mRNA orFbxo9 mRNA coupled with
expression of a GFP reporter, and processed for (awo-colour FACS analyses (Pl, GFP) in three indepalent
experiments (n = 3, +sd). The apoptotic fraction oGFP positive cells is shown. (b) cells as is (a) ®esubjected to
FACS analyses for GFP-positive cells in three indemdent experiments (n = 3, +sd). The x-axis depictame [hrs]
(c) Immunoblot analysis of whole cell lysates used (a) and (b) to indicated proteins.
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or high (RPMI-2886) Fbxo9 expression levels. Inwflaytometric analyses of the infected GFP-
positive fraction of cells, the inactivation of Fi&strongly enhanced apoptosis induction in MMscell
with high Fbxo9 expression (right graphs), with amost 2.5 fold rise for the most efficient
knockdown (Figure 60a). This effect was merely detiele in cells with initially low Fbxo9
expression (left graph). Likewise, survival - definby the proportion of GFP positive cells after
several generation times of U266 (left graph) waaffected. In contrast in RPMI-8226 (right graph)
treated to downregulate Fbxo9 (shFbxo9 1,2) suruines strongly reduced compared to control
(shCtrl) treated cells (Figure 60b). Figure 60cveh@ffective downregulation of Fbxo9, subsequent
stabilisation of Tel2/Ttil and mTOR, decreased phosylation of Akt and an increase in S6K1
phosphorylation in Western Blot analyses. Thesectdf were most prominent for RPMI-8226,
underscoring that overexpression of Fbxo9 promstasival via repression of mTORC1-mediated
feedback inhibition of PISK/mTORC2/Akt signalling.
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6 Discussion

The present study shows that CK2 and S¥¥regulate mTOR signalling in response to serum
deprivation via targeted proteasomal degradatioed®/Ttil specifically in mTORC1 to promote
survival of multiple myeloma (MM). By differentigllregulating mTORC1 and mTORC?2 signalling,
the so far uncharacterised F-box protein (FBP) Bbaad the constitutively active kinase CK2
function to establish a steady state defined byntamied survival during minimised energy
consumption. This elegant mechanism allows the ¢elendure for prolonged periods until eventually
better growth conditions arise, thereby greatlyiding premature cellular apoptosis. Importantly,
relevance of this UPS driven mechanism can be iedaied in anin vivo setting. However, under
non-physiological conditions, a hyperactivationtlois mechanism caused by the overexpression of
Fbxo9 leads to constant pro-survival signalling finding that applies to approximately one third of
MM patients and correlates with increased respemsgs and survival upon treatment with
proteasome inhibitor Bortezomib. Together, Fbxo8 @K2 emerge as potential novel targets in MM
with high expression of Fbxo9, and suggest thatoBhevels may be a useful biomarker to predict

clinical response to treatment, particularly pretemal inhibition.

Mechanistically, the collective results propose @det in which under physiological conditions,
SCHE™and CK2 specifically target mTORC1-bound Tel2/Titita phospho-degron dependent man-

Physiological Fbxo9 expression Overexpression of Fbxo9 (e.g. MM)

E Growth factor withdrawal

Survival | Cell growth Survival
‘ RLTRES Proliferation

ted ——activated —— constitutively activated

Figure 61: Schematic model for how Fbxo9 and CK2 ahestrate the cellular response to growth factor
withdrawal (left). By degrading Tel2/Ttil complex speifically in mTORCL1 signalling via S6K1 is deactivéed to
minimise energy consumption through cell growth andiosynthesis. Reduced mTORC1 signalling further rigeves the
feedback inhibition on the mTORC2 pathway, thus advating anti-apoptotic Akt and prolonged cell survival. This
elegant mechanism can be shifted to the constitugly active PI3K/mTORC2/Akt pro-survival signalling upon non-

physiological overexpression of Fbxo9 (right).
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ner for degradation by the proteasome (Figure Bhijs entails cellular adaption to nutrient saving
conditions, in which energy consuming processesvermed by mTORC1 and S6K1 — such as protein
biosynthesis and growth are restrained wherea®mygedl survival is granted via relief of feedback
inhibition on the PIBK/mMTORC2/Akt axis. Under nohysiological conditions, forced overexpression
of Fbxo9 swings this normally stimulus dependentivation towards a constant pro-survival

signalling via hyperactivation of the PISK/mTORCZRtAaxis (Figure 61).

In the following, the roles of the newly identifiedTOR pathway regulation will be discussed in
the context of the physiological response to grofatiior withdrawal and its impact on pathogenesis

and treatment strategies of MM.

6.1 CK2 and SCF ™ regulate mTOR signalling in response to serum

deprivation via targeted proteasomal degradation of Tel2/Ttil

The UPS is an effective cellular system regulatindjverse array of processes ranging from cell
proliferation and death to circadian clock rhyth¥isBy identifying for the first time substrates bkt
so far uncharacterised E3 ligase S¥® and demonstrating its implication within the ckllu
response to growth factor withdrawal, the presamdysadds another item to the growing list of UPS
governed pathways. By negatively regulating mTOR€tlvity, Fbxo9 is important to maintain anti-
apoptotic signalling by mTORC2. Of note, a pro-$ual/ function was also assigned to Hrt3p, the
yeast homologue of Fbxo9 Baccharomyces cerevisae, where its overexpression confers resistance
to environmental poisoning with methylmerctity No substrates of Hrt3p have been defined so far,
but the protective role of this FBP was clearly elegent on intact proteasome function in this cdntex
It is therefore tempting to speculate that the tyéasnologue of Fbxo9 might also have a regulatory
role for cellular responses upon other diverserenmental perturbations. Furthermore, considering
its conservedness up to plants, Fbxo9-mediatedioima faithful protein degradation is putatively
indispensable for cells. Responding to yet anoéixéernal stimulus, the expression of AtFBP7 — the
Arabidopsis thaliana counterpart of Fbxo9 — is increased upon cold aat Bhock and required for
protein synthesis during temperature stfestince a mTOR homologue also exists in plants (JJOR
which seems to recapitulate some key charactesiafid functions described in mamm&|sand the
mTORC1 pathway is governing protein synth¥Sist may be speculated, that mammalian Fbxo9 can
mediate cellular responses to temperature stresssimilar fashion as delineated here for nutrient

deprivation.

Overall, the present study suggests that the ceedgrotein Fbxo9 may very well be able to integrat
other environmental cues to cellular responsegesits targets Tel2 and Ttil are both integral

components of not only mTOR complexes, but are ialgolved in the signalling cascades controlled
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by ATM, ATR, DNA-PKcs, TRRAP and SMG1. Markedly etlstability of these PIKKs was to some
degree also affected by Fbxo9 deletion in theahgtarvation experiments (s. Figure 19), indigatin
that following a pathway specific stimuli, SE¥°might be regulating stability and function of the
respective protein kinases via targeted degradafidrel2/Ttil, as well. On second thought, many of
the so far characterised FBPs have more than dostrate and can be recruited or activated in a
context specific fashion. For example, the E3 kg&€E " (B-transducin repeat containing protein)
was shown to target PDCD4 and Deptor in responsgetom repletioi® #'8% while after DNA
damage its activity is directed against cell cyegulator Cdc25X°'® to stall the cell cycle and
permit sufficient time for repair. As such, in futuresearch for other cellular substrates and rafles
Fbxo9, the identification gpSDXDXE (s. Figure 31) as canonical degron motif iggased by Fbxo9

in this study may facilitate further investigations

Many biochemical and biological properties of thBPFregulating the Fbxo9-Tel2/Ttil-mTor axis
were extensively studied. Considering its spe@dlile in a stimuli-dependent context, it may be
speculated, if the cell regulates Fbxo9-mediatedquitylation activity apart from degron
phosphorylation dependency. If SE®° may not be a constitutively active E3 enzyme, sdve
regulatory measures are supposable. For exampteeridation of two SCF complexes has been
shown to promote activity of FboxW?. Similarly, acetylation of certain residues wittime RING
domain of Mdm2 was reported to inhibit its E3 ligasctivity towards its target p53 Furthermore
different FBPs have been reported to regulate their activity or abundance via autoubiquitylaffon
As immunofluorescence-based localisation studiestitied Fbxo9 to be constantly cytoplasmic
(s. Figure 18), a compartmentalisation-mediatedilegipn of the protein is rather unlikely; however,
an association to specific sub-structures withie ttytosol might still represent a measure of
sequestering the FBP from its substrates. Anothausjble form of adjusting Fbxo9 reactivity
accordingly could be on the level of transcriptioregulation. However, during starvation mRNA
levels of Fbxo9 did not increase (s. Figure 15k)jlevprotein expression seems to be augmented
(s. Figure 19). While the increased signal intgnsiight simply reflect a higher abundance in a
situation where most dispensable cellular companardg being reduced to a minimum, there is still a
likelihood that in these conditions, activationfdifxo9 on a post-transcriptional level is at pldyhis
involves enhanced translation Bbxo9 mRNA or any other PTM described above, remaingdo

determined.

Degradation of SCF targets is mostly dependent jpeciBc substrate modifications, such as
phosphorylation of defined degron motifsThus, upon context specific stimulation, cellsegrate
environmental cues to distinct signalling, leadiagcontrolled substrate phosphorylation, subsequent

ubiquitylation and proteasomal degradatf8nThis study identified the constitutively activiKZ as
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the regulating kinase. It is a multifunctional apliotropic protein kinase targeting a myriad of
substrates located in diverse cellular compartmewnith crucial roles in cell differentiation,
proliferation, and survival®™®! The active kinase is assembled as a tetramedteipr complex
consisting of the two catalytic subunits GKand CK2x' and a dimer of two regulato@-subunits®.
Localisation studies reported both catalytic sutsutd be mostly nuclear in interphase and dispersed
throughout the cell in mitosi§. An independent nuclear import of all subunitsidferent kinetics
suggests that formation of the active holoenzyrkesalace in the nuclet’$ Moreover, in contrast
to the majority of protein kinases, which are uluial an inactive state unless their activity igueed

in response to specific stimuli and effectors, GKZonstitutively activE€’. Still, even though not
evident, the kinase can mediate stimuli-specifiotggsomal degradation of target proteins in a
phospho-degron dependent manner as identifiedftiefiel2 and Ttil. For example, expression of the
cell cycle regulator Weel is tightly controlled piospho-degron specific binding to its E3 ligase
SCHFPat the transition to mitosis, which is, amongstotkinases, regulated by CR2 Further, in
response to stress, an increased CK2 activity wsvéine tumor suppressor PML (promyelocytic
leukaemia protein) was reported to lead to proteasalegradation of PME®. This suggests that
CK2-specific degron sites are generally valid nsofior UPS-mediated cellular processes. In this
respect, to allow substrate discrimination by theggropic CK2, certain mechanisms for regulatién o
phosphorylation activity must exist; however, désgionsiderable investigations, an unifying model
for a potential cellular regulation of CK2 has nat been describétt. Favourable and strongly
debated hypotheses involve altered localisatiomipg phosphorylation, and modifying protein-
protein interactiong® 19919 19720 £qr axample CK2 was shown to be phosphorylated ®DK-
dependent fashié™ entailing association with the peptidyl-prolyl iserase Pinl during mitoff§.
These events generally enhance CK2 activity towésdsitotic substrates, but the exact mode of
activation is not fully elucidated. Mitotic phosplyation of CK2 does not directly affect its intsic
kinase activity”, and Pinl1 might actually rather regulate accelsilib substrates, than positively
influencing CK2 activity”®. Along the same line, recent work suggested thttim Pinl association
represents a mechanism for CK2 recruitment to sitestiori™, suggesting a synergistic interplay of

several factors to regulate the directed CK2 agtivi

Against this background, the present study coudshtifly a nucleo-cytoplasmic translocation as the
main regulatory means to direct CK2 activity towantel2 and Ttil proteins following growth factor
withdrawal. CK2 accumulates in the cytoplasm dursegum deprivation (s. Figure 41), and is
retained at its reaction sites, because a fullgrabtd holoenzyme cannot imported to the nuéféus
However, the initial underlying mechanism for CK&utlling remains obscure. de novo formation

of a cytoplasmic holoenzyme prior to the usual eacimport is unlikely, considering the absence of

nuclear CK2 staining after growth factor withdrawsl Figure 41). Hence, active export of CK2 via
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well established shuttling proteins like CRM1 oa wssistance of adaptor molecules is a more likely
scenari@”. Binding to those interactors could be putativelgdiated by a stimulus-dependent PTM
on CK2, thus integrating the external cue to dedctransport. If such an export process occurs
separately for all CK2 subunits in a concerted itashor if the complete holoenzyme is exported] wil
be subject of future investigations. By providingdence for nucleo-cytoplasmic translocation of
CK2 as regulatory means upon serum withdrawal, ghisy adds spatial control to the list of CK2

substrate specificity determination mechanisms.

Substrates of the CK2 mediated polyubiquitylation SCF™° are Tel2 and Ttil — two integral
components of the mTOR complexes. Their proteasamgitadation within the cell is characterised
by two distinctive features: The process is triggein the context of serum withdrawal and is
specialised as to only the mTORC1-bound fractiofe® and Ttil proteins are effectively targeted.
In combination with the recent evidences that TeI2/ are essential for stability of mTOR
complexe¥”, it is thus proposed that in response to unfadwargrowth conditions, degradation of
Tel2 and Ttil entails disruption of mMTORC1, whichturn lowers its kinase activities to minimise
cellular energy consumption. However, mTORC2 intggremains largely unaffected, and thus
procures cell survival. Of interest, complex forroatand PIKK association is also found in yeast
cell$®®, where induction of cellular quiescence Sohizosaccharomyces pombe was suggested to
depend on the Tel2/Ttil compf@& Quiescence resembles in many aspects the starvasponse
with growth and cell cycle silencing during maimgd survival, thus indicating an essential and

conserved role for Tel2 and Ttil regulating celluteetabolism.

With regard to the observed complex-specific tangeof Tel2/Ttil in mTORCL1 (s. Figure 48), this
study convincingly shows that degradation is medidty a priming phosphorylation through CK2.
Only thereafter SCE*°can ubiquitylate its substrates, in line with the delayed degradation of
Tel2/Ttil following serum deprivation responseRgure 48). The molecular regulation, establishing
such a preference for only one mTOR complex remhowever speculative. The dynamics of its
translocation might bear a possibility to direct Z&hly to mTORCL1. If this involves the function of
an active transport protein, a specific adaptoa atirect binding to one of the mTORC1 specific
components (e.g. PRAS#0and Raptdf* ') has yet to be defined. Targeted transport for GK&
been reported* and specific adaptor molecules are widely useithfmove reaction specificity? 2%

Of note, Raptor can function as a scaffold profiein mMTORC1 specific reaction partn&fsand
alteration in the phosphorylation status of Raptanight provide an dynamic motif for a context-
based binding partner discrimination. In anothenscio Tel2 and Ttil in mMTORC2 could be actively
protected from phosphorylation by an opposing phatgse to CK2. However, evidence for the

existence of such an enzyme that must be eitheciassd or recruited specifically to mTORC2 upon

The role of UPS in MM | Discussion




Bianca-Sabrina Targosz, M.Sc.

SD is so far lacking and has to be experimentatiyvided. Moreover, the significance of spatial
proximity and substrate accessibility for executdra biochemical reaction within a crowded celfula
environment could be considered. In this regardeabtargeting of Tel2 and Ttil within mTORC2
may be explained by sterical hindrance of CK2, Wwhiould impair physical interaction. As such
mTORC2 was described to be ribosome assocf8teshich could be a way to sequester reaction
partners even within the cytoplasm. Also for mTOR@1specialised subcellular localisation was
described’. Stimulation with amino acids induces movement mTORC1 to lysosomal
membranes®. While further investigations are needed to fudlydress these hypothses, it is thus
possible that differential substructure associattdrmTORC1 and mTORC2, respectively, might
actually result in exclusive exposure of mTORCLl#mbuTel2/Ttil for phosphorylation and

subsequent ubiquitylation reactions during staovati

In discovering the complex-specific targeting ofiZF€til, the present study provides a convincing
model how differential regulation mTOR signallingnc be established (s. Figure 61). A similar
asymmetrical regulation was previously assignedéptor, an inhibitory protein associated and
directly interfering with both mTOR complex sigriatj pathway5™. Following nutrient deprivation
Deptor expression was shown to be upregulated abdeguent reduction of mTOR signalling
actually stabilised Deptor expression levels ire-@mplifying loop. This demonstrates how similar
cellular responses can be achieved by completéfiyreint mechanisms, as exemplified here by either
increasing abundance of inhibitory Deptor or desirgglevels of stabilising Tel2/Ttil. However, in
contrast to the situation of Tel2/Ttil where alngachder physiological conditions the two mTOR
pathways are differentially affected in responsautient depletion, only forced expression of ept
alleviates mTORC1 feedback inhibition on mTORC2, dy to date unexplained preference for
mTORC1 inhibitiort*. While this deregulation becomes especially irstimg in the context of MM

(s. next chapter), the physiological role of Deptoay complement the sustaining function of
Tel2/Ttil in response to starvation by immediatioac It may be hypothesised that the two processes
for attenuation of mMTOR signalling share some reldmecy and can even substitute each other,
whereas an action in parallel might actually sttbag starvation response. Further investigatioas ar

needed to delineate the mode of interplay betwed/Ttil and Deptor during nutrient deprivation.

The role of Tel2 and Ttil proteins in maintaininglglar responses might not solely be restricted to
growth factor withdrawal, since they can interadthvall mammalian PIKKs and essentially regulate
their abundancé’. Indeed, in starved conditions, once Tel2/Ttilelsvare abnormally high during
Fbxo9 depletion, also other PIKKs are stabilisedF{gure 19). This might be a mere effect of
augmented intercellular concentration, but it miglso point towards an active role of the St®
dependent degradation of Tel2/Ttil associated wiitter PIKKs (see above). ATM, ATR and DNA-
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PKcs are well-defined regulators of response taouarforms of DNA-damage, inducing cell cycle
arrest and lesion rep&it>'% Considering the proposed stabilising effect o2Ti1, the interaction
might be most valuable once such stresses are edpaws the cell. Concomitantly, depletion of Ttil
renders cells sensitive to damaging agents andtsésicheckpoint bypas¥. Targeted degradation of
Tel2/Ttil within these complexes is then most §kiel occur during damage stress recovery, when the
kinases are no longer required. On the other haftdy treatment with damaging agents, Ttil
interaction with PIKKs is markedly reduced, suggest stimuli dependent dissociation, which might
be explained by degradatigh In turn, this would lead to the hypothesis thatZITtil might act as
scaffolds to sequester, yet stabilise PIKKs undamal conditions, and release them to sites of
damaged DNA upon stimuli, reflecting of course d#fedént mode of regulation compared to
maintenance of mMTOR signalling. Another interacldRRAP, which is a regulator of gene expression
via its association with histone acetyltransferasmplexes was also found to contribute to BBR
and might hence underlie a similar regulation. SM@fich is generally an important factor during
non-sense mediated decay, additionally functiona asnsor of DNA damage and oxidative sfréss
and it is speculative which cellular role of SMG essentially governed by Tel2/Ttil conferred
stability. All these considerations would define @nnipotent role for Tel2/Ttilto mediate a tightly
connected crosstalk between all PIKKs upon varewgronmental influences. Future investigations
will shed light onto the role of Tel2/Tti1l and teibility of PIKKs within the diverse cellular cexts
and how members of the UPS are involved in theseggsises.

The identification of a novel process regulatindluter starvation response has added new UPS
associated proteins and mechanisms to the curregrstanding of mTOR signalling. The next
chapter will focus on how this tightly controlledhysiological regulation can be driven towards a
constitutively active survival pathway, which isedquently found during development of the

hematologic malignancy MM.

6.2 Fbxo9 dependent degradation of Tel2/Ttil is der egulated in MM to

promote survival via asymmetric activation of mTOR pathways

The UPS has a crucial role in maintaining and reging cellular homeostasfs Not surprisingly,
as one of the main members of the UPS, the E3dfghave been implicated in causing and sustaining
malignant transformations in various cell tyP&sThis study shows overexpression of the FBP Fbxo9
in 30% of MM cases and better response to proteasohibition and subsequent PFS were correlated
to elevated levels of Fbx09. In these cases, salrvias demonstrated to greatly depend on Fbxo9
overexpression, defining it as an oncogene in MMshite the effectiveness of proteasome inhibitors
in clinical applications, myeloma-specific deregathcomponents of the UPS are to date only rarely

defined. The only other FBP, reported to positivaifluence viability of MM cells is Fhxw.
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Regulating the nuclear p100 degradation, this §&ske promotes survival, by negatively interfering
with physiological NF«B pathway inhibition in MM'. While aberrant activation of the NB
pathway has long been proposed to be an importaohamism underlying the successful application
of proteasome inhibitof¥ this study additionally links the frequently hyaetivated
PISK/mTORC2/Akt signalling to an UPS-specific dankdion event in MM. Considering that the the
PISK/mTORC2/Akt pathway also positively regulatée tNFkB pathway™ it is speculative that a
deregulation of Fbx09-Tel2/Ttil-mTOR axis may be #ttual cause for the observed activation of the
NF-kB signalling cascade. To test this hypothesis réutnvestigations may focus on reanalysing MM
patient data or cell lines with implications for B pathway deregulation and a good responsiveness
to proteasomal inhibition for levels of Fbxo9, Tel@d Ttil, too. In this respect, it is possiblettha
Fbxo9 will emerge as the key oncogenic protein gldeting a whole metabolic axis to promote

survival of MM cells in many aspects.

Of note, inhibitory Deptor, which is regulated wiee UPS-member SEFF also has a role in mTOR
signalling regulatiotf*®> and its overexpression has been shown to actiklatevia asymmetric
mTOR complex inhibition in certain myeloma celleeliRPMI-8226'°. Thus, Deptor may contribute
to the increased activity of Akt in MM observedtims study as well. However, presented results show
that Deptor levels were not affected by Fbxo9 esgimn in MM cell lines examined (s. Figure 60c)
and contrary to the prevalent enrichment of FbxoByiperdiploid MM cases, Deptor was enriched in
MM patients presenting with IgH translocatidfisindicating independent pathways (s. chapter 6.1).
Thus, the present characterisation of Fbxo9 defynidemonstrates overexpression as frequent
oncogenic event in the setting of MM. Transformatmyomoting property of Fbxo9 might be not
restricted to this malignancy, making it a promgsgandidate for expression analyses in other cancer
types. In this respect, dependent on the underlyamgext, other already identified FBPs were shown
to function as either oncogenes or tumorsuppre€8oFer example, the SEEC” has been assigned

}83—185

mostly oncogenic functions with targets like inkoloy Depto , inhibitor of NFKB pathway
(IkB)**, and DNA damage sensor Claspii®® however, in rare cases loss-of-function mutations
caused accumulation of oncogenic targets like Wirtadling proteinB-catenifi*?** Thus, future
investigations on putative substrates and abeagmtession in other cancer types may identify other

essential functions for Fbxo9.

Nevertheless, considering the special context irchviransformation of plasma cells to MM cells
occurs, the oncogenic properties of Fbxo9 becorsentially important during pathogenesis of this
hematologic neoplasm. The differential regulatioh mTOR signalling results in an usually
disadvantegeous status of reduced energy and gmitithyet sustained and prolonged survival. As

MM is a slowly developing diseaSe such conditions might be particularly favourakde clonal
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expansion of MM cells homing to the protective BKfRIThe constant production of growth factors
like IGF-1 and IL-6®° by the BMM was shown to further promote PI3K/mTCREKt
hyperactivation and thus survidi*® The asymmetric deregulation of mTOR signallingFipxo9
overexpression is hence additionally shifted towaedti-apoptotic signalling via mTORC2 by
external cues. This proposes a scenario, whergluasinTORC1 activity is sufficient for the
production of necessary biomass synthesis to alth cell expansion, but is however too little to
establish effective feedback inhibition on the hgotivated mTORC2 pathway. As such, MM cells
can compensate for the minimal metabolic activity éxtended periods, while profiting of the
survival advantage. This may allow for an accunoiabf further malignant genetic mutations, and

thus disease progression.

The identification of deregulated Fbxo9-Tel2/TtiTF®R axis as a special tumor promoting
mechanism in MM, incites further investigationsdiffierential deregulation of mTOR signalling in an
Fbxo9-dependent manner in other malignancies. 8k,davels of inhibitory Deptor could be shown
to inversely correlate with the activity of the mR@ignalling pathway in a panel of breast canclr ce
lines'®. This suggests that other cell types might be @rannon-physiological relief of feed-back
inhibition between MTORC1 and mTORC2, as well. Mwer, considering its many and versatile
functions in almost every aspect of cellular ldeerrant mTOR signalling can be found at the hefart
tumorigenesis in many other neoplasms and upregolaif the PISBK/mTORC2/Akt pathway is
commonly observed in malignanci€s Hence, inhibition of this pathway has been subggadrug
developmerit’. In other cases hyperphosphorylation of S6 wasdo correlate with disease in
cases of malignant melanoma, clear cell renal wanea, and head and neck carcinoma, indicative of
mTORC1 axis hyperactivatiéH. However, inhibition of mMTORC1 with Rapamycin-likempounds
(rapalogues) yielded only moderate suctésRegarding the data of this study, this effect icaall
likelihood be explained by a one-sided attenuattdrmTOR signalling that eventually leads to
hyperactivation of the PIBK/mMTORC2/Akt axis. Congently, cell survival is promoted, probably
causing more harm than curtailing the original esons deregulation. Thus, to circumvent the
influence of feedback inhibition relief, recenthgwkloped inhibitors that target catalytic domaifis o
both mTOR complexes or of MTOR and PI3K simultasiouwvere tested to be more promising
therapeutic compoun®?** Furthermore, the results of the present dataesigbat inhibition of the
proteasome might also be a promising option foattinent of cancer patients presenting with
hyperactivated PI3K/mTORC2/Akt signalling. Indeatinical data show that although Bortezomib
treatment was most successfully applied in hemgioldiseases, it was also partially beneficial for
patients with solid tumof®. As such, future investigations might be able wrrelate this
responsiveness to a deregulation of Fbxo9-Tel2ffTOR axis and thus provide a rationale for

choice of medication.
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The identification of targeted strategies to tregicer patients has become a central goal over the
last decade®’. Because cancer cells originate from intact noweds, any treatment targeting cellular
components or pathways of malignant cells can byredisturb intact and balanced biological
mechanisms within the healthy cells, as well. Chifly, this situation manifests in many adverse
effects observed upon drug administration. In tlesec of MM, for example, treatment with
proteasome inhibitor Bortezomib, can be associatiégd side-effects such as hypotension, shingles,
fatigue, nausea and vomiting, and in most casesphmral neuropathy and gastrointestinal
symptom&®?% As such prediction of the most promising drugtmeent based on distinct molecular
biomarkers is an important means to increase amtéet effectivity and minimise suffering for
patients. This study suggests that elevated Fbhxa@ld are a reliable biomarker for better
responsiveness and outcome upon administratiorodeBomib (s. Figure 55), which can be assessed
from bone marrow aspirates. Of note, the FBP Flaxf@vours MM survival via the NikB pathway
in a dose-independent manfiéand thus its expression has no prognostic vatueoitrast, elevated
levels of Deptor were found to favour survival inVWMcells'™. However, this rather represents a
contra-indicator for proteasome inhibition, becaDegtor is a target for degradation by the JP%>
Thus, Fbxo9 levels might emerge as the first UR&ead biomarker recommending proteasome

inhibitor treatment in MM.

Another novel finding of the present study, whiclgimt be useful as a future predictive marker ig tha
subcellular localisation of CK2 directly correlategh its activity towards Tel2/Ttil. Considerinkyat
stability of Tel2/Ttil is greatly dependent on CKiRase activity in certain MM cell lines (s. Figure
59), such cells might conceivably also display éased cytoplasmic localisation of CK2. In this
regard, if CK2 localisation can be specifically elged in MM cells of patient samples and further
correlated to effectiveness of proteasome inhibiteatment, another clinically relevant biomarker
would be defined. Also, the abundance of CK2 mighta useful biomarker, because abnormally high
levels of CK2, which were shown to promote asyminaleregulation of mTOR signalling in this
study, were reported to be implicated in cancegassion in a broad variety of solid tumors as well

as hematologic malignancfés®*

Considering its growth promoting, proliferatiy@p-survival, and
anti-apoptotic functions, CK2 activity can providad maintain an environment that favours cancer
progressioft®. Consistently, CK2 overexpression is protectivaiagt drug-induced apopto$is and
apoptosis-induction resistant cell lines often ligglevated CK2 levels. On a molecular level, the
pro-survival function by CK2 was assigned to regataof several prominent pathways. For example,
CK2 is important for the phosphorylation-dependstabilisation of c-Myc, which was shown to
promote lymphomagene$t$ With respect to MM, there is evidence that bdévated protein levels
and activity of CK2 implicate attenuated responsess to cell death induction, since depletion of

CK2 increases the cytotoxic effects of drug treatiman MM cell$®. Interestingly, similarly to the
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nutrient independent activation of pro-apoptotgnsiling upon CK2 depletion observed in this study
(s. Figure 44), stimulation with growth factors fbuot reverse the phenotype caused by CK2
depletion in these MM ceft§. It is thus conceivable that in the context of Miiéregulation of the
Fbxo9-Tel2/Ttil-mTOR axis represents another imgurtcellular pathway that is essentially
dependent not only on CK2 activity but also expmssevels. In the future, a correlation between
CK2 expression and responsiveness to proteasontstiom in MM remains to be demonstrated, to

reliably define CK2 levels as a biomarker.

Further, clinicians and patients might not onlyfiprisom a better response prediction based on the
suggested novel biomarkers, but this study alsviges targets and rationales for development of new
treatment strategies. This is of particular intenedMM, since owing to their high genomic instatyil
these tumors are often relapsing and/or becomstaesito treatmetit Firstly, a putative, novel target
structure is CK2. Specific inhibitors of this kimaare already widely available and applicable for
cancer treatmefif and could be used to treat MM patients with hidixd® (or CK2) expression,
which became refractory to proteasome inhibitors. the other hand, a general administration in
combination with proteasom inhibitors could consadidy re-establish apoptosis signalling in MM
cells. Of note, also ubiquitylation of p100 by SE¥™ is degron-dependent, and inhibitory drugs
directed against the priming kinase could dramiyicaduce viability of MM cell line$"’, indicating
that this strategy might also prove to be effecttee interfere with CK2 mediated Tel2/Ttil
degradation by SCE*° Secondly, directly targeting the deregulated mT€ghalling pathway in
parallel to the UPS or as secondary treatment riatepsome inhibitor resistant MM cases, might be
beneficial in patients analysed with Fbxo9 overespion. Considering its hyperactivation in the case
of Fbxo9 overexpression, interfering with the PIBRIORC2/Akt pathway in combination with UPS
inhibition should efficiently induce apoptosis inMMcells. Indeed, in a recent study combining
Bortezomib/Dexamethasone treatment with Perifosare, Akt inhibitory agent has shown good
overall response rates of 65% in MM patients thatearelapsing from Bortezomib/Dexamethasone
treatmer®. In line with the finding that inhibition of mTORICalone was not sufficient to re-
establish the apoptotic phenotype of serum depiiedd (s. Figure 47) studies that have attemgted t
use of rapalogues for treatment of MM patients wase less successttfi whereas in combination
with inhibition of the PIBK/mTORC2/Akt pathway, @mhanced anti-myeloma activity was observed
in pre-clinical modefé’. Obviously, targeting both mTOR complexes may tdisa more robust
responses, and ongoing studies aim to develop spar@alised drug¥’. Already, in MM cell lines an
inhibitor of both mTORC1 and mTORC2, pp242, ledsymergistic anti-MM effects in combination
with Bortezomi®. Thus, the availability of second generation mT@Ribitors could improve

treatment strategies of MM with deregulated Fox@®21Ttil-mTOR signalling.
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To further advance therapies, individualised cartaee of patients has long been hypothesised to
replace the common systemic and unspecific chemaypketic treatment strategi&s However,
despite promising better success in both cancerssawn and patient well-being, the search for
reliable, potent and specific target structures@ased with a malignancy has not yet been comglete
A well-established example is the personalised éardoreast cancer patients. Only those patients
displaying high levels of the Her2/neu oncogend| vaspond to administration of the specific
Her2/neu inhibitor and can be treated accordf{lyVith respect to MM, such treatment options are
not yet available. As such, the MM-specific oncag@&bxo9 might emerge as a promising candidate
for individualised treatment, because manipulatigo9 levels to low abundance, strongly reduced
viability selectively in MM cell lines with high F®o9 expression (s. Figure 60). This indicates two
promising prerequesites for future drug developmiamgeting Fbxo9 on its own is potent enough to
induce cytotoxicity; albeit the effectiveness isdifically restricted to cells with abnormally high
expression levels. As a first step towards perssgdimedicine in MM, this study can define a
subpopulation of MM patients with remarkably highxB9 expression levels, suggesting that almost a
third of MM patients might benefit from such a nbdeug design. Future clinical and pharmacologic
studies will have to investigate whether compoursgcifically inhibiting Fbxo9 and hence
progression of MM can be found.

In the future, it will be interesting to follow, the novel underlying mechanism of genesis and
development of multiple myeloma delineated in thiady will indeed prove to provide valuable

information to clinicians for improved treatmentpzttients.

6.3 Summary

High clinical response rates have established asotae inhibitors in the first line therapy of MM.
Therefore, the identification of ubiquitylation patays whose MM specific deregulation favours
survival is critical to gain further insights intbe disease. As such, the present study defineg9bx
and CK2 mediated degradation of Tel2/Ttil as a raeism for regulating mTOR signalling. By
identifying Fbxo9 overexpression as a means tocBed#dy and constitutively activate the
PIBK/mTORC2/Akt axis in MM, this study links a spfezally deregulated UPS-dependent event to
pathogenesis of MM that may serve to predict respdn proteasomal inhibitors and provide novel
target structures (Fbxo9, CK2) in MM with high eagsion of Fbxo9.
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