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Abstract

ABSTRACT

TRAIL was shown to specifically kill cancer cells in vivo without causing toxicity.
Based on this, TRAIL-R agonists were developed for clinical use. However, to date,
TRAIL-R agonists have only shown limited therapeutic benefit in clinical trials. This is
likely attributed to the fact that most primary human cancers are TRAIL-resistant. It is
therefore essential to identify potent and cancer-selective TRAIL-sensitising drugs

that overcome TRAIL-resistance.

In this thesis it is shown that the CDK9 inhibitor Dinaciclib broadly sensitises different
cancer types to TRAIL-induced apoptosis, including, notably, chemo- and targeted
therapy-resistant tumour cells. Mechanistically, treatment with Dinaciclib results in
RNA polymerase Il inhibition, leading to the inhibition of transcriptional elongation.
Consequently, this induces the downregulation of FLIP and Mcl-1, two anti-apoptotic
proteins that are frequently upregulated in TRAIL-resistant cancer cells. Furthermore,
this thesis shows that Dinaciclib, in addition to CDK9, also targets the transcriptional
regulator BRD4, and that the combined inhibition of both is required to break TRAIL-

resistance in several cancer cell lines.

Moreover, this thesis demonstrates that the combination of TRAIL and Dinaciclib has
therapeutic efficacy in different mouse models of NSCLC, including the Kras and
Tp53-driven KP autochthonous mouse model, which recapitulates the
histopathological features of the human disease. This combination led to significant
tumour regression and prolonged the survival of these mice. Additionally, the effect
of this novel combination on the tumour microenvironment was explored. It was found
that for its in-vivo activity, Dinaciclib requires the action of the adaptive immune

system.

Lastly, | propose the development of novel immunogenic mouse models of NSCLC
that resemble the mutational burden of human tumours by combining the cancer cell-

specific expression of oncogenic drivers with the administration of carcinogens.

In conclusion, this thesis validates the combined use of TRAIL and Dinaciclib as a

potent cancer therapy.



Impact Statement

IMPACT STATEMENT

In the UK, more than 363,000 people are diagnosed with cancer every year (Cancer
Research UK, www.cancerresearchuk.org/health-professional/cancer-statistics). In
spite of the research efforts over the last decades to find new treatment options,
cancer is still the leading cause of death, accounting for more than a quarter of all
deaths in the UK. Among the different cancer types, lung cancer is by far the most
common cause of cancer death, responsible for 21% of cancer mortality in the UK. In
fact, only 5% of the patients diagnosed with lung cancer survive for 10 years or longer.
Therefore, the development of new therapeutic options for this disease is of

paramount importance.

In this thesis, the anti-tumour efficacy of a novel combination therapy comprising the
death ligand TRAIL and the CDK9 inhibitor Dinaciclib in lung cancer mouse models
was demonstrated. It is shown that combined treatment with TRAIL and Dinaciclib
reduces tumour burden and prolongs survival of lung cancer-bearing mice. This
preclinical validation could be the basis for future clinical development of this
combination therapy. If successful in clinical trials, the combination of TRAIL and
Dinaciclib could be a novel therapeutic option for lung cancer patients, thus directly

influencing the survival of these patients.

Importantly, this work has also shown that TRAIL and Dinaciclib co-treatment can Kill
many cell lines obtained from various different cancer types including very frequently
diagnosed types like breast cancer, but also other less commonly diagnosed types
with extremely low survival rates like pancreatic cancer. Thereby, although further
preclinical testing in animal models needs to be carried out in these other pathologies,
the combination therapy proposed by this thesis has the potential to be an effective

treatment option for many cancer patients.

Furthermore, this thesis has highlighted the need for novel mouse models of lung
cancer that recapitulate the high mutational burden and heterogeneity observed in
the human disease. This thesis proposes the development of immunogenic lung
cancer models that combine the cancer cell-specific expression of oncogenic drivers
with the administration of carcinogens. Once the characterisation of these models is
completed, and if they indeed are more immunogenic, they will be made available to

the scientific community Since these models are expected to more accurately
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Impact Statement

represent human lung cancer, the responses observed may more closely recapitulate
what is observed in patients, thus increasing the translational relevance of the
preclinical results obtained with them. Consequently, this should translate into the

saving of both resources and time in the development of novel cancer drugs.



Table of Contents

TABLE OF CONTENTS

DECLARATION ...ttt ettt ettt ettt et e e e e 2
ABSTRACT ittt a ettt ettt e et 3
IMPACT STATEMENT ..ottt et et e e st e e e nneeeennneaea 4
LIST OF FIGURES ...ttt ettt e e 11
LIST OF TABLES ... ettt ettt et e e e e nte e e anne e e enees 14
LIST OF ABBREVIATIONS ...ttt 15
1. INTRODUGCTION. .. ..ottt ettt et e et e et e e e nte e e ameeaeanneeeanneeas 23
1.1 TRAIL-R: a member of the TNF-Receptor superfamily.............ccccccvvvvvnvnnnnnnns 23
1.1.1. The TNF-Receptor superfamily.........ccccoooiiiiiiiiiiiiiiiiieeeee, 23
1.1.2. The TRAIL/TRAIL-R system in humans and mice ..........ccccceeeeeiiieeeeennnn. 25
1.1.3. TRAIL-induced signalling ........ccouviiiiiiiiiecces e 28
1.1.3.1. Pro-apoptotic TRAIL signalling ..........ccccuviiiiiiiiiiiiieee e 29
1.1.3.2. Non-apoptotic cell death TRAIL signalling...........ccccuveeeieeiininiinnnnee. 35
1.1.3.3. Non-canonical TRAIL signalling..........cccouvvieiiiiiiiieecee 37

1.1.4. The role of TRAIL and its receptors in cancer..........ccccooeeeieeeieeiieeeeeeenenn. 41
1.1.5. TRAIL-R agonists in the CliniC ..............uiviiiiiii e 44

1.2. Cyclin-dependent kinases and their role in transcription ..............cccccvvvvnnne. 52
1.2.1. Cyclin-dependent KINASES .......cccoiiiiiiiiieii i, 52
1.2.2. CDK9: a regulator of transcriptional elongation ...............coceeeeiiiiennn. 53
1.2.3. CDK®9 inhibition in cancer therapy........cccooooooiiiiiiiieee, 57

1.3. Lung cancer and mouse models of the disease ...........ccccccevvvvveviiiiiiieiiennnen. 62
1,30, LUNQG CANCET ..ttt a e e e 62
1.3.2. Mouse models Of NSCLC..........ooiiiiiiiiice e 64

1.4. AIMS Of the StUY ... 68
2. MATHERIALS AND METHODS.......co ittt 69
2.0, MAEETIAIS ..o 69



Table of Contents

2.1.1.  Chemicals and reagents .............eeuvririiiriiiiiiriiiiiiiiiieeeneree————— 69
2.1.2. Buffers and SOIUtIONS .........c.oeiiiiiiiiiii e 69
2.1.3.  BiologiCal @geNntsS..........ceiiiiiiiiiiiiiii e 73
2.1.4.  SpeCific INNIDITOIS ....cevviiiiiiiiiiiee e 73
2.1.5. Proteolysis targeting chimeras (PROTACS).......cccoouiiiiiiiiiieeiieeeiiine 73
216, ANUDOIES ...oooiiiii e 74
2.1.7. Cell culture media and supplements...............ouueiiiiiiiiiiiiiiiiiiiiiiiiennns 76
218, CelllINES ... 77
2.1.9. Ready-to-use Kits and solutions............ccccvvviiiiiiiiiiececcc e, 79
2.1.10. CoNSUMADIES .......ooiiiiiiiie e 79
2117, INSIIUMENES ..o 80
2112, SOWAIE ....eeiiiiie e 82
2.2. Methods in Cell DIOIOGY ....coviiiiiiiiiieieee e 82
2.2.1. Cell CURUIING .eeeiiieieiee e e 82
2.2.2. Generation of cell lines from lung tuMOUrS...........ccooiiiiiiiiiiiiiiieeeees 83
2.2.3. Freezing and thawing of Cell iNeS ..., 83
2.2.4. siRNA-mediated KNOCKAOWN ............ooiiiiiiiiiiiiec e 84
2.2.5. Generation of KNOCKOUL CEIIS ........cocuiiiiiiiiiiiiiiiee e 84
2.2.6. Cell viability assay (CellTiter-GlO) ..........uveurieriieiriiiiiiiiiieiiiieieiireeneeeeenann, 85
2.2.7. Cell death assay by SYTOX Green staining ...........cccvevvvvvvvvvvvvevvnninnnnnnnn, 85
2.2.8. ClONOGENIC @SSAY .....uuuueeiiiiiieeeeeiiiiiiee ettt e e e e e s sttt e e e e e e s s e e e e e e e e e 86
2.2.9. Surface staining by fluorescent-associated cell sorting (FACS).............. 86
2.3 Methods in bIOChemMISTIY .......oooiiiii e 86
2.3.1. Preparation of cell lySates ..........ccuuiiiiiiiiiiiiie e 86
2.3.2. SDS polyacrylamide gel electrophoresis (SDS-PAGE)...........cccvvvvvennees 87
2.3.3. Coomassie staining of SDS-PAGE géls..........cvvvviiriivviiiiiiriiiiiiiiiiiiviinnnnn, 87
2.3.4. Western BIOHiNgG ......coo v 87
2.3.5. Stripping of Western Blot membranes ............ccccevvvvvvviiiiiiiiiiiiiiiiiiiiinns 88



Table of Contents

2.3.6. Production of recombinant izmTRAIL ..o 88
2.4. Methods in molecular biology ........ccoeeeuiiiiiiiii e 89
2.4.1. DNA digestion and restriction.............ccccoeiiiiiiiiiiiieieeeeeee e 89
2.4.2. DNA separation using agarose electrophoresis and purification............. 90
2.4.3. DNA fragment ligation ...........cooiiiiiiiiie e 90
2.4 4. Transformation of competent E.coli bacteria..............ccccovvviiiiiiiiiiiinnnnnns 90
2.4.5. Isolation of plasmid DNA ... ... e 91
2.4.6. Isolation of genomiC DNA .........ooiiiiiiieeeeeeeeeeee .. 91
2.4.7. Polymerase chain reaction (PCR)..........ouviiiiiiiiiiiiiiiiieeivvvvvvevvevineaes 91
2.5. ANIMAl STUAIES ... 93
2.5.1. MOUSE MOAEIS ..o 93
2.5.1.1. Transplantable tumours ... 93
2.5.1.2. Orthotopic A549 xenograft lung tumours.............ccccceeeiiiiiiiiieennen. 93
2.5.1.3. Autochthonous lung tumours in the KP model.................ccoooeeeee. 94
2.5.2. GENOLYPING ...eeeeteieeiiiiii ettt e e e e e e e e e e e e e e e e e e 94
2.5.3. Treatment Of MICE ........uuiiiiiii e 95
2.5.4. In vivo bioluminescence iMaging ........cccoeeeeereeieiiiiiiie e e eeeeeaaan 95
2.5.5. Dissection and fixation of tissues for histology............ceevvvviiiiiiiiiiiiininnnnn, 95
2.6. EX VIVO STUAIES ...t 96
2.6.1. Histological examination and quantification of tumour burden................ 96
2.6.2. IMMUNOFIUOIESCENCE .......eiiiiiii it 96
2.6.3. Immune cell profiling by FACS ... 96
2.6.4. SErUM @NAIYSIS....cciiiiiiiiie e 97
2.7. Statistical @N@lYSIS .........eeeiiiiiiiiii e 97
RESULT S ..ttt ettt e e et e e et e e e se e e e emeeeeenee e e enneeeanneeas 98

3.1. Characterisation of Dinaciclib as a potent sensitiser to TRAIL-induced

= 0T 0] (017 1< TR 98

3.1.1. Dinaciclib is a more potent sensitiser to TRAIL-induced cell death than
TN ST 0 USSR 98



Table of Contents

3.1.2. Dinaciclib overcomes TRAIL resistance in multiple cancer types.......... 103

3.1.3. Co-treatment with TRAIL and Dinaciclib overcomes chemo- and targeted

therapy reSiStaNCEe.......cooiiieee e 110
3.1.4. TRAIL- and Dinaciclib-induced cell death is apoptotic...............cceveeeee. 116

3.2. Evaluation of the therapeutic potential of the TRAIL and Dinaciclib combination

JV VIVIO e e e e e e 121
3.2.1. TRAIL and Dinaciclib treatment is well tolerated in vivo........................ 121

3.2.2. TRAIL and Dinaciclib combination therapy reduces tumour growth and

prolongs the survival of NSCLC transplant tumour-bearing mice ................... 123

3.2.3. The combination of TRAIL and Dinaciclib eradicates established orthotopic
human NSCLC Xenografts ... 125

3.2.4. Dinaciclib treatment is sufficient to reduce tumour growth and prolong
survival in the autochthonous KP model of NSCLC ..o, 127

3.2.5. TRAIL and Dinaciclib combined treatment does not synergise with
platinum-based chemotherapy in the KP model of NSCLC ........................... 130

3.2.6. Dinaciclib equally reduces the viability of KP cell lines derived from

chemotherapy-treated or -naive animals................oooeiiiiiiiiiiiiiiiiiiieeees 132

3.3. Investigation of the impact of the TRAIL- and Dinaciclib-comprising therapy on

the tumoUr MICrOENVIFONMENE. ... 136

3.3.1. TRAIL- and Dinaciclib-comprising therapy modulates the tumour

1Tl (o 1=  aNA1 o) a1 0[] o1 PR 136

3.3.2. NK cells are not responsible for the anti-tumour response in Dinaciclib-

LY=L (=0 I a1 (o= TR 138

3.3.3. The adaptive immunity is required for the anti-cancer effect exerted by
DINaciCliD ... 140

3.4. Identification of the Dinaciclib targets that mediate TRAIL resistance........ 144

3.4.1. CDKQ9 is the Dinaciclib-target responsible for TRAIL sensitisation in human



Table of Contents

3.4.3. Dinaciclib targets BRD4 in addition to CDK9 and combined inhibition of

both is required to overcome TRAIL resistance in KP cell lines...................... 152

3.4.4. CDK9 inhibition overcomes TRAIL resistance in some cell types, while
others required the additional inhibition of BRD4 ............cooovvviiiiiiiiiiiiieeiieeeee, 158

3.5. Establishment of immunogenic GEMMs for NSCLC...........ccccvvvveiiieevinnneee. 161

3.5.1. Carcinogen exposure after the engineered-induction of NSCLC tumours

INCreases tUMOUN DUITEN ......ove e e 161

3.5.2. Carcinogen exposure before the oncogenic expression of Kras and Tp53

iNncreases tuMOUr GrOWEN ........ooi i 164

4. DISCUSSION ...t 168

4.1.1. Dinaciclib is a potent sensitiser to TRAIL-induced cell death in many

(o7 [07<] &= TR 169

4.1.2. Dinaciclib breaks the resistance to TRAIL-induced apoptosis by
downregulating Mcl-1 and FLIP ... 172

4.1.3. TRAIL- and Dinaciclib-comprising therapy shows preclinical activity in
NSCLC MOUSE MOTEIS.......ooiiiiiiiiiiiiiie et 174

4.2. TRAIL and Dinaciclib treatment modulates the activity of the immune system

4.3. Combined inhibition of CDK9 and BRD4 is required to sensitise some cancer

cells to TRAIL-induced apoptoSis .......oovvviiiiiiiiiieiieeeeee e 181

4 4. KP mice treated with urethane could serve as a novel iIGEMM for NSCLC 185

4.5. Summary and OULIOOK .............uuuiiiiiiiiiiiiiiiiii s 186
ACKNOWLEDGEMENTS. ... ettt e e a e e e e nnee e e e nneeeas 188
REFERENGCES ... ..ottt et e et e e e e e e e e e e e e ennes 190

10



List of Figures

LIST OF FIGURES

Figure 1.1: Human and mouse TRAIL-receptor systems. ........cccccccevviviiiieiiniccnnnenn, 26
Figure 1.2: Structure of apoptotiC CaSPaASES. ........evvvrvvriiiiiiiiiiiiieees 29
Figure 1.3: TRAIL-induced pro-apoptotic signalling pathway. ............cccccccrninnnnnn. 34
Figure 1.4: TRAIL-induced necroptosis signalling pathway..............ccccccceevniiinnnnnn. 37
Figure 1.5: TRAIL-induced non-canonical TRAIL signalling............cccccceeeiiiiiinnnnne. 40

Figure 1.6: The role of the TRAIL/TRAIL-R system in the tumour and its

a1 TeTgoT=T LY/ o 4= o | O 43
Figure 1.7: Mammalian CDKs and their cyclin partners. ............cccccvviieiiiinniinnnn. 53
Figure 1.8: The RNA polymerase Il transcription cycle. ........cccccoeeeiiiiieiriiiiiceeeee, 55

Figure 3.1: Dinaciclib is more efficient than SNS-032 in sensitising cancer cells to
TRAIL-induced cell death........ ..o e 99

Figure 3.2: The combination of TRAIL and Dinaciclib inhibits the clonogenic survival

of cancer cells more efficiently than the combination of TRAIL and SNS-032. ..... 101

Figure 3.3: Dinaciclib, similarly to SNS-032, sensitises cancer cells to TRAIL-induced
cell death by downregulation of FLIP and Mcl-1...................ccc 102

Figure 3.4: Dinaciclib sensitises a panel of NSCLC cell lines to TRAIL-induced cell
Lo == 1 o 1RSSO PPTRSPPTRPPRR 104

Figure 3.5: Dinaciclib sensitises mesothelioma cell lines to TRAIL-induced cell death.

Figure 3.6: Dinaciclib broadly sensitises different cancers to TRAIL-induced cell
AEaATN. ottt 108

Figure 3.7: Combination of TRAIL and Dinaciclib treatment inhibits the long-term

SUIVIVAl Of CANCET CIIS. ...t 109

Figure 3.8: Conditioned melanoma cell lines are resistant to chemo- or targeted

L1 ALY =T 0} Ve | (U o T 111

Figure 3.9: TRAIL and Dinaciclib combination treatment overcomes chemo- and

targeted therapy-reSiStanCe. ...........ovuvviiiiiiiiiiiii s 113

Figure 3.10: Combined TRAIL and Dinaciclib treatment prevents the long-term

survival of melanoma cells, including the chemotherapy-resistant ones............... 115



List of Figures

Figure 3.11: The cell death induced by TRAIL and Dinaciclib combination can be
prevented by the caspase inhibitor zZVAD but not by the RIPK1 inhibitor Nec-1s. 117

Figure 3.12: Dinaciclib sensitises cancer cells to TRAIL-induced apoptosis......... 118
Figure 3.13: Dinaciclib synergises with TRAIL to induce apoptosis. .....c.ccccccoe...... 120
Figure 3.14: Dinaciclib sensitises KP802T4 cells to TRAIL-induced apoptosis..... 121
Figure 3.15: The combination of TRAIL and Dinaciclib is well tolerated in vivo. ... 122

Figure 3.16: TRAIL and Dinaciclib co-treatment shows therapeutic efficacy in vivo in

a NSCLC tumour transplant model.............cccc e 124

Figure 3.17: The combined treatment of TRAIL and Dinaciclib eradicates orthotopic
human NSCLC XeNOgrafts. ........c..uuiiiiiiiiiiiii e 126

Figure 3.18: Dinaciclib treatment reduces the tumour growth of KP mice............. 128
Figure 3.19: TRAIL and Dinaciclib combination prolongs the survival of KP mice. 129

Figure 3.20: TRAIL and Dinaciclib combination treatment does not synergise with the

standard-of-care carboplatin. ... 131

Figure 3.21: Generation of cell lines from chemotherapy-naive or -treated KP mice.

Figure 3.22: Dinaciclib reduces the viability of KP cell lines, including those derived

from chemotherapy-treated MICE...........ooiiiiiiiiiiiiiiiiiieeeeeeee e, 135

Figure 3.23: TRAIL and Dinaciclib treatment modifies the composition of the tumour

IMMUNE MICTOBNVIFONIMENT. ...ttt e e e e et et e e e e e e e e eeees 137

Figure 3.24: NK cells are not responsible for the Dinaciclib-induced anti-tumour

(=157 0o 1= SN 139

Figure 3.25: Experimental control of the treatment of WT and Rag7-- mice with TRAIL
and Dinaciclib therapy. .......oo e 141

Figure 3.26: Dinaciclib requires the adaptive immunity for its anti-tumour effect in vivo.

Figure 3.27: CDK9 is the Dinaciclib-target responsible for TRAIL sensitisation in A549
CRIIS. e a e e e 145

Figure 3.28: Specific CDKO inhibition sensitises a panel of human cancer cell lines to
TRAIL-iInduced apoptoSiS. ....ccceeeeeieeeieee e 146

12



List of Figures

Figure 3.29: Specific CDK9 inhibition breaks TRAIL resistance by downregulating
FLIP @Nd MCI-T. oottt e e et e e e s e e e e e ennneeeeeennes 147

Figure 3.30: Dinaciclib but not SNS-032 or NVP-2 sensitises KP cell lines to TRAIL-
g e [8o7=Te IF=ToTo] o] (o 1< 7SN 148

Figure 3.31: siRNA-mediated CDK9 knockdown is not sufficient to sensitise KP cell
lines to TRAIL-induced death. ... 150

Figure 3.32: shRNA-mediated CDK9 knockdown is not sufficient to sensitise NSCLC
PCCS8 cells to TRAIL-induced apoptoSIS. ..........uuuuiiieiieiciicieeee e 151

Figure 3.33: BRD4 inhibition in addition to CDK9 downregulation synergises with
TRAIL to Kill KP cancer Cells. ... 153

Figure 3.34: The combination of CDK9 and BRD4 inhibition is required to sensitise
KP cells to TRAIL-induced death. ... 155

Figure 3.35: Concomitant and selective degradation of CDK9 and BRD4 overcomes
TRAIL resistance in KP Cells. ... 157

Figure 3.36: The role of BRD4 in mediating TRAIL resistance is cell type-dependent.

Figure 3.37: The injection of urethane after tumour initiation in the KP model increases

the tUMOUN DUIAEN. .. oo 162

Figure 3.38: P mice do not develop tumours, even with the addition of urethane after
the Ad-Cre iNfECHION. ... 164

Figure 3.39: The injection of urethane before the induction of the oncogenic

expression of Kras and Tp53 in the KP model leads to increased tumour burden.166

Figure 3.40: The injection of urethane before the expression of mutated Tp53 does

not lead to any tumour formation. ... 167

Figure 4.1: Model of Dinaciclib-mediated sensitisation to TRAIL-induced

APOPEOSIS . .t 173

13



List of Tables

LIST OF TABLES

Table 1.1: Completed clinical trials with TRAS. ... 46
Table 1.2: CDKS9 inhibitors in preclinical or clinical development. ........................... 58
Table 1.3: Completed clinical trials with Dinaciclib. .............c..ccciiiiiiie. 61
Table 2.1: Unconjugated primary antibodies for Western Blot. ..............ccooeeveeee. 74
Table 2.2: Unconjugated primary antibodies for immunofluorescence.................... 75
Table 2.3: Conjugated primary antibodies for flow cytometry.............cccovvinn 75
Table 2.4: Conjugated secondary antibodies. ... 76
Table 2.5: Cell INES. ......eiiiiiiiie e 77
Table 2.6: CRISPR sgRNA SEQUENCE. .......cccoeiiiiiiiiiiie 85
Table 2.7: DNA restriction Set-Up. .....ccoooi i 89
Table 2.8: PCR reaction set-up. ..., 92
Table 2.9: PCR cycling parameters. ... 92

14



List of Abbreviations

LIST OF ABBREVIATIONS

ABC ATP-binding cassette

Ad-Cre Adenoviral-Cre

ADP Adenosine diphosphate

AEBSF 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride
Ala Alanine

ALK Anaplastic lymphoma kinase

ALT Alanine aminotransferase

AML Acute myeloid leukaemia

Apaf-1 Apoptosis protease-activating factor-1
APC Antigen presenting cell

AR Androgen receptor

Arg Arginine

AU Arbitrary unit

Bak Bcl-2 homologous antagonist killer
BAP1 BRCA1-associated protein 1

Bax Bcl-2-associated X

BCA Bicinchoninic acid

Bcl-2 B-cell ymphoma 2

Bcl-XL B-cell ymphoma extra large

BCRP Breast cancer resistance protein

Bid BH3-interacting domain death agonist
Bp Base pair

BRAF v-Raf murine sarcoma viral oncogene homolog B,
BRD4 Bromodomain-containing protein 4
BSA Bovine serum albumin

CARD Caspase recruitment domain

CCL2 C-C motif chemokine ligand 2

CCR2 C-C motif chemokine receptor 2

CD Cluster of differentiation

CD95L CD95 ligand

CDK Cyclin-dependent kinase

CDKN2A CDK inhibitor 2A

clAP Cellular IAP

15



List of Abbreviations

CLL
CPT
CR
CRD
CRISPR
CTD
CTL
CTL4
CXCL
Cyc
D
DAMP
DAPI
DC
DD
ddH.0
DED
DISC
DMEM
DMSO
DNA
dNTP
DRB
Dox
DPBS
DR
DSIF
DTT
e.g.
ECL
EDTA
EGFR
EpCAM
ERK
ESCRT

Chronic lymphocytic leukaemia

Circularly permuted TRAIL

Complete response

Cysteine-rich domain

Clustered regularly interspaced short palindromic repeats
Carboxyl-terminal domain

Cytotoxic lymphocyte

Cytotoxic T lymphocyte-associated protein 4
C-X-C motif chemokine ligand

Cyclin

Aspartate

Damage-associated molecular pattern

4' 6-diamidino-2-phenylindole

Dendritic cell

Death domain

Double distilled H20

Death effector domain

Death-inducing signalling complex
Dulbecco’s modified Eagle’s medium
Dimethyl sulfoxide

Deoxyribonucleic acid

Deoxynucleoside triphosphate
5,6-Dichloro-1-B-d-ribofuranosylbenzimidazole
Doxycycline

Dulbecco's phosphate-buffered saline
Death receptor

DRB sensitivity inducing factor
Dithiothreitol

Exempli gratia

Enhanced Chemiluminescence Substrate
Ethylenediaminetetraacetic acid
Epidermal growth factor receptor
Epithelial cell adhesion molecule
Extracellular regulated kinase

Endosomal sorting complexes required for transport

16



List of Abbreviations

FACS
FADD
FasL
FCS
FLICE
FLIP
FLP
FMO
FRT

GEMM
Glu
GPI
GTF

h

H

H&E
HDACI
HEXIM1/2
HLA
HOIL-1
HOIP
HRP
i.e.

i.p.

IAP
ICso
ICAM-1
ICB
IFN
iGEMM
IgG
IKK complex
IL

lle

Fluorescence-activated cell sorting
Fas-associated protein with death domain
Fas ligand

Fetal calf serum

FADD-like ICE

FLICE-like inhibitory protein

Flippase

Fluorescence minus one

Flp recognition target

Glycine

Genetically-modified mouse model
Glutamic acid
Glycosylphosphatidylinositol
General transcription factor

Hour

Histidine

Haematoxylin and eosin

Histone deacetylase inhibitors
Hexamethylene bisacetamide-inducible protein 1/2
Human leukocyte antigen
Heme-oxidized IRP2 ubiquitin ligase-1
HOIL-1 interacting protein
Horseradish Peroxidase

Id est

intraperitoneal

Inhibitor of apoptosis proteins

Half maximal inhibitory concentration
Intercellular adhesion molecule 1
Immune checkpoint blockade
Interferon

Immunogenic GEMM
Immunoglobulin G

IKB kinase complex

Interleukin

Isoleucine

17



List of Abbreviations

IPTG

V4
izmTRAIL
IkB
JNK
kDa
KEAP1
KO

KP
KPnu//
KRAS
KraSLSL-G12D
LAC
LAL
LARP7
LB

LDC
LDS
Leu
LPS
LSL
LTa
LUBAC
LZ
MACH
MAPK
Mcl-1
MCP-1
MDR
MDR1
MDSCs
MEK
MePCE
min

MK

Isopropyl B-D-1-thiogalactopyranoside
Isoleucine zipper

IZ murine TRAIL

Inhibitor of kB

c-Jun N-terminal kinase

Kilodalton

Kelch-like ECH-associated protein 1
Knockout

KRasLSL'G”D/*; p53LSL—R172H/+

KRa SLSL—G12D/+’- p 5 3fl/ﬂ

Kirsten rat sarcoma

Kras LoxP-Stop-LoxP-G12D

Lung adenocarcinoma

Limulus amebocyte lysate

La-related protein 7

Lysogeny broth

LDCO000067

Lithium dodecyl sulfate

Leucine

Lipopolysaccharide

LoxP-Stop-LoxP

Lymphotoxin alpha

Linear ubiquitin chain assembly complex
Leucine zipper

MORT1-associated CED-3 homologue
Mitogen activated protein kinase
Myeloid cell leukaemia 1

Monocyte chemoattractant protein-1
Multi-drug resistance

Multi-drug resistance protein 1
Myeloid-derived suppressor cells
MAPK kinase

7SK snRNA methylphosphate capping enzyme
Minutes

Murine Killer

18



List of Abbreviations

MLKL
MM
MNU
MOMP
MPD
mRNA
MS
mTOR
mut
NA
Nec-1s
NELF
NEMO
NF1
NF-«kB
NHL
Ni-NTA
NK
NNK
NNN
NR
NSCLC
NTP
OPG

pA
PARP
PBS
PBST
PCM
PCR
PD-1
PD-L1
PFS
Pfu

Mixed lineage kinase domain like
Multiple myeloma
Methylnitrosourea
Mitochondrial outer membrane permeabilisation
Membrane-proximal domain
Messenger RNA

Median survival

Mammalian target of rapamycin
Mutant

Not available

Necrostatin-1s

Negative elongation factor
NF-kB essential modulator
Neurofibromatosis type 1
Nuclear factor kappa B
Non-Hodgkin lymphoma
Nickel-nitrilotriacetic acid
Natural killer
4-(methylnitrosamino)-1-(3-pyridyl)-1butanone
N’-nitrosonornicotine

No responses

Non-small-cell lung carcinoma
Nucleoside triphosphate
Osteoprotegerin

p 5 3LSL-R1 72H/+

Practical grade
Poly-ADP-ribose-polymerase
Phosphate buffered saline

PBS Tween

Plasma cell myeloma
Polymerase chain reaction
Programmed cell death 1
Programmed death ligand 1
Progression-free survival

Plaque-forming unit

19



List of Abbreviations

PHH
PI3K
PISBKCA
PIC

PID

PIPs

PR

Pro
PROTAC
pSer2
P-TEFb
Q

R

Rac1
RANK
RANKL
Rb

RB1
RBC
RCT
RFP
RHIM
RIPK
RNA
RNA Pol Il
RNA-seq
ROCK
RPMI

RT

rTTA

S

SCID
SCLC
SDS
SDS-PAGE

Primary human hepatocytes
Phosphoinositide 3-kinase

PI3K catalytic subunit alpha
Pre-initiation complex

P-TEFb interacting domain
Phosphatidylinositol phosphates

Partial response

Proline

Proteolysis targeting chimera
Phosphorylated serine 2

Positive transcription elongation factor b
Glutamine

Arginine

Ras-related C3 botulinum toxin substrate 1
Receptor for receptor activator of NF-kB
Receptor activator of NF-kB ligand
Retinoblastoma

Retinoblastoma protein

Red blood cell

Randomised-controlled trial

Red fluorescent protein

RIP homotypic interaction motif
Receptor-interacting serine/threonine protein kinase
Ribonucleic acid

RNA Polymerase Il

RNA sequencing

Rho-associated protein kinase

Roswell Park Memorial Institute medium
Room temperature

Reverse tetracycline-controlled transactivator
Second

Severe combined immunodeficiency
Small-cell lung carcinoma

Sodium dodecyl sulfate

SDS polyacrylamide gel electrophoresis

20



List of Abbreviations

SEC
SEM
Ser
sgRNA
SHARPIN
shRNA
SMAC
snRNP
SOC
STAT
STK11
STS
TAM
TAPE
tBid
TCR

TF
TGF-B
THD

Thr

TKI
TNBC
TNF
TNF-R
TNF-RSC
TNFR-SF
TNF-SF
TP53
TRA
TRAF2
TRAIL
TRAIL-R
TRE
Treg

Tyr

Super elongation complex

Standard error of the mean

Serine

Single guide RNA

SHANK-associated RH domain interactor
Short hairpin RNA

second mitochondria-derived activator of caspase
Small nuclear ribonucleoprotein

Super Optimal broth with Catabolite repression
Signal transducer and activator transcription
Serine/threonine kinase 11

Soft tissue sarcoma

Tumour-associated macrophage

Threonine, alanine, proline and glutamine
Truncated Bid

T cell receptor

Transcription factor

Transforming Growth Factor-3

TNF homology domain

Threonine

Tyrosine kinase inhibitors

Triple-negative breast cancer

Tumour necrosis factor

TNF receptor

TNF-R1 signalling complex

TNF receptor superfamily

TNF superfamily

Tumour protein 53

TRAIL-R agonist

TNF-receptor associated factor 2

Tumour necrosis factor-related apoptosis-inducing ligand
TRAIL receptor

Tetracycline responsive element

Regulatory T cell

Tyrosine

21



List of Abbreviations

viv
VEGI
VHL
VS
wiv
wit
XIAP
zVAD

Valine

Volume/volume

Vascular endothelial growth inhibitor
Von Hippel-Lindau

Versus

Weight/volume

Wilt type

X-linked inhibitor of apoptosis
zVAD-FMK

22



Introduction

1. INTRODUCTION

1.1 TRAIL-R: a member of the TNF-Receptor superfamily

1.1.1. The TNF-Receptor superfamily

Whilst unknown at that time, tumour necrosis factor (TNF) was first used in the
treatment of cancer in 1894 when William Coley showed that bacterial infection
caused tumour shrinkage in patients (Nauts et al., 1946). However, it was not until
almost a century later that Coley’s seminal observation was found to be due to the
induction of a factor that caused the necrosis of sarcoma tumours, a feature
responsible for the coining of its name (Carswell et al., 1975). Subsequent studies led
to the discovery of numerous molecules involved in the regulation of immunity and
inflammation that are homologous to TNF and are therefore classified as the TNF
superfamily (TNF-SF). With the exception of lymphotoxin alpha (LTa) and vascular
endothelial growth inhibitor (VEGI), which are soluble factors, TNFSF members are
type Il transmembrane proteins and contain a extracellular TNF homology domain
(THD) responsible for their homotrimerisation (Warzocha et al., 1995). TNF-SF
members bind to a cognate family of receptors, referred to as the TNF receptor
superfamily (TNFR-SF). While the TNF-SF consists of 19 ligands, there are 29
receptors in the TNFR-SF and hence, some ligands can bind to multiple receptors
(Aggarwal, 2003; Aggarwal et al., 2012). TNFR-SF members are type |
transmembrane proteins which bind to their respective ligands through cysteine-rich
domains (CRD), hallmark of these receptors (Smith et al., 1994). Moreover, eight
TNFR-SF members contain an intracellular domain required for cell death induction
and consequently named death domain (DD) (Locksley et al., 2001). This subset of
the TNFR-SF is referred to as death receptors (DR), of which the most extensively
studied ones are TNF receptor 1 (TNF-R1), cluster of differentiation (CD)95 and

tumour necrosis factor-related apoptosis-inducing ligand-receptor 1/2 (TRAIL-R1/2).

Although it contains a DD (Tartaglia et al., 1993), the primary signalling outcome of
TNF-R1 is gene expression activation. Upon binding of TNF to TNF-R1, the receptor
trimerises and several proteins are recruited to TNF-R1 to form the TNF-R1 signalling
complex (TNF-RSC), also known as complex | of TNF-R1 signalling (Micheau and
Tschopp, 2003). Gene induction is subsequently achieved through the activation of

nuclear factor kappa B (NF-kB) and mitogen activated protein kinase (MAPK)
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signalling (O'Donnell et al., 2007; Walczak et al., 2012). Under certain circumstances,
when its gene-activatory arm is obstructed, TNF-R1 can also result in cell death. This
occurs via the formation of a secondary cytoplasmic complex, called complex I, which
forms subsequently to complex | (Micheau and Tschopp, 2003). Initial enthusiasm
following the discovery of the anti-tumourigenic features of TNF was dampened by
the demonstration that systemic TNF treatment induced a lethal inflammatory shock

syndrome (Tracey et al., 1988).

In search of another protein with similar anti-tumour properties, attention turned into
CD95 ligand (CD95L), also known as Fas ligand (FasL). The cell death inducing
effects of its receptor, CD95, also known as APO-1 or Fas, were first identified in 1989
independently by the groups of Peter Krammer and Minako Yonehara (Trauth et al.,
1989; Yonehara et al., 1989). They showed that cross-linking CD95 with agonistic
antibodies killed CD95-expressing cancer cells. Cloning and characterisation of CD95
demonstrated its homology with TNF-R1 as well as it revealed that apoptosis
induction is its primary signalling outcome (ltoh et al., 1991; Oehm et al., 1992).
Apoptosis is triggered upon the formation of a multimolecular complex of proteins
known as the death-inducing signalling complex (DISC) (Kischkel et al., 1995). The
main components of this complex are Fas-associated protein with death domain
(FADD), also known as MORT1 (Boldin et al., 1995; Chinnaiyan et al., 1995; Kischkel
et al., 1995) and caspase-8, which was originally termed FLICE (FADD-like ICE)
(Muzio et al., 1996) or MACH (MORT 1-associated CED-3 homologue) (Boldin et al.,
1996). Attempts to activate CD95 for cancer therapy were hampered by its liver
toxicity, since systemic treatment with CD95 agonists was lethal to mice within few

hours of treatment (Ogasawara et al., 1993; Kondo et al., 1997).

A third opportunity for the anti-cancer therapeutic use of a TNF-like molecule arose
few years later with the discovery of tumour necrosis factor-related apoptosis-
inducing ligand (TRAIL). This death ligand, also known as TNFSF10 or APO2L, was
first identified in the mid-1990s simultaneously by Raymond Goodwin’s and Avi
Ashkenazi’'s laboratories based on its homology with TNF and CD95L (Wiley et al.,
1995; Pitti et al., 1996). Importantly, this factor was shown to specifically kill tumour
cells without causing the lethal adverse effects encountered with TNF-R1 or CD95
agonists (Ashkenazi et al., 1999; Walczak et al., 1999). These findings placed TRAIL

in the centre of attention concerning cancer therapeutics within the TNF-SF.
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The following sections will focus on the biology of the TRAIL/TRAIL-R system and its

use in the clinic.

1.1.2. The TRAIL/TRAIL-R system in humans and mice

TRAIL is a 35 kDa protein that shares 65% identity between humans and mice (Wiley
et al., 1995). Similarly to other members of the TNF-SF, aside from being present in
its membrane-bound version, it can be cleaved at the cell surface, resulting in the
release of the THD in the form of a soluble fragment of 24 kDa (Mariani et al., 1997).
The generation of soluble TRAIL occurs through shedding, although the identity of
the protease(s) responsible for its cleavage remains unknown. Interestingly, soluble
TRAIL is present in the blood plasma of a healthy adult at around 100 pg/ml, a
concentration at which it does not induce apoptosis in cell lines in vitro (Gibellini et
al., 2007).

This death ligand is composed of three parts: an extracellular region, comprising the
THD and an extracellular stalk, which is the part being cleaved to release the soluble
form; a transmembrane helix and a small cytoplasmatic domain (Manzo et al., 2009).
The active part of TRAIL is at its C-terminus, containing the receptor-binding THD
domain and composed by two anti-parallel B-sheets (Cha et al., 1999; Hymowitz et
al.,, 1999; Hymowitz et al., 2000). Like other TNF-SF members, TRAIL forms a
homotrimer and, as shown by the crystal structure of TRAIL interacting with TRAIL-
R2, each receptor molecule binds to the crevice formed by two monomers of the
trimer (Hymowitz et al., 1999). Therefore, the trimer can engage three receptors
simultaneously. TRAIL is the only protein of the TNF-SF that trimerises around a zinc
atom located at the core of the trimeric structure. This is achieved by a cysteine
residue, Cys230, which allows the interaction and stabilisation of the three molecules
of TRAIL through the contact of the three cysteines with the zinc atom. This interaction
is not required for the folding of TRAIL but it is necessary for its trimerisation and
consequent activity. Indeed, point mutations of Cys230 give rise to inactive

monomeric or dimeric forms of TRAIL (Bodmer et al., 2000).

Among the TNF-SF, human TRAIL is unique in that it binds to four different membrane
receptors and one soluble receptor (Figure 1.1 A). Human TRAIL-Rs can be divided

in two classes. On one hand, the ones that contain a full-length intracellular DD and
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thus can induce apoptosis: TRAIL-R1 (also known as DR4) (Pan et al., 1997b) and
TRAIL-R2 (also known as DR5) (Pan et al., 1997a; Schneider et al., 1997a; Schneider
et al., 1997b; Screaton et al., 1997; Sheridan et al., 1997; Walczak et al., 1997; Wu
et al., 1997). On the other hand, the alternative receptors, which either lack a DD or
contain a truncated one and are hence incapable of transmitting an apoptotic signal:
TRAIL-R3 (also known as DcR1) (Degli-Esposti et al., 1997b; MacFarlane et al.,
1997; Schneider et al., 1997a; Sheridan et al., 1997), TRAIL-R4 (also known as
DcR2) (Degli-Esposti et al., 1997a; Marsters et al., 1997) and the soluble receptor
osteoprotegerin (OPG) (Emery et al., 1998). At 37° C, TRAIL was shown to bind to
TRAIL-R2 with higher affinity than to the other membrane-expressed TRAIL-Rs,
indicating that, under physiological conditions, the interaction of TRAIL with TRAIL-
R2 might be favoured (Truneh et al., 2000).

A Human B Mouse

Long

isoform _ Short

isoform ’
1t TRAIL-R3 T I mDcTRAIL-R1 PG
TRAIL-R1 TRAIL-R2 TRAIL-R4 mTRAIL-R mDcTRAIL-R2
Incomplete TAPE - GPI . Truncated

. crRO @ CRD ® repeat anchor DD ® MPD

Figure 1.1: Human and mouse TRAIL-receptor systems.

(A) The human TRAIL/TRAIL-R system. Humans express three receptors with an intracellular
domain that contains a full DD in the case of TRAIL-R1 and TRAIL-R2 or a truncated DD in
the case of TRAIL-R4. TRAIL-R2 is expressed as a long and short isoform, which differ by the
presence or absence of a TAPE repeat domain. TRAIL-R3 is attached to the membrane
through a GPI anchor, contains five TAPE repeats but it is devoid of an intracellular domain.
OPG serves as a soluble receptor for TRAIL.

(B) The mouse TRAIL/TRAIL-R system. mTRAIL-R is homologous to human TRAIL-R1 and
TRAIL-R2. mDcTRAIL-R1 and mDcTRAIL-R2, however, differ substantially from human
TRAIL-R3 and TRAIL-R4. Moreover, mDcTRAIL-R2 is also found in its soluble form. Similar
to human OPG, mOPG is a soluble TRAIL receptor.
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Both pro-apoptotic receptors, TRAIL-R1 and TRAIL-R2, share high sequence
similarity but the most obvious difference between the two is that there is only one
splice variant for TRAIL-R1 whereas TRAIL-R2 exists in two (Wang and Jeng, 2000).
The long isoform contains 29 additional extracellular amino acids that are rich in
threonine, alanine, proline and glutamine (TAPE), and are therefore referred to as the
TAPE domain (Schneider et al., 1997a). Furthermore, TRAIL-R2 contains a
membrane-proximal domain (MPD), a short, ten amino-acid-long stretch close to the

plasma membrane.

The relative contribution of the two DD-containing TRAIL-Rs to apoptosis induction is
not entirely clear and it seems to be cell type-dependent. Despite surface expression
of TRAIL-R2, in chronic lymphocytic leukaemia (CLL), mantle cell lymphoma and
some pancreatic cancer cells, TRAIL-R1 has been described as the only receptor
used by these cells for apoptotic induction (MacFarlane et al., 2005a; MacFarlane et
al., 2005b; Lemke et al., 2010; Stadel et al., 2010). On the contrary, TRAIL-R2 has
been shown to be the main contributor to apoptosis induction in a wide range of

epithelial cancer cells (Kelley and Ashkenazi, 2004; van der Sloot et al., 2006).

TRAIL-R3 and TRAIL-R4 share high homology in their CRD-containing extracellular
domains with those of the DRs TRAIL-R1 and TRAIL-R2. However, TRAIL-R3
completely lacks an intracellular DD, and it is linked to the membrane via a
glycosylphosphatidylinositol (GPI) anchor (Degli-Esposti et al., 1997b; MacFarlane et
al., 1997; Schneider et al., 1997a; Sheridan et al., 1997). TRAIL-R4, on the other
hand, contains a truncated DD that can induce NF-kB and AKT activation but not
apoptosis (Marsters et al., 1997; Lalaoui et al., 2011). These alternative receptors
have been proposed to act as decoy receptors that inhibit apoptosis induction by
TRAIL as a consequence of ligand scavenging (Merino et al., 2006; Morizot et al.,
2011). In addition, TRAIL-R4 has been suggested to negatively influence apoptosis
activation by forming ligand-independent heterotrimeric complexes with TRAIL-R2
(Merino et al., 2006). Herein, in an overexpression system, the decoy receptor TRAIL-
R4 prevented TRAIL-R2 DISC activation by inhibiting the cleavage of the initiator
procaspase-8. A more recent report confirmed the inhibitory role of TRAIL-R3 and
TRAIL-R4 by short hairpin ribonucleic acid (shRNA) knockdown and monoclonal
antibody-mediated blockade, showing that these regulatory receptors limit the

apoptosis of hepatic stellate cells (Singh et al., 2017). Nevertheless, the physiological
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role of these decoy receptors remains controversial and further work is required to

clarify it.

In addition to the membrane-attached or membrane-spanning receptors, human
TRAIL can also bind to OPG, albeit with lower affinity, which acts as a soluble receptor
(Emery et al., 1998). OPG also functions as a decoy receptor for receptor activator of
NF-kB ligand (RANKL), another TNF-SF member involved in bone remodelling
(Simonet et al., 1997; Lacey et al., 1998). By binding to RANKL, OPG makes RANKL
unavailable to its natural receptor, RANK, hence blocking osteoclast differentiation
and survival. It has been postulated that TRAIL has the capacity to reverse the
inhibitory action of OPG on RANKL-RANK binding by interacting with OPG. Thereby,
RANK-RANKL binding might be favoured, increasing osteoclastogenesis (Vitovski et
al., 2007). However, given that Trail-deficient mice do not show any defects in bone
remodelling and homeostasis, it seems unlikely that TRAIL plays a major role in these

processes under physiological conditions, at least in mice (Cretney et al., 2002).

In contrast to humans, mice only express one DD-containing TRAIL receptor,
MTRAIL-R, also known as mouse DR5 or murine killer (MK) (Figure 1.1 B). mTRAIL-
R shares similar sequence identity with its human counterparts TRAIL-R1 (43%
homology) and TRAIL-R2 (49% homology) and is, consequently, capable of inducing
apoptosis (Wu et al., 1999). Additionally, two intracellular DD-lacking mTRAIL-Rs,
mDcTRAIL-R1 and mDcTRAIL-R2 have been identified in mice, as well as the soluble
mOPG. These murine non-DRs differ substantially in their sequence from human
TRAIL-R3 and TRAIL-R4 and do not induce either apoptosis or NF-kB activation upon
overexpression (Schneider et al., 2003). Similar to OPG, mOPG is a soluble TRAIL

receptor.

Notably, human TRAIL binds only weakly to mTRAIL-R whereas mouse TRAIL has
high affinity for the human TRAIL-Rs (Bossen et al., 2006).

1.1.3. TRAIL-induced signalling

Like other members of the TNF-SF, TRAIL can trigger several biological responses.
These include the activation of cell death pathways by apoptosis or necroptosis, as

well as non-canonical signalling pathways.
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1.1.3.1. Pro-apoptotic TRAIL signalling

Apoptosis is executed by a family of cysteine-dependent aspartate-specific proteases
known as caspases (Alnemri et al., 1996). These proteins are expressed as inactive
procaspases (zymogens), containing a large and a small subunit of 20 and 10 kDa,
respectively. Apoptotic caspases can be divided into two classes: initiator caspases
(caspase-2, -8, -9 and -10) and effector caspases (caspase-3, -6, and -7) (Shalini et
al., 2015) (Figure 1.2). Structurally, initiator caspases contain an additional prodomain
that facilitates homotypic interactions with other proteins containing the same domain.
These prodomains contain either a caspase recruitment domain (CARD) in the case
of caspase-2 and caspase-9 or two tandem death effector domain (DEDs) in the case

of caspase-8 and caspase-10 (Riedl and Shi, 2004).

A Initiator caspases B Effector caspases
) Large  Small Large  Small
Prodomain  sybunit subunit subunit  subunit

I 1T 1T 1

Caspase-2 CARD ' Caspase-3

Caspase-9 CARD O Caspase-6
Caspase-8 Caspase-7

Figure 1.2: Structure of apoptotic caspases.

11

(A) Initiator apoptotic caspases (caspases-2, -8, -9 and -10) contain a prodomain, a large
subunit and a small subunit.

(B) Effector apoptotic caspases (caspases-3, -6 and -7) contain a large subunit and a small
subunit.

TRAIL-Rs are present on the cell surface as pre-assembled pre-ligand trimers. TRAIL
binding causes a structural reorganisation that allows for interactions between
receptor interfaces that are located opposite the ligand-binding interfaces, leading to
the multimerisation or crosslinking of neighbouring trimers. Consequently, highly
organized receptor networks composed by hexameric honeycomb-like structures are
formed (Valley et al., 2012). Interestingly, TRAIL-R1 and TRAIL-R2 can homo- and

29



Introduction

heterotrimerise to form higher-order complexes. This model received support from
two studies showing that untagged recombinant TRAIL synergised with an agonistic
TRAIL-R2-specific antibody (AMG-655) to kill cancer cells by achieving a higher order
clustering of TRAIL-R2 (Graves et al., 2014; Tuthill et al., 2015).

Binding of TRAIL induces a spatial reorganisation of the three ligand-cross-linked
receptors, enabling the intracellular DDs to adopt a conformational change that allows
them to recruit FADD. FADD is an adaptor molecule that contains a DD, which
interacts with the DD of the TRAIL-Rs. Subsequently, the DED of FADD becomes
available to interact with the DEDs of initiator procaspase-8 and thus recruit it to the
signalling platform. The membrane-associated complex that results from these
interactions is termed the TRAIL DISC (Kischkel et al., 2000; Sprick et al., 2000;
Kischkel et al., 2001; Sprick et al., 2002). According to the model proposed by
Dickens and colleagues, FADD may initially recruit one molecule of procaspase-8
through one of its DEDs, facilitating the sequential interaction of the other DED of
procaspase-8 with additional molecules to produce a caspase-activating chain
(Dickens et al., 2012). These authors reported that the stoichiometry of the DISC

components receptor:FADD:procaspase-8 is of approximately 3:1:9.

Upon recruitment to the TRAIL DISC, procaspase-8 forms homodimers, which
induces a conformational change that exposes their proteolytic active sites. As a
result, intra-molecular autocatalytic cleavage of the small subunit of the caspase
occurs, which stabilises the dimer. Subsequently, the caspase-8 intermediate forms
in the dimer cleave one another in the region between the DED and the large subunit
(Medema et al., 1997). Two large subunits associate with two small subunits to form
the active caspase-8 heterodimer that is then released into the cytosol, where it can
cleave executioner caspases (Lavrik et al., 2003). Executioner caspase-3 and
caspase-7 are constitutively present in the cytosol as homodimers and get activate
following cleavage by initiator caspases between their large and small subunits (Ried|!
and Shi, 2004).

Procaspase-10 is structurally homologous to pro-caspase-8, containing tandem
DEDs (Figure 1.2 A) and hence, it is capable of binding to FADD to be recruited to
the TRAIL DISC (Sprick et al., 2002). There, it forms homodimers and is activated in
the same manner as procaspase-8. Nevertheless, the ability of caspase-10 to
compensate for the loss of capase-8 remains controversial. Some reports indicate

that in the absence of caspase-8, caspase-10 can induce TRAIL-dependent
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apoptosis (Kischkel et al., 2001). This was done by transient expression of caspase-
10 in the caspase-8 deficient Jurkat cell line. On the contrary, some other studies
reported that, in the same caspase-8 deficient cells, caspase-10 is unable to
compensate for the loss of caspase-8 despite effective recruitment to the TRAIL DISC
in the absence of caspase-8 (Sprick et al., 2002). The stable expression of caspase-
10 at endogenous levels achieved in this latter system might explain the contradictory
results, assigning caspase-8 a central role in the initiation of the apoptotic cascade
by TRAIL. Nevertheless, more research into the function of caspase-10 at the DISC

is required.

In addition to the core components TRAIL-R, FADD, procaspase-8 and procaspase-
10, the TRAIL-R DISC is also comprised of other proteins such as receptor-interacting
serine/threonine protein kinase (RIPK)1 or FLICE-like inhibitory protein (FLIP)
(Thome and Tschopp, 2001). By competing with caspase-8 for its binding to FADD,
FLIP acts as a modulator of caspase-8 activation within the DISC. This mechanism
is exploited by cancer cells, which frequently upregulate the expression of FLIP in
order to mediate resistance to apoptosis (Burns and El-Deiry, 2001; Guseva et al.,
2008; Riley et al., 2013; McCann et al., 2018). Three splice variants of FLIP have
been identified: a long form (FLIP(L)), and two short forms (FLIP(S) and FLIP(R)), all
of which contain tandem DEDs that are homologous to those of procaspase-8 and
procaspase-10 and can bind to FADD (Irmler et al., 1997; Scaffidi et al., 1999; Golks
et al., 2005). In addition, FLIP(L) possesses a caspase-like domain at its C-terminus
that lacks a critical catalytic cysteine within the active site, rendering this protein
catalytically inactive. For the modulation of DISC activation and caspase-8 activity,
the ratio of FLIP(L) and FLIP(S) to caspase-8 molecules is crucial (Scaffidi et al.,
1999). Although both FLIP(L) and FLIP(S) can bind to FADD, their mechanism of
action is different. FLIP(S) inhibits caspase-8 activation in a dominant-negative
manner by competing with it for binding to FADD through the formation of
heterodimers with procaspase-8 (Irmler et al., 1997; Scaffidi et al., 1999; Krueger et
al., 2001). FLIP(R), although it has not been so well characterised, seems to elicit its
anti-apoptotic functions through a similar mechanism (Golks et al., 2005). On the
other hand, the role of FLIP(L) is more complex, having been reported to be both an
activator and an inhibitor of caspase-8. The first studies showed FLIP(L) to act in the
same manner as FLIP(S) (Irmler et al., 1997). Later, however, it was demonstrated
that FLIP(L) forms heterodimers with procaspase-8, resulting in a partially active

enzymatic complex (Micheau et al., 2002). In these FLIP(L)/procaspase-8

31



Introduction

heterodimers, FLIP(L) can induce the conformational change in procaspase-8
necessary for the self-cleavage between its large and small subunits (Chang et al.,
2002; Dohrman et al., 2005). Nevertheless, due to FLIP(L)’s lack of enzymatic activity,
it cannot induce the second cleavage of procaspase-8 between the DEDs and the
large subunit and therefore the heterodimer remains tethered to the DISC. There, the
proteolytic activity of the FLIP(L)/procaspase-8 heterodimers is responsible for the
cleavage of a limited number of proximal substrates such as RIPK1 (Yu et al., 2009;
Pop et al., 2011). This cleavage of RIPK1 is required to inhibit necroptosis, a novel
mode of programmed cell death described in the next section (Oberst et al., 2011;
Weinlich et al., 2013). Importantly, cell fate is controlled by the levels of FLIP(L). At
physiological levels, when there is less FLIP(L) than procaspase-8, the formation of
the FLIP(L)/procaspase-8 heterodimers leads to the assembly and activation of
procaspase-8 oligomers, resulting in the activation of apoptosis (Hughes et al., 2016).
Conversely, when the levels of FLIP(L) are high, the assembly of procaspase-8
oligomers is inhibited, restricting the activity of FLIP(L)/procaspase-8 and

consequently inhibiting cell death.

In some cells, known as type | cells, activation of caspase-8 at the DISC is sufficient
to achieve a robust activation of caspase-3 and consequently of apoptosis through
the so-called extrinsic pathway (Fulda and Debatin, 2002; Fulda et al., 2002a). On
the contrary, in the so-called type Il cells, direct activation of caspase-3 by caspase-
8 is insufficient to trigger apoptosis. This different outcome is usually explained by
higher expression of the caspase-8 inhibitors FLIP and X-linked inhibitor of apoptosis
(XIAP) in type Il cells (Jost et al., 2009). Therefore, type Il cells require the additional
activation of the mitochondrial or intrinsic apoptotic pathway in order to amplify the
activation of effector caspases (Fulda et al., 2002a) (Figure 1.3). This is achieved
through caspase-8-mediated cleavage of BH3-interacting domain death agonist (Bid)
to generate truncated Bid (tBid) (Schug et al., 2011). tBid, in turn, activates B-cell
lymphoma 2 (Bcl-2)-associated X (Bax) and Bcl-2 homologous antagonist killer (Bak),
which oligomerise and form pores in the mitochondrial membrane, triggering
mitochondrial outer membrane permeabilisation (MOMP) (Li et al., 1998; Luo et al.,
1998; Wei et al., 2000). Upon MOMP, several pro-apoptotic factors are released from
the mitochondrial intermembrane space into the cytosol, namely second
mitochondria-derived activator of caspase (SMAC), which is also known as DIABLO,
and cytochrome c. Once released, cytosolic cytochrome ¢ associates with the CARD-

containing adaptor protein apoptosis protease-activating factor-1 (Apaf-1), to induce
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the recruitment of procaspase-9 via its respective CARD (Pan et al., 1998). The
complex formed is known as the apoptosome, an activation platform for caspase-9
that then activates effector caspases, including caspase-3. These activated effector
caspases induce the cleavage of a plethora of substrates, including poly-adenosine
diphosphate(ADP)-ribose-polymerase (PARP), ultimately culminating in the
execution of apoptosis, which is characterised by deoxyribonucleic acid (DNA)

fragmentation, cell shrinkage and membrane blebbing.

Given that the proteolysis exerted by caspases is irreversible, in order to prevent
excessive apoptosis induction by TRAIL, several mechanisms that tightly regulate the
TRAIL apoptosis pathway have evolved. Caspases are mainly controlled by the
members of the inhibitor of apoptosis proteins (IAP) family. The most characterised
one is XIAP, which counteracts apoptosis induction by inhibiting initiator caspase-9
and effector caspase-3 and caspase-7 (Deveraux et al., 1997; Bratton et al., 2002).
XIAP is, in turn, antagonised by SMAC/DIABLO, which is released from the
mitochondria together with cytochrome c after MOMP. Thereby, SMAC/DIABLO
abrogates XIAP’s caspase-inhibitory effect, allowing the activation of the apoptotic

programme to the fullest extent (Chai et al., 2000; Zhang et al., 2001).

Intrinsic apoptosis is additionally regulated by anti-apoptotic members of the Bcl-2
family such as Bcl-2 or B-cell lymphoma extra-large (Bcl-XL), which inhibit MOMP.
Type Il cancer cells have been demonstrated to acquire resistance to TRAIL by
exacerbated expression of these molecules (Hinz et al., 2000; Munshi et al., 2001;
Fulda et al., 2002a). Similarly, another member of this family, myeloid cell leukaemia
1 (Mcl-1), also controls this pathway by binding to and inhibiting pro-apoptotic BH3-
only proteins such a Bim, Bid, Puma and Bak (Adams and Cory, 2007).
Overexpression of Mcl-1 has been shown to cause resistance to TRAIL, whereas its
knockdown restores TRAIL sensitivity (Taniai et al., 2004; Clohessy et al., 2006)
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Figure 1.3: TRAIL-induced pro-apoptotic signalling pathway.

Upon binding of TRAIL, TRAIL-R1 and/or TRAIL-R2 adopt a conformation that enables them
to recruit FADD, which in turn binds to procaspase-8 to form the TRAIL DISC. DISC formation
is regulated by FLIP, which can bind to FADD and form dimers with procaspase-8. In type |
cells, DISC-activated caspase-8 is sufficient to cleave and activate effector caspase-3 and
hence, trigger apoptosis by the extrinsic pathway. In cells referred to as type I, full activation
of caspase-3 is inhibited by XIAP and thus, the activation of the intrinsic apoptosis pathway is
required. Caspase-8 cleaves Bid, which, in its truncated form, translocates to the mitochondria
to activate Bax and Bak and execute MOMP. This results in the release of SMAC/DIABLO,
which is a natural antagonist of XIAP, thereby enabling the full activation of caspase-3.
Furthermore, cytochrome c is also released from the mitochondria, which along with Apaf-1
assembles the apoptosome. This platform activates the initiator procaspase-9, which
subsequently enhances the activation of caspase-3 and thereby the triggering of apoptosis.
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1.1.3.2. Non-apoptotic cell death TRAIL signalling

Besides promoting apoptosis, TRAIL engagement has also been demonstrated to be
capable of triggering necroptosis, a caspase-independent type of cell death
(Vercammen et al., 1998; Holler et al., 2000; Jouan-Lanhouet et al., 2012; Voigt et
al., 2014; Goodall et al., 2016). Necroptosis is a programmed type of necrosis that
results in membrane bursting and cellular leakage and is critical in the regulation of
immunity and inflammation (Linkermann and Green, 2014; Vanden Berghe et al.,
2014). This type of cell death depends on the activities of RIPK1 and RIPK3, which
form the core of the necrosome complex (Holler et al., 2000; Degterev et al., 2008;
Declercq et al., 2009; Mompean et al., 2018), as well as the pseudokinase mixed
lineage kinase domain like (MLKL) (Sun et al., 2012; Zhao et al., 2012; Murphy et al.,
2013). Despite an early study reporting that a caspase-8-independent, RIPK1-
dependent cell death pathway was induced by CD95L, TRAIL and TNF (Holler et al.,
2000), the field has mainly focused so far on investigating necroptosis in the TNF-
RSC system.

Necroptosis occurs in scenarios where caspase-8 is absent or its activity is
hampered, since caspase-8 has been identified to inhibit necroptosis by cleavage of
RIPK1 and RIPK3 (Lin et al., 1999; Feng et al., 2007). In these circumstances, RIPK1
binds to RIPK3 via RIP homotypic interaction motif (RHIM)-mediated interactions
(Sun et al.,, 2002). This interaction, in turn, promotes the recruitment and
phosphorylation of MLKL by RIPK3 (Sun et al., 2012; Chen et al., 2013; Murphy et
al., 2013; Rodriguez et al.,, 2016). Subsequently, MLKL is activated by
oligomerisation, adopting a conformational change that promotes its translocation to
the plasma membrane (Cai et al., 2014; Chen et al., 2014a; Dondelinger et al., 2014;
Hildebrand et al., 2014; Wang et al., 2014b; Quarato et al., 2016; Huang et al., 2017).
Activation of MLKL results in a rapid flux of calcium into the cell, which is followed by
lipid scrambling of the plasma membrane, ultimately leading to membrane disruption
and cell death. Recently, it has been discovered that necroptotic cell death is
regulated by the endosomal sorting complexes required for transport (ESCRT)-III
machinery, which can counteract the MLKL-mediated membrane damage (Gong et
al., 2017).

The first time that necroptosis was shown to occur in a system other than TNF-RSC

was in the CD95L/CD95 system, which is mechanistically very similar to the
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TRAIL/TRAIL-R system (Vercammen et al., 1998). A couple of years later, a RIPK1-
dependent cell death was also reported in response to TRAIL (Holler et al., 2000).
According to the current model, necroptosis is thought to emanate from complex Il, a
secondary cytoplasmatic signalling complex that forms subsequently to the DISC
upon TRAIL stimulation (Figure 1.4) (Lafont et al., 2017). This complex retains the
DISC components FADD and caspase-8 and also contains RIPK1. It is important to
note that necrostatin, a small-molecule inhibitor of RIPK1, can block this type of cell
death (Degterev et al., 2008). The recruitment of RIPK3 and MLKL to this secondary
complex is limited and controlled by the linear ubiquitin chain assembly complex
(LUBAC), which is described in the following section (Lafont et al., 2017).

During the last years, necroptosis triggered by TRAIL has been demonstrated to be
enabled in circumstances of acidic pH (Meurette et al., 2005; Meurette et al., 2007),
or depletion of cellular IAP (clAP) or TNF-receptor associated factor 2 (TRAF2), two
proteins that form part of the DISC and complex Il as detailed in the next section (Karl
et al.,, 2014). Furthermore, the combined treatment with TRAIL and certain
chemotherapeutic drugs has also been shown to trigger necroptosis in some cancer
cell lines (Voigt et al., 2014).
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Figure 1.4: TRAIL-induced necroptosis signalling pathway.

Upon TRAIL stimulation, subsequent to the assembly of the DISC, a secondary cytoplasmatic
complex can be formed, known as complex Il. This secondary complex retains the DISC
components FADD and caspase-8 and it also contains RIPK1. In certain circumstances, when
caspase-8 is absent or its activity is blocked, RIPK1 recruits RIPK3, which in turn
phosphorylates MLKL. Phosphorylated MLKL then oligomerises, which results in the
execution of necroptosis.

1.1.3.3. Non-canonical TRAIL signalling

In addition to the induction of cell death, TRAIL has also been demonstrated to induce
non-cell death signalling pathways in cancer cells. One of the most characterised one
is the activation of NF-kB, which has been shown to be activated by TRAIL binding to
TRAIL-R1, TRAIL-R2 and TRAIL-R4 (Chaudhary et al., 1997; Degli-Esposti et al.,
1997a; Schneider et al., 1997b). Interestingly, the transcription factor NF-kB activates
inflammatory and pro-survival pathways that play an important role in pro-

inflammatory immune responses (Huet et al., 2014). RIPK1, besides activating
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necroptosis as explained before, is also involved in the activation of NF-«kB
downstream of TRAIL (Lin et al., 2000). In line with these finding, RIPK1 has been
shown to be part of the DISC (Varfolomeev et al., 2005; Li and Lin, 2008). RIPK1
activates the inhibitor of kB (IkB) kinase complex (IKK complex), causing the
phosphorylation and subsequent degradation of the IkB, which, in turn, leads to the
release and accumulation of NF-kB (Varfolomeev et al., 2005). NF-kB then
translocates to the nucleus, where it activates the transcription of several anti-
apoptotic genes such as FLIP, BCL-XL, CIAPs and MCL1 (Kreuz et al., 2001; Ravi et
al., 2001; Mitsiades et al., 2002; Henson et al., 2003). Consequently, TRAIL-induced
NF-kB activation was initially suggested to simply mediate resistance to apoptosis
induction. Nevertheless, more recent evidence demonstrates that it serves other
purposes. In fact, in apoptosis-resistant cancer cells, TRAIL can induce NF-kB-
dependent proliferation, migration and invasion (Ehrhardt et al., 2003; Ishimura et al.,
2006). Furthermore, NF-kB activation can activate the induction and secretion of pro-
inflammatory cytokines such as C-C motif chemokine ligand 2 (CCL2), interleukin
(IL)-8, IL-6, monocyte chemoattractant protein-1 (MCP-1), C-X-C motif chemokine
ligand (CXCL)5 and CXCL1 (Varfolomeev et al., 2005; Hartwig et al., 2017; Henry
and Martin, 2017). Of note, TRAIL-induced secretion of cytokines, most importantly
CCL2, has been shown to induce the recruitment of C-C motif chemokine receptor 2
(CCR2)-expressing myeloid-derived suppressor cells (MDSCs), promoting the

formation of a tumour-supportive immune microenvironment (Hartwig et al., 2017).

Mechanistically, a secondary cytoplasmatic complex has been deemed responsible
for TRAIL-induced NF-kB activation. This complex was shown to contain FADD,
caspase-8, RIPK1, TRAF2 and NF-kB essential modulator (NEMO) (also known as
IKKy) (Varfolomeev et al., 2005; Jin and El-Deiry, 2006). The formation of this
secondary complex, also known as FADDosome or complex I, was initially reported
to be dependent on FADD and caspase-8 activity (Varfolomeev et al., 2005). A more
recent report, however, demonstrated that only the scaffold function of caspase-8 and
not its activity was required for complex Il assembly (Henry and Martin, 2017).
According to a revised model of TRAIL signalling, gene activation can emanate from
both TRAIL-induced complexes | and Il (Lafont et al., 2017) (Figure 1.5). Interestingly,
LUBAC, which is composed of SHANK-associated RH domain interactor (SHARPIN),
heme-oxidized IRP2 ubiquitin ligase-1 (HOIL-1) and the catalytic component HOIL-1
interacting protein (HOIP), facilitates the recruitment of the IKK complex to both

complexes, thereby promoting gene activation (Lafont et al., 2017). LUBAC is the
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only ubiquitin E3 ligase known to form linear chains and has been shown to regulate
multiple signalling pathways including TNF-RSC (Haas et al., 2009; Tokunaga et al.,
2009; Shimizu et al., 2015).

Besides NF-kB, both the TRAIL DISC and complex Il can trigger the activation of
other kinase signalling cascades involving MAPKs, mainly c-Jun N-terminal kinase
(JNK), p38 and extracellular regulated kinase (ERK)1/2, (Varfolomeev et al., 2005).
First, JNK can be activated by TRAIL both in a caspase-dependent and -independent
manner (Muhlenbeck et al., 1998), with RIPK1 and TRAF2 being required for its
activation (Varfolomeev et al., 2005). JNK activation results in the phosphorylation of
the transcription factor AP1, and it has been reported to have opposing effects in
TRAIL signalling, inducing both pro-apoptotic (Herr et al., 1999; Werneburg et al.,
2007) as well as pro-survival responses (Mucha et al., 2009). Second, the activation
of p38 downstream of TRAIL has also been shown to have opposing effects
depending on the cell type with pro-apoptotic responses elicited in ovarian tumour
cells (Lee et al., 2002) whilst having a pro-survival role in prostate or breast cancer
cells (Son et al., 2010). Lastly, the activation of ERK by TRAIL seems to be intimately
implicated in the stimulation of cell survival and proliferation of tumour cells (Zhang et

al., 2003; Belyanskaya et al., 2008; Vilimanovich and Bumbasirevic, 2008).

All the non-canonical TRAIL-mediated signalling arms reported above are mediated
by the TRAIL-R DD. Nevertheless, TRAIL has also been shown to induce non-
apoptotic signalling via the TRAIL-R MPD. In fact, it was recently demonstrated that
TRAIL-signalling promotes Kirsten rat sarcoma (KRAS)-driven cancer progression,
invasion and metastasis via the TRAIL-R2 MPD-mediated activation of Ras-related
C3 botulinum toxin substrate 1 (Rac1) and Phosphoinositide 3-kinase (PI3K) (von
Karstedt et al., 2017).

This non-canonical signalling exerted by the TRAIL/TRAIL-R system highlights its
dual function, inducing on one hand the cell death of cancer cells and on the other

hand the promotion of tumour growth.
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Figure 1.5: TRAIL-induced non-canonical TRAIL signalling.

Following DISC formation upon TRAIL triggering, TRAF2 is recruited to the complex, which in
turn binds to clAP1/2. This promotes the recruitment of LUBAC, enabling the recruitment of
the IKK complex. RIPK1 also associates with the DISC when caspase-8 is inhibited. Moreover,
TRAIL can trigger the formation of a secondary cytoplasmatic complex retaining caspase-8,
FADD, TRAF2, RIPK1 and NEMO. Both this complex Il and the DISC activate NF-kB, p38,
JNK and ERK, thereby inducing cytokine production and pro-survival gene activation. LUBAC
is present in both complexes, where it restricts the activation of caspase-8 and, thus, apoptosis
and promotes cytokine production. Independently, TRAIL-R MPD-dependent signalling is
mediated via Rac1 and PI3K activation to elicit migration, invasion and proliferation.
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1.1.4. The role of TRAIL and its receptors in cancer

TRAIL is mainly expressed on the surface of two main immune effector cells:
activated T cells and natural killer (NK) cells (Kayagaki et al., 1999a; Kayagaki et al.,
1999b; Takeda et al., 2001). However, it is also found on macrophages, neutrophils
and dendritic cells (DCs) after pro-inflammatory cytokine induction (Fanger et al.,
1999; Griffith et al., 1999; Koga et al., 2004). In the innate system, TRAIL is involved
in the effector mechanisms mediated by these cells. On the other hand, in the
adaptive immune cells, the TRAIL/TRAIL-R system has a crucial role in preventing
aberrant T cell activation and is required for immune homeostasis (Janssen et al.,
2005; lkeda et al., 2010; Pillai et al., 2011; Lehnert et al., 2014). In contrast to their
ligand, TRAIL-Rs are ubiquitously expressed both in cancer cells and in the immune
system. It is now clear that the TRAIL/TRAIL-R system plays a critical role in the
interplay between cancer cells and the immune system. Nevertheless, the role of this
system in cancer biology is complex and, depending on the tumour type and its
oncogenic make-up, it can have a tumour-suppressive role mediating

immunosurveillance or it can elicit pro-tumorigenic effects (Figure 1.6).

With the aim of deciphering the physiological role of the TRAIL/TRAIL-R system, first
Trail-deficient (Cretney et al., 2002; Sedger et al., 2002) and later Trail-r-deficient
(Diehl et al., 2004) mice were generated. Interestingly, both mice were viable and
fertile, and neither of them exhibited any obvious phenotype. Nevertheless, the initial
evidence for the involvement of the endogenous TRAIL/TRAIL-R system in regulating
tumour growth came from the above-mentioned Trail-deficient mice, which were more
susceptible to transplanted syngeneic A20 lymphoma (Sedger et al., 2002).
Numerous subsequent animal studies with either Trail-deficient (Cretney et al., 2002;
Zerafa et al., 2005), Trail-r-deficient (Finnberg et al., 2008; Grosse-Wilde et al., 2008)
or mice that were injected with TRAIL neutralising antibodies (Smyth et al., 2001;
Takeda et al., 2001; Takeda et al., 2002) have confirmed the tumour-suppressive role
of the TRAIL/TRAIL-R system. This protective role of TRAIL in cancer development
has been mainly attributed to the cytotoxic function of NK cells. In fact, the increase
in metastasis formation observed upon treatment with anti-TRAIL antibodies in mice
was abolished by NK cell depletion (Takeda et al., 2001). Furthermore, the protective
effect of TRAIL is dependent on the interferon (IFN)y-mediated upregulation of TRAIL
expression on NK cells (Smyth et al., 2001). Whilst NK cells play a crucial role in

kiling cancer cells via TRAIL-R-mediated apoptosis, TRAIL has also been
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demonstrated to participate in tumour-specific cytotoxic lymphocytes (CTLs)-
mediated cell death (Dorothee et al., 2002). Importantly, in addition to the direct killing
of cancer cells, TRAIL also contributes to the death of tumour-supportive immune
cells that are present in the immune microenvironment. Indeed, TRAIL has been
reported to induce apoptosis in MDSCs (Condamine et al., 2014) and regulatory T
cells (Tregs) (Diao et al., 2013).

Cancer cells employ different strategies to escape from the immune system and
TRAIL can contribute to their survival by promoting an immunosuppressive
microenvironment. For example, TRAIL-induced stimulation of TRAIL-Rs on cancer
cells has recently been shown to lead to a secretome that promotes the recruitment
and accumulation of a MDSC-rich tumour-supportive microenvironment via CCR2
(Hartwig et al.,, 2017). Moreover, TRAIL has been implicated in the immune-
suppressive functions of Tregs. A study by Pillai et al. demonstrated that Tregs
lacking the expression of IL-10 and IL-35, which is usually required for their function,
upregulated the expression of TRAIL, rendering these cells functionally dependent on
the death ligand (Pillai et al., 2011). In line with this, upregulation of TRAIL on Tregs
has been reported to mediate their cytotoxicity against CD4* T cells (Ren et al., 2007).

Besides developing resistance against TRAIL-mediated immune cell death, cancer
cells hijack the TRAIL/TRAIL-R non-canonical signalling in order to support invasion
and migration, mainly in the presence of certain oncogenic mutations. TRAIL was
shown to stimulate the invasion of colorectal tumour cells and liver metastases in a
KRAS-dependent way (Hoogwater et al., 2010). The authors demonstrated that
oncogenic KRAS and its effector RAF1 could switch the signalling of the DR into
invasion-promoting through the suppression of the Rho-associated protein kinase
(ROCK)/LIM kinase pathway. In addition, a kinome profiling of the TRAIL-induced
non-canonical pathway in TRAIL-resistant non-small-cell lung cancer (NSCLC) cells
revealed that Src and signal transducer and activator of transcription (STAT)3 are
activated downstream of RIPK1 and TRAIL-R2 to promote migration and invasion of
these cells (Azijli et al., 2012). Similarly, cancer cell-expressed endogenous mTRAIL-
R was shown to promote the progression, invasion and metastasis of autochthonous
Kras-driven pancreatic and lung cancer in a cell-autonomous manner through the
activation of RAC1 (von Karstedt et al., 2017).
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Figure 1.6: The role of the TRAIL/TRAIL-R system in the tumour and its
microenvironment.

(A) The TRAIL/TRAIL-R system can induce direct killing of tumour-supportive immune cells
such as MDSCs and Tregs by promoting their apoptosis. Furthermore, TRAIL-expressing NK
cells can induce TRAIL-R-mediated apoptosis in cancer cells. Collectively, these effects lead
to the accumulation of CTLs in the tumour microenvironment, facilitating the
immunosurveillance against the tumour.

(B) The TRAIL/TRAIL-R system can facilitate an immunosuppressive cancer
microenvironment that contributes to the tumour growth. Cancer cells can secrete several
cytokines upon the stimulation of TRAIL-R by TRAIL that regulate the recruitment of MDSCs.
Moreover, TRAIL on Tregs can suppress CTL activation and oncogenic mutation-bearing
cancer cells can use the TRAIL-TRAIL-R system to promote their invasion and migration.
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1.1.5. TRAIL-R agonists in the clinic

The discovery that systemic treatment of xenograft tumour-bearing mice with
recombinant forms of TRAIL resulted in tumour regression without causing any
toxicity highlighted the cancer selectivity of this death ligand (Ashkenazi et al., 1999;
Walczak et al., 1999). This unique property suggested TRAIL therapy to be a
promising new avenue for cancer therapy and led to worldwide efforts for the clinical
development of TRAIL-R agonists (TRAs). Currently tested TRAs in the clinic
comprise two categories of pharmacological agents: recombinant forms of TRAIL and
specific agonistic antibodies against TRAIL-R1 or TRAIL-R2.

The use of recombinant TRAIL, as opposed to agonistic antibodies specific for only
one TRAIL-R, has the advantage of triggering both TRAIL-R1 and TRAIL-R2, likely
resulting in a stronger death signal. On the other hand, recombinant TRAIL may also
engage the alternative non-apoptosis-inducing TRAIL-Rs, which could hamper its
apoptotic activity. Given that the trimerisation of TRAIL is of crucial importance for its
biological activity, several recombinant TRAIL formulations have been developed with
the aim of increasing its stability such as adding various tags to its N-terminal
including poly-histidine (His-TRAIL) (Pitti et al., 1996) and FLAG epitope (FLAG-
TRAIL) (Wiley et al., 1995). Nevertheless, these constructs demonstrated toxicity
given their ability to kill primary human hepatocytes (PHH), most likely due to the
supramolecular aggregates formed by the interaction of the tags (Jo et al., 2000;
Ichikawa et al., 2001; Ganten et al., 2006). Alternatively, an improved version of
TRAIL was engineered, containing a leucine zipper (LZ) or isoleucine zipper (12)
trimerisation motif at the end of the N-terminus of the extracellular domain. These
forms of recombinant TRAIL showed high activity both in vitro and in vivo and,
importantly, caused neither PHH toxicity ex vivo nor systemic toxicity in vivo in mice
(Walczak et al., 1999; Ganten et al., 2006; Rozanov et al., 2009). Various other
strategies have been designed to stabilise the trimeric conformation of TRAIL such
as the incorporation of the tenascin-C oligomerisation domain (Berg et al., 2007) or
the fusion of TRAIL to the Fc portion of human immunoglobulin G (IgG) (Wang et al.,
2014a). Nevertheless, only two forms of recombinant TRAIL have entered clinical
testing so far. First, the non-tagged Dulanermin (also known as APO2L.0 or AMG-
951), which comprises amino acids 114-281 of the extracellular domain of TRAIL
(Ashkenazi et al., 1999). Although encouraging preclinical results were obtained with
this TRA (Ashkenazi et al., 1999; Kelley et al., 2001; Lawrence et al., 2001; Ganten

44



Introduction

et al., 2006), clinical trials have failed to show any significant anti-cancer activity
(Table 1.1). The main features of Dulanermin responsible for this failure are most
likely its short half-life in vivo, of approximately 30 minutes (Kelley et al., 2001; Xiang
et al., 2004), and its poor trimer stability, which explains its weak ability to induce
higher-order clustering of TRAIL-Rs (Graves et al., 2014; Tuthill et al., 2015). Second,
circularly permuted TRAIL (CPT), a new generation of mutant recombinant TRAIL is
now under evaluation in clinical trials. The main characteristic of this TRA is that the
N-terminus of amino acids 121-135 of TRAIL is connected to the C-terminus of amino
acids 135-281 by a flexible linker, which allows it to form stable homotrimers.
Following promising results in mouse xenografts (Fang et al., 2005; Wu et al., 2017),
CPT entered clinical trials for multiple myeloma (MM). However, the results of the
completed trials so far have not demonstrated any significant clinical benefit (Table
1.1).

Antibodies developed as specific TRAIL-R1 or TRAIL-R2 agonists are more stable
and present improved pharmacokinetic properties, with substantially longer lives
when compared to recombinant forms of TRAIL. Whilst only one agonistic TRAIL-R1
antibody has entered clinical testing to date, Mapatumumab (HGS-ETR1), several
agonistic antibodies targeting TRAIL-R2 have done so, including Conatumumab
(AMG-655), Tigatuzumab (CS-1008), Lexatumumab (HGS-ETR2), Drozitumumab
(PRO95780) and DS-8273a (Table 1.1). Overall, although anti-cancer efficacy was
demonstrated in preclinical in vivo models for all of the aforementioned agonistic
TRAIL-R1 or TRAILR-2 antibodies, the results of the clinical trials completed so far in
a number of malignancies have failed to achieve statistically significant anti-tumour
activity in randomised-controlled trials (RCT). Nevertheless, phase 1 testing revealed
safety and broad tolerability when these antibodies were administered alone or in
combination with chemotherapy or other standard therapies. This poor cell death
induction is probably due to the bivalent nature of the antibodies, which only allows
the crosslinking of two TRAIL-Rs instead of the three that would be required for
optimal activation of TRAIL-Rs, as explained before. In order to overcome this, novel
TRAs are being designed with the aim of forming stable high-order complexes. The
first one of this new generation of TRAs to reach the clinic was TAS266, a tetrameric
TRAIL-R2-activating nanobody. It consists of four identical humanised high-affinity
heavy chain domain antibody fragments, occurring naturally in camelid species,
connected via three 35 amino acid-linkers. TAS266 was reported to be more effective

than soluble TRAIL or agonistic antibodies both in vitro and in vivo since it has the
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potential to cluster four TRAIL-R2 molecules simultaneously, leading to robust DISC
formation and apoptosis induction (Huet et al., 2014). Despite these promising
preclinical results, the phase 1 clinical study that was set to evaluate its safety had to
be terminated early due to acute toxicity in three patients (Papadopoulos et al., 2015).
This toxicity appeared to be owing to the patients having pre-existing anti-camelid
antibodies, which bound to TAS266, causing an anti-drug antibody response. The
clinical benefit of other novel TRAs that have shown exciting preclinical results like

APG350 awaits assessment (Legler et al., 2018).

Table 1.1: Completed clinical trials with TRAs.

Dulanermin (recombinant TRAIL)

In combination with Cancer Phase Outcome Reference

- Various 1a NA (Pan et al., 2011)

- Various 1 NA (Herbst et al., 2010a)

Rituximab Lymphoma 1b/2 NR NCT00400764

(Cheah et al., 2015)

FOLFOX + Bevacizumab  Colorectal 1b 13 PR NCT00873756

(n=23) (Wainberg et al.,
2013)

Paclitaxel + Carboplatin + NSCLC 1b 1CR,13 NCT00508625 (Soria

Bevacizumab PR (n=213) etal., 2010)

Camptosar + Erbitux Colorectal 1b NA NCT00671372

or FOLFIRI

Paclitaxel + Carboplatin + NSCLC 2 (RCT) Negative NCT00508625 (Soria

Bevacizumab etal, 2011)

Vinorelbine + Cisplatin NSCLC 3 (RCT) Positive (Ouyang et al., 2018)

CPT (recombinant TRAIL)

In combination with Cancer Phase Outcome Reference

- MM 1b 1CR,4PR (Houetal., 2018)
(n=27)

- MM 2 9 PR (Leng et al., 2016)
(n=27)

Thalidomide MM 2 2CR,7PR (Gengetal., 2014)
(n=41)

Thalidomide + MM 2 (RCT) Negative (Leng et al., 2017)

Dexamethasone
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Mapatumumab (TRAIL-R1 agonistic antibody)

In combination with Cancer Phase Outcome Reference
- Solid 1 NR (Tolcher et al., 2007)
- Solid 1 NR (Hotte et al., 2008)
- NHL 1b/2 2CR,1PR NCT00094848
(n=40) (Younes et al., 2010)
- Colorectal 2 NR (Trarbach et al.,
2010)
- NSCLC 2 NR NCT00092924
(Greco et al., 2008)
Gemcitabine + Cisplatin Solid 1 NR NCT01088347 (Mom
et al., 2009)
Carboplatin + Paclitaxel Solid 1 5PR (Leong et al., 2009)
(n=27)
Sorafenib Liver 1b NA NCTO00712855
Cisplatin + radiotherapy Cervical 1b/2 NA NCT01088347
Bortezomib Myeloma 2 (RCT) Negative NCT00315757
(Belch et al., 2010)
Carboplatin + Paclitaxel NSCLC 2 (RCT) Negative NCT00583830 (von
Pawel et al., 2014)
Sorafenib Liver 2 (RCT) Negative NCT01258608
(Ciuleanu et al.,
2016)
Tigatuzumab (TRAIL-R2 agonistic antibody)
In combination with Cancer Phase Outcome Reference
) Various 1 NR NCT00320827
(Forero-Torres et al.,
2010)
- Colorectal 1 1 PR NCT01220999
(n=19) (Ciprotti et al., 2015)
FOLFIRI Colorectal 1 NA NCT01124630
Carboplatin + Paclitaxel Ovarian 2 NA NCT00945191
Gemcitabine Pancreatic 2 8 PR NCT00521404
(n=61) (Forero-Torres et al.,
2013)
Sorafenib Liver 2 (RCT) Negative NCT01033240
(Cheng et al., 2015)
Abraxane TNBC 2 (RCT) Negative NCT01307891

(Forero-Torres et al.,
2015)
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Carboplatin + Paclitaxel NSCLC 2 (RCT) Negative NCT00991796 (Reck
etal., 2013)

Conatumumab (TRAIL-R2 agonistic antibody)

In combination with Cancer Phase Outcome Reference

- Solid 1 NR (Doi et al., 2011)

- Solid 1 1 PR (Herbst et al., 2010b)

(n=37)

Birinapant Ovarian 1b NA NCT01940172

Bortezomib or Vorinostat Lymphoma 1 NA NCT00791011

Panitumumab Colorectal 1b/2 NA NCT00630786

Doxorubicin STS 1b/2 Negative NCT00626704

(RCT) (Demetri et al., 2012)

FOLFOX + Bevacizumab  Colorectal 1b/2 Negative NCT00625651
(Fuchs et al., 2013)

Carboplatin + Paclitaxel NSCLC 2 (RCT) Negative NCT00534027 (Paz-
Ares et al., 2013)

FOLFIRI Colorectal 2 (RCT) Negative NCT00813605 (Cohn
etal., 2013)

Gemcitabine Pancreatic 2 (RCT) Negative NCT00630552
(Kindler et al., 2012)

Drozitumab (TRAIL-R2 agonistic antibody)

In combination with Cancer Phase Outcome Reference

- Various 1 NR (Camidge et al.,
2010)

FOLFOX + Bevacizumab  Colorectal 1b 2PR (n=9) NCTO00851136
(Rocha Lima et al.,
2012)

Cetuximab + Irinotecan or  Colorectal 1b NA NCT00497497

FOLFIRI + Bevacizumab

Rituximab NHL 2 NA NCT00517049

Carboplatin + Paclitaxel + NSCLC 2(RCT) NA NCT00480831

Bevacizumab

Lexatumumab (TRAIL-R2 agonistic antibody)

In combination with Cancer Phase Outcome Reference

- Solid 1 NR (Plummer et al.,
2007)

- Solid 1 NR (Wakelee et al.,
2010)
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- Solid 1 NR (Merchant et al.,
paediatric 2012)

DS-8273a (TRAIL-R2 agonistic antibody)

In combination with Cancer Phase Outcome Reference

- Solid 1 NR NCT02076451
(Forero et al., 2017)

-, TRA alone; CR, complete response; CPT, circularly permuted TRAIL; MM, multiple
myeloma; n, number of patients; NA, not available; NHL, non-Hodgkin lymphoma; NR, no
responses; NSCLC, non-small-cell lung cancer; PR, partial response; RCT, randomised-
controlled trial; STS, soft tissue sarcoma; TNBC, triple-negative breast cancer.

Outcome was considered positive when the addition of the TRA significantly improved the
primary endpoint of the trial as compared with the standard therapy.

In summary, the initial optimism after promising anti-cancer activity achieved in
preclinical models by TRAs has been dampened by the results obtained in the clinical
trials to date. In addition to the previously mentioned insufficient agonistic activity of
some of the TRAs tested so far, it appears that there are two main pitfalls to the
current TRA-based treatment approaches. On one hand, there is a lack of biomarkers
that can predict which patients are likely to respond to a certain TRA-based therapy
(Ashkenazi, 2015). On the other hand, it is now well established that most primary
cancers are resistant to monotherapy with TRAs (Ehrhardt et al., 2003; Todaro et al.,
2008; Koschny et al., 2010; Graves et al., 2014; Tuthill et al., 2015). As described in
section 1.1.2.1, resistance mainly occurs through the exacerbated expression of
different TRAIL-induced apoptosis pathway regulators such as FLIP, XIAP, Bcl-2, Bcl-
XL or Mcl-1. Nonetheless, alternative resistance mechanisms have also been
demonstrated, like the epigenetic silencing of CASP8, which is commonly present in

small-cell lung cancer (SCLC) (Hopkins-Donaldson et al., 2003).

Consequently, efforts are being made to identify sensitisers that can break the
intrinsic TRAIL resistance of many cancer cells. In this regard, numerous TRAIL-
sensitising strategies are being devised and tested constantly. For example, TRAs
have been successfully combined with commonly used chemotherapeutic agents
such as doxorubicin or cisplatin to kill TRAIL-resistant cancer cell lines both in vitro
and in vivo (El-Zawahry et al., 2005; Shamimi-Noori et al., 2008). Different
mechanisms have been proposed to underlie the chemotherapy-induced

sensitisation to TRAIL-mediated apoptosis, including increased DISC formation,
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upregulation of pro-apoptotic factors and suppression of anti-apoptotic proteins.
However, as explained above, none of the RCTs conducted to date with this
combination showed clinical activity (Table 1.1). Similarly, the proteasome inhibitor
Bortezomib, which is used in MM treatment, has been shown to sensitise a range of
tumour cells to TRAIL-mediated apoptosis by downregulating FLIP (Sayers et al.,
2003), although higher doses of Bortezomib can also sensitise PHH to TRAIL
(Koschny et al., 2007). Yet, a completed RCT in MM comparing the treatment with
Bortezomib alone or in combination with the TRA Mapatumumab showed no additive
therapeutic benefit (Belch et al., 2010).

Moreover, SMAC and BH3 mimetics have been widely tested as sensitisers to TRAIL-
induced cell death. SMAC mimetics mimic the XIAP-binding site of the endogenous
XIAP-antagonist SMAC, thereby antagonising IAPs. They have shown broad
preclinical activity as TRAIL sensitisers in various cancer cell lines (Fulda et al.,
2002b; Li et al., 2004; Fakler et al., 2009; Lecis et al., 2010). The clinically most
advanced SMAC mimetic, Birinapant, has been tested in a Phase 1b clinical trial in
combination with the TRA Conatumumab in ovarian cancer, but the results are not
available yet. Likewise, BH3 mimetics were developed to antagonise anti-apoptotic
Bcl-2 family members. To date, seven such compounds have reached clinical
evaluation: the Bcl-2, Bcl-XL and Bcl-W inhibitors ABT-737 and ABT-263
(Navitoclax); the Bcl-2-specific inhibitors ABT-199 (Venetoclax) and S55746; and the
Mcl1-inhibitors AMG176, AZD5991 and S64315 (Merino et al., 2018). Whilst the
development of Mcl-1 inhibitors has been slower and they have only recently reached
the clinic, the other BH3-mimetics have already demonstrated impressive clinical
activity (Kipps et al., 2015; Fischer et al., 2019; Jain et al., 2019). Indeed, Venetoclax
is currently approved for the treatment of refractory CLL. Interestingly, Bcl-2/XL
inhibition by ABT-263 or ABT-737 has been reported to sensitise cancer cells to
TRAIL in vitro and in vivo (Huang and Sinicrope, 2008; Cristofanon and Fulda, 2012;
Wang et al., 2012a). Nevertheless, only future clinical testing will be able to conclude

if these combinations are efficient at breaking the resistance of tumours to TRAIL.

Furthermore, the combination of histone deacetylase inhibitors (HDACIi) and TRAIL
has been shown to be synergistic in killing TRAIL-resistant cancer cells (Inoue et al.,
2004; MacFarlane et al., 2005b; Nebbioso et al., 2005) and has shown efficacy in vivo
(Frew et al., 2008; Srivastava et al., 2010). HDACi have been reported to enhance
TRAIL-induced cell death by coordinating the upregulation of the pro-apoptotic
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proteins caspase-8, caspase-3, Bid, Bak, Bax and Bim as well as the TRAIL-R1 and
TRAIL-R2 while downregulating at the same time the anti-apoptotic proteins Bcl-XL,
Mcl-1, XIAP and FLIP (Elmallah and Micheau, 2019). So far, only one clinical trial has
been conducted to determine the safety and tolerability of combining a TRA with an
HDACIi. Conatumumab was combined with Vorinostat in lymphoma patients where,
despite demonstrating a safety profile, the overall response rate was only of 9%
(AMGEN Clinical study report 20060340).

Recent work in our laboratory discovered cyclin-dependent kinase (CDK)9 inhibition
as the most potent strategy to break TRAIL resistance of cancer cells identified to
date (Lemke et al., 2014b). CDK inhibitors like Flavoparidol o Seleciclib had
previously been shown to synergise with TRAIL (Kim et al., 2003; Kim et al., 2004;
Palacios et al., 2006; Fandy et al., 2007; Ortiz-Ferron et al., 2008; Molinsky et al.,
2013). However, at that point it remained unclear which of the CDK inhibited by these
pan-CDK inhibitors was responsible for that effect. The study by Lemke et al.
identified CDK9 as the target responsible for sensitisation to TRAIL by performing a
kinome-wide screen of the targets of PIK-75, a compound they showed to sensitise
cells to TRAIL-induced apoptosis (Lemke et al., 2014a). In this work, the CDK9
inhibitor SNS-032 exquisitely sensitised a panel of NSCLC to TRAIL-induced
apoptosis, whereas not causing toxicity in PHH within a considerable therapeutic
window. Mechanistically, CDK9 inhibition resulted in downregulation of FLIP and Mcl-
1 and concomitant downregulation of both anti-apoptotic factors was required and
sufficient for CDK9-mediated TRAIL sensitisation. Importantly, the potency of this
combination was underlined by the fact that established orthotopic lung cancer

xenografts were eradicated upon treatment with izTRAIL and SNS-032.
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1.2. Cyclin-dependent kinases and their role in transcription

1.2.1. Cyclin-dependent kinases

CDKs are a family of serine/threonine kinases that require binding to a regulatory
cyclin partner protein for their enzymatic activity. CDKs were first identified in the
1980s in genetic screens in yeast (Russell and Nurse, 1986). These studies showed
that CDKs must associate with cyclins to form complexes in which the CDK is the
effector subunit and the cyclin serves as an activator (Jeffrey et al., 1995). Cyclins
receive that name from the observation that they were synthesised and degraded at
each cleavage division in sea urchin eggs (Evans et al., 1983). The discovery that
these proteins rise and fall led to the realisation that cell cycle is controlled by specific
proteins. However, since these initial studies, it has been clearly established that the

CDK protein family does not only modulate cell division but also gene transcription.

There are 20 CDKs in mammals, which can be divided in two main groups based on
their functions (Malumbres, 2014). First, the CDKs that regulate the cell cycle: CDK1,
CDK2, CDK3, CDK4, CDK5, CDK6, CDK14, CDK15, CDK16, CDK17 and CDK18.
Second, CDKs that are involved in the regulation of transcription, whose role will be
described in the next section: CDK7, CDK8, CDK9, CDK10, CDK11, CDK12, CDK13,
CDK19 and CDK20. Nevertheless, both activities are present in some CDKs such as
CDKY7 (Fisher, 2005). Similarly to most cyclins, which associate with one or two CDKs,
most CDKs also pair with one or two cyclins. Figure 1.7 summarises the interactions

between CDKs and their respective cyclins.

For the purpose of this thesis, the next section will focus on the CDKs controlling

transcription, more specifically on CDKO.
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Figure 1.7: Mammalian CDKs and their cyclin partners.

Classification of the mammalian CDKs according to their function. The cyclin partner of each
CDK is indicated. CDK, cyclin-dependent kinase; Cyc, cyclin.

1.2.2. CDK9: a regulator of transcriptional elongation

CDK9 was initially isolated in the 1990s as a 42 kDa serine/threonine kinase and it
was originally designated PITALRE because of its characteristic Pro-lle-Thr-Ala-Leu-
Arg-Glu cyclin binding motif (Grana et al., 1994). CDK9 exists in two isoforms, the
originally identified CDK942, and a minor, less studied, 55 kDa protein (CDK9s5) that
is 17 amino acids longer at the N-terminus (Shore et al., 2003). Both isoforms are
expressed in the cells albeit at different levels, with the short form being more
abundant (Liu and Herrmann, 2005). While CDK9ss5 is essentially localised in the
nucleus (Shore et al., 2005), CDK9,, is present both in the cytoplasm and in the
nucleus (Falco et al., 2002). Both isoforms can form heterodimers with cyclin T and
cyclin K. Interestingly, CDK9 is very conserved among different species, with 99%
sequence homology between human and mouse. In addition, it is broadly distributed
in all types of human and murine tissues, with particularly high levels of expression in
terminally differentiated cells (Bagella et al., 1998; Bagella et al., 2000; Lin et al.,
2002b).
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CDKQ is the catalytic subunit of the positive transcription elongation factor-b (P-TEFb)
and plays a crucial role in regulating global (non-ribosomal) transcription (Peng et al.,
1998; Wei et al., 1998). This is achieved by the phosphorylation of the carboxyl-
terminal domain (CTD) of RNA polymerase Il (RNA Pol Il) to promote transcriptional
elongation. The Price laboratory was the first to demonstrate the role of P-TEFb in
transcription and CTD phosphorylation using Drosophila melanogaster as a model
organism (Marshall and Price, 1995; Zhu et al., 1997; Peng et al., 1998).

The transcription of protein-coding genes is a complex biological process
orchestrated by RNA Pol Il with the help of various transcriptional factors and several
other CDKs. It can be divided in four main distinct sequential phases: initiation,

pausing, elongation and termination (Figure 1.8).

Transcription starts by the activation of a gene, when DNA is unwound in the area
where the gene-to-be-transcribed is located. Subsequently, the pre-initiation complex
(PIC) is formed. First, transcription factor (TF)IID binds to the promoter region of the
DNA (Davison et al., 1983; Sawadogo and Roeder, 1985). Then, the rest of the
general TFs (GTFs) (TFIIA, TFIIB, TFIIE and TFIIF) are recruited, stabilising the
binding of TFIID to the promoter (Buratowski et al., 1989). This is followed by the
recruitment of the mediator complex, which is formed by several molecules, including
CDKS8, and serves as a scaffold to recruit RNA Pol Il (Tsai et al., 2013; Plaschka et
al., 2016). Once it is assembled, the PIC adopts an inactive, or closed, state in which
it is unable to initiate transcription. The PIC is activated by the recruitment of TFIIH,
which contains CDK?7. This TF stabilises RNA Pol Il, opens up the DNA and brings it
closer to the RNA Pol Il, thereby changing the conformation of the PIC from closed to
open to initiate transcription (He et al., 2013; Gupta et al., 2016). Following the
activation of the PIC, RNA Pol Il starts to recruit the first nucleoside triphosphates
(NTPs) according to the DNA sequence and produces the first phosphodiester bond.
When the transcript has reached a length of about 15 nucleotides, RNA Pol Il can

escape the promoter and enter in the elongation phase.
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Figure 1.8: The RNA polymerase Il transcription cycle.

Transcription starts with the activation of a gene and the recruitment of the mediator complex,
GTFs and RNA Pol Il to the promoter. TFIIH is then recruited and its catalytically active subunit
CDK7 phosphorylates the CTD of RNA Pol Il on Ser5 and Ser7. RNA Pol Il subsequently
starts the transcription of MRNA until the recruitment of DSIF and NELF leads to its pausing.
To allow transcriptional elongation, CDK9, which is part of the P-TEFb, is recruited via BRD4
to phosphorylate DSIF, NELF and the Ser2 of the CTD. Consequently, the transcription of the
nascent mMRNA continues until termination. In order to enter a new cycle of transcription, all
remaining CTD phosphorylations are removed by phosphatases.
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One of the most critical domains of RNA Pol Il, involved in the tight control of its
activity, is the CTD. It consists of tandem heptad 52 repeats of the consensus
sequence Tyr-Ser-Pro-Thr-Ser-Pro-Ser (Y1S2P3T4SsPsS7) (Buratowski, 2003).
Importantly, this domain is dynamically phosphorylated throughout the transcription
cycle, controlling the whole process. When RNA Pol Il is recruited to the PIC in the
pre-initiation, its CTD is hypophosphorylated. After the activation of the PIC, the CTD
undergoes its first modification, the phosphorylation of Ser5 and Ser7 by CDK7
(Akhtar et al., 2009; Glover-Cutter et al., 2009; Larochelle et al., 2012; Rimel and
Taatjes, 2018). This CDK7-mediated phosphorylation is required for the efficient
release of RNA Pol Il from the PIC, thus facilitating promoter escape (Sogaard and
Svejstrup, 2007; Jeronimo and Robert, 2014; Wong et al., 2014). Simultaneously, the
PIC is partially disassembled, which can be used again in new transcription processes
(Yudkovsky et al., 2000).

Once it is released from the PIC, RNA Pol Il initiates the elongation. However, around
20-100 base pairs downstream of the transcription start site, the polymerase is
paused. Thereby, the transcription rate is regulated and the cell ensures that both
basal and signal-induced genes are expressed at the right times (Gilchrist et al.,
2010). The pausing of RNA Pol Il is facilitated by negative elongation factors 5,6-
Dichloro-1-p-d-ribofuranosylbenzimidazole (DRB) sensitivity inducing factor (DSIF)
and negative elongation factor (NELF) (Wada et al., 1998; Yamaguchi et al., 1999).

The elongation pause is overcome as a consequence of the recruitment of the P-
TEFb and the phosphorylation and subsequent activation of CDK9 by CDK?7
(Paparidis et al., 2017). CDK9 then facilitates productive elongation by
phosphorylating DSIF and NELF, which causes the dissociation of the latter from the
complex and the conversion of DSIF into a positive elongation factor (Fujinaga et al.,
2004). Furthermore, CDK9 also phosphorylates the CTD of RNA Pol Il on Ser2,
enabling RNA Pol Il to progress through transcriptional elongation. (Ahn et al., 2004,
Yamada et al., 2006)

A tight regulation of the P-TEFb activity is essential to maintain transcriptional
homeostasis. Most of the P-TEFb present in the cell is sequestered in a 7SK small
nuclear ribonucleoprotein (snRNP) complex, which inhibits its kinase activity (Li et al.,
2005). In addition to 7SK snRNA, this complex also contains hexamethylene
bisacetamide-inducible protein 1/2 (HEXIM1/2), La-related protein 7 (LARP7) and
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7SK snRNA methylphosphate capping enzyme (MePCE) (Nguyen et al., 2001; Yang
et al., 2001; Barboric et al., 2009).

In order to activate transcriptional elongation, P-TEFb must be recruited at a precise
genomic location at the right time. Bromodomain-containing protein 4 (BRD4) has
been shown to be implicated in CDK9 delivery to the transcription site (Jang et al.,
2005; Yang et al., 2005). Bromodomains are a common characteristic of chromatin-
binding proteins, which usually bind acetylated histone tails. Indeed, this has also
been observed for BRD4, which contains a bromodomain at its N-terminus. (Dey et
al., 2003). Additionally, BRD4 contains a P-TEFb interacting domain (PID) at its C-
terminus, which mediates the association to CDK9 (Bisgrove et al., 2007). According
to the current model, BRD4 recruits and activates P-TEFb from its inactive complex
and subsequently binds to the acetylated lysine residues in histones 3 and 4 of the
gene being transcribed, consequently bringing P-TEFb in close proximity with RNA
Pol I1.

Elongation continues until the termination of transcription and the full synthesis of
mRNA. Of note, the CTD of RNA Pol Il is dephosphorylated to allow the termination
and the recycling of the polymerase for new transcription cycles (Cho et al., 2001; Lin
et al., 2002a).

1.2.3. CDKO9 inhibition in cancer therapy

Given the importance of maintaining transcriptional homeostasis for appropriate cell
function, it is not surprising that dysregulation of CDK9 signalling has critical
implications for the development and/or progression of a malignant phenotype.
Aberrant function of the CDK9 pathway has been observed in a variety of human
tumours, most often by the induction of an increased expression of oncogenic factors.
For instance, CDK9 regulates the transcription of short-lived anti-apoptotic proteins
like Mcl-1, Bcl-2 and XIAP. Inhibition of CDK9 and thus, inhibition of the
phosphorylation of Ser (pSer2) of the RNA Pol Il CTD reinstates the ability of cancer
cells to undergo apoptosis. This has been particularly demonstrated for
haematological malignancies like lymphoma and leukaemia (Chen et al., 2005;
MacCallum et al., 2005; Bettayeb et al., 2007; Gregory et al., 2015). Moreover, in

prostate cancer, CDK9 has been shown to phosphorylate androgen receptor (AR)
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and enhance AR-mediated transcription (Lee et al., 2001). Similarly, P-TEFb has
been shown to be required for the MYC oncogene to promote transcription elongation
of its target genes (Eberhardy and Farnham, 2001; Kanazawa et al., 2003; Rahl et
al., 2010). In line with this, a more recent study identified CDK9 to be required for the
maintenance of MYC-driven hepatocelullar carcinoma (Huang et al.,, 2014).
Furthermore, CDK9 has been demonstrated to have an additional role at maintaining
epigenetic gene silencing and its inhibition has been shown to reactivate tumour-

suppressor genes (Zhang et al., 2018).

The aforementioned observations encouraged the development of CDK9 inhibitors
as potential anti-cancer therapeutics. An array of CDK9 inhibitors has been studied
in preclinical and clinical settings. Despite usually displaying activity against several
CDKs, CDKS9 inhibitors are referred to as such because they typically exhibit
increased half maximal inhibitory concentration (ICso) values for CDK9 compared to
other CDKs. Flavopiridol (Alvocidib) was the first CDK9 inhibitor to be enter clinical
trials and has been the most studied thus far (Senderowicz et al., 1998).
Nevertheless, to date, many other inhibitors have been developed and tested. Table
1.2 summarises the CDK9 inhibitors that have reached the clinic or have been

evaluated in preclinical studies, including their CDK inhibition profiles.

Table 1.2: CDK9 inhibitors in preclinical or clinical development.

Agent CDK inhibition profile (ICs0) Development stage Reference
AT7519 CDK9: <10 nM Phase 2 (Squires et al.,
CDK2: 47 nM 2009)
CDK4: 100 nM
CDK5: 13 nM
CDK®6: 179 nM
AZDA4573 CDK9: 14 nM Phase 1 (Cidado et al.,
CDK1: 37 nM 2019)
CDK2: >10 uM
CDK4: >10 uM
CDK7: 1.1 uyM
BAY-1143572 CDK9: <1 uM Phase 1 (Narita et al.,
50 fold selectivity against 2017)
other CDKs
CDKI-73 CDK9: 6 NM Preclinical (Walsby et al.,
CDK1: 8 nM 2014)
CDK2: 3 nM
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Dinaciclib

Flavopiridol

LDCO000067

LY2857785

NVP-2

Seliciclib

SNS-032

TGO02

Voruciclib

CDK4: 8 nM
CDK®6: 37 nM
CDK7: 134 nM

CDK9: 4 nM
CDK1:3 nM
CDK2: 1 nM
CDK5: 1 nM

CDK9: 6 nM
CDK4: 10 nM
CDK5: 110 nM
CDKZ7: 23 nM
CDK11: 57 nM

CDK9: 32.7 nM
CDK1: 5.5 M
CDK2: 2.4 uM
CDK4: 9.2 uM
CDK6: >10 uM
CDK7: >10 uM

CDK9: 11 nM
CDK7: 246 nM
CDKa8: 16 nM

CDK®9: <0.5 nM
CDK1: 584 nM
CDK2: 706 nM
CDK5: 1.05 uM
CDK7:>10 uM
CDK8: >10 uM

CDK9: 0.79 uM
CDK1: 0.65 uM
CDK2: 0.7 uM
CDK5: 0.2 uM
CDK7: 0.49 uM

CDK9: 4 nM
CDK2: 38 nM
CDK7: 62 nM

CDK9: 3 nM
CDK1:9 nM
CDK2: 5 nM
CDKS3: 8 nM
CDK5: 4 nM
CDK7: 37 nM

CDK9: 2 nM
CDK1: 9 nM
CDK4: 4 nM
CDK6: 3 nM

Phase 3

Phase 2

Preclinical

Preclinical

Preclinical

Phase 2

Phase 1

Phase 2

Phase 1

(Parry et al.,
2010)

(Park et al.,
1996)

(Albert et al.,
2014)

(Yin etal.,
2014)

(Olson et al.,
2018)

(Havlicek et al.,
1997; Meijer et
al., 1997)

(Conroy et al.,
2009)

(Goh et al.,
2012)

(Dey et al.,
2017)
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Among all the CDK9 inhibitors, Dinaciclib (also known as SCH 7279656) is the most
advanced in the clinic, having reached phase 3 testing. It is an ATP-competitive
inhibitor of CDK1, CDK2, CDK5 and CDK9 that was developed by Merck as a result
of a drug development program seeking to build on Flavopiridol by improving its safety
and increasing its therapeutic index (Parry et al., 2010). During its preclinical
characterisation, Dinaciclib was shown to suppress retinoblastoma (Rb)
phosphorylation and induce cell cycle arrest and apoptosis activation in a broad panel
of 100 tumour cell lines (Parry et al., 2010). Similarly, it has also been demonstrated
to deplete Mcl-1 and Bcl-XL, leading to apoptosis in various solid and haematological
cancers (Johnson et al., 2012; Booher et al., 2014; Gregory et al., 2015). Moreover,
this CDK9 inhibitor has been shown to elicit a potent anti-tumour response in multiple
cancer mouse models including ovarian cancer (Parry et al., 2010), acute myeloid
leukaemia (AML) (Baker et al., 2016), melanoma (Desai et al., 2013), B cell

lymphoma (Gregory et al., 2015) and pancreatic cancer (Feldmann et al., 2011).

Table 1.3 summarises the completed clinical trials conducted with Dinaciclib to date.
In Phase 2 RCTs for breast cancer or NSCLC patients, Dinaciclib was generally well
tolerated (Mita et al., 2014; Stephenson et al., 2014). Nevertheless, Dinaciclib
monotherapy did not show significant anti-cancer activity as compared to the
randomised control arm of the ftrial, which was the chemotherapeutic drug
Capecitabine for breast cancer and the epidermal growth factor receptor (EGFR)
inhibitor Erlotinib for NSCLC. The only phase 3 trial performed so far with Dinaciclib
showed improved progression-free survival (PFS) in CLL patients, with a median PFS
of 13.7 months in Dinaciclib-treated patients in comparison to 5.9 months in the
patients that received the anti-CD20 antibody Ofatumumab (Ghia et al., 2017). It is
important to note, however, that this trial was terminated early due to program
priorisation and, hence, the limited sample size precluded any statistical analysis. The
termination of the trial was unrelated to safety since Dinaciclib had an acceptable
safety and tolerability, with adverse effects similar to those identified in previous trials
including neutropenia, thrombocytopenia and decreased neutrophil count. Currently,
Dinaciclib is in clinical testing in combination with immunotherapy (Pembrolizumab)
in breast cancer and haematological malignancies. Furthermore, ongoing studies are
evaluating the efficacy of the combination of Dinaciclib with the Bcl-2 inhibitor

Venetoclax in AML.
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Table 1.3: Completed clinical trials with Dinaciclib.

In combination with Cancer Phase Outcome Reference

- Various 1 NA NCT00871910
(Mita et al., 2017)

- Various 1 NA NCTO00871663
(Nemunaitis et al.,
2013)

- CLL 1 28 PR (n=52)  NCT00871663
(Flynn et al., 2015)

- MM 1/2 3 PR (n=27) NCT01096342
(Kumar et al., 2015)

- NSCLC 2 (RCT) Negative NCT00732810
(Stephenson et al.,
2014)

- Breast 2 (RCT) Negative NCT00732810
(Mita et al., 2014)

- CLL 3 (RCT) Positive* NCT01580228
(Ghia et al., 2017)

Bortezomib PCM 1 NA NCT01711528

Akt inhibitor MK2206 Pancreatic 1 NA NCT01783171

Rituximab CLL 1 NA NCT01650727
(Fabre et al., 2014)

Epirubicin Breast 1 NA NCT01624441
(Mitri et al., 2015)

Ofatumumab CLL 2 14 PR (n=36) NCT01515176

-, Dinaciclib alone; CLL, chronic lymphocytic leukaemia; MM, multiple myeloma; n, number of
patients; NA, not available; NR, no responses; NSCLC, non-small-cell lung cancer; PCM,
plasma cell myeloma; PR, partial response; RCT, randomised-controlled trial.

Outcome was considered negative when the addition of Dinaciclib did not significantly improve
the primary endpoint of the trial as compared with the standard therapy.

*Trial was terminated early and the small sample size prevented statistical analysis. However,
the outcome was considered positive because there was a robust difference in PFS between
the Dinaciclib and the standard therapy arms.
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1.3. Lung cancer and mouse models of the disease

1.3.1. Lung cancer

Lung cancer is the leading cause of cancer-related death worldwide, being the second
most common cancer for men and women, after prostate and breast cancer,
respectively (Siegel et al., 2019). Despite significant progress in the treatment of this
malignancy in the last decade, its prognosis remains poor, with a 5-year survival rate
of only 18% (Schrank et al., 2018).

Lung cancer is classified in two major subtypes based on histologic features: NSCLC,
which accounts for 85% of lung cancers, and SCLC, which accounts for the other
15%. NSCLC is a heterogeneous disease and can be further subdivided into lung
adenocarcinoma (LAC) (50% of NSCLC), squamous-cell carcinoma (40%) and large-
cell lung cancer (Herbst et al., 2008). Tobacco smoking is a risk factor for nearly 90%
of lung cancer, but it is most strongly linked to SCLC and squamous cell carcinoma
(Khuder, 2001; Khuder and Mutgi, 2001; Alexandrov et al., 2016). Interestingly,
smoking is particularly associated with a higher frequency of mutations in KRAS
(Rodenhuis and Slebos, 1992). For the purpose of this thesis, this section will focus

on NSCLC, more specifically on LAC.

Molecular characterisation of LAC during the last decade has revealed a number of
recurrent alterations that are likely to act as oncogenic drivers. The most commonly
mutated oncogenes in LAC are KRAS (in 33% of tumours), EGFR (in 14%), v-Raf
murine sarcoma viral oncogene homolog B (BRAF) (in 10%), PI3K catalytic subunit
alpha (PIK3CA) (in 7%) and MET (in 8%). These mutations result in constitutive
activation of downstream signalling cascades such as the PI3K-AKT-mammalian
target of rapamycin (mTOR) and the RAS-RAF-MAPK kinase (MEK)-ERK pathways,
promoting cell survival, proliferation, migration and invasion (Drosten and Barbacid,
2016). Furthermore, tumour-suppressors are often found mutated, including tumour
protein 53 (TP53) (in 46%), serine/threonine kinase 11 (STK117) (also known as LKB1)
(in 17%), Kelch-like ECH-associated protein 1 (KEAP1) (in 17%), neurofibromatosis
type 1 (NF1) (in 11%) and RB1 (in 4%). Moreover, CDK inhibitor 2A (CDKN2A) is
deleted in 20% of the LAC and rearrangements in anaplastic lymphoma kinase (ALK),

ROS1 and RET are also present in these tumours (in 3-8%, 2% and 1%, respectively)
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(Luo and Lam, 2013; Cancer Genome Atlas Research, 2014; Chen et al., 2014b;

Swanton and Govindan, 2016).

KRAS mutations, which are the most common oncogenic driver alteration, are
strongly associated with smoking (Govindan et al., 2012; Cancer Genome Atlas
Research, 2014). Activating KRAS mutations primarily occur in the glycine (G) of
codons 12 (G12, 91%) and 13 (G13, 6%) and the glutamine (Q) of codon 61 (2%).
Among the G12 mutations, the most common substitution is by cysteine (C) (G12C,
44%), followed by valine (V) (G12V, 23%) and aspartate (D) (G12D, 17%) (Campbell
et al., 2016; Jordan et al., 2017).

The discovery of these mutations has led to the development of targeted therapies.
For instance, EGFR-mutations bearing patients are susceptible to therapeutic
intervention with tyrosine kinase inhibitors (TKI) such as Afatinib, Erlotinib and
Gefitinib (Godin-Heymann et al., 2008; Ray et al., 2009; Solca et al., 2012; Yu et al.,
2013; Engle and Kolesar, 2014). Similarly, NSCLC patients carrying ALK or ROS1
rearrangements can be treated with the TKI Crizotinib (Bang, 2011; Kazandjian et al.,
2014). Additionally, treatment with Dabrafenib (BRAF inhibitor) and Trametinib (MEK
inhibitor) has been recently approved for the treatment of NSCLC patients harbouring
BRAF mutations (Khunger et al., 2018; Odogwu et al., 2018). However, prolonged
treatment with these targeted therapies often results in the development of acquired

drug resistance that limits the duration of their clinical benefit (Schrank et al., 2018).

Despite KRAS mutations being very common, no targeted therapy exists in the clinic
yet for KRAS-mutated NSCLC patients. Indeed, this oncoprotein has been
considered an undruggable target for a long time (McCormick, 2015). Recent studies,
however, have demonstrated that KRAS G72C mutations can be selectively targeted
and that these KRAS (G12C) inhibitors show preclinical anti-tumour efficacy (Janes
et al., 2018; Canon et al., 2019). One of these inhibitors, AMG510, is currently under

clinical evaluation in solid tumours (clinicaltrials.gov identifier NCT03600883).

Similar to other cancer types, it is now clear that NSCLC establishes an
immunosuppressive tumour microenvironment conducive to tumour growth, which
has led to the development of immunotherapies for this disease (Carbone et al.,
2015). For instance, immune checkpoint blockade (ICB) has been the biggest
paradigm shift in lung cancer therapy in the last decade. This therapy relies on the

removal of inhibitory signals of T cell activation, which enables tumour-reactive T cells
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to overcome regulatory mechanisms and mount an effective anti-tumour response
that recognises tumour antigens. ICB can be achieved by antibodies blocking the
cytotoxic T lymphocyte-associated protein 4 (CTLA-4) or the programmed cell death
1 (PD-1) pathway. CTLA-4 is upregulated on T cells following T cell receptor (TCR)
engagement and acts as a negative regulator outcompeting CD28 for binding to
costimulatory molecules B7 on antigen presenting cells (APCs), resulting in the
attenuation of T cell activation (Walunas et al., 1994; Leach et al., 1996; Brunner et
al., 1999). PD-1 is expressed on T cells upon activation and acts primarily to dampen
T cell activation in the periphery (Agata et al., 1996). Inflammation-induced
expression of programmed cell death ligand 1 (PD-L1) on tumour cells, or other
immune cells in the tumour microenvironment, results in PD-1-mediated T cell
exhaustion, hence inhibiting the anti-tumour cytotoxic T cell response (Freeman et
al., 2000; Keir et al., 2006; Yokosuka et al., 2012). In NSCLC, the use of monoclonal
antibodies against PD-1 first showed unprecedented rates of long-lasting tumour
responses in 2015 (Borghaei et al., 2015; Brahmer et al., 2015). Since then, four ICB
therapies have been approved for the treatment of NSLC: the anti-PD-1 antibodies
Nivolumab (Kazandjian et al., 2016) and Pembrolizumab (Larkins et al., 2017; Pai-
Scherf et al., 2017) and the anti-PD-L1 antibodies Atezolizumab (Weinstock et al.,
2017) and Durvalumab (Antonia et al., 2018).

1.3.2. Mouse models of NSCLC

Mouse models of human cancer have been widely used as preclinical platforms for
the understanding of the basic biology of cancer, as well as for the development of
novel therapeutics and the elucidation of drug resistance mechanisms. Murine cancer
models include xenograft or allograft (syngeneic) transplantation, carcinogen-induced
mouse models and genetically-engineered mouse models (GEMMSs). In transplanted
models of lung cancer, cancer cells are injected either subcutaneously or
orthotopically to establish tumours. In xenograft models, immunocompromised
recipient mice must be used to avoid the immune response against foreign cells.
Syngeneic models can overcome this disadvantage but they still rely on the
transplantation of a large number of fully progressed homogenous cells in the animal.
Consequently, they do not recapitulate the natural course of tumour progression

(Sausville and Burger, 2006). In stark contrast, carcinogen-induced models and
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GEMMs generate lung tumours that are initiated and progress in their natural
microenvironment, and thus recapitulate the histological progression of precancerous
lesions to invasive cancers. This may explain why critical differences in
immunosurveillance and therapeutic response have been described between

equivalent autochthonous and transplanted tumours (DuPage et al., 2011).

Carcinogen-induced mouse models of NSCLC likely represent the most realistic
model of tobacco smoke-induced tumourigenesis. Nevertheless, they often require
extended time periods for tumour development and the variability in the administration
technique leads to discrepancies in the results. The most commonly used
carcinogens are urethane (also known as ethyl carbamate) (You et al., 1989; Nuzum
et al., 1990; Kawano et al., 1995), benzo(a)pyrene (You et al., 1989; Hecht et al.,
1994), vinyl carbamate (Foley et al., 1991; Massey et al., 1995), methylnitrosourea
(MNU) (You et al., 1989), 4-(methylnitrosamino)-1-(3-pyridyl)-1butanone (NNK) and
N’-nitrosonornicotine (NNN) (Vikis et al., 2013). Overall, the vast majority of
carcinogen-induced mouse models represent KRAS mutant LAC. For example, in the
most commonly employed urethane-induced lung tumourigenesis model, the most
prominent genetic changes found are Kras Q67 and Tp53 mutations (You et al., 1989;
Ohno et al., 2001; Westcott et al., 2015). It is noteworthy that the frequency and
latency of lung cancer incidence strongly depend on the inbred strain. For instance,
A/J and SWR strains are the most susceptible ones, while BALB/c and FVB have
intermediate susceptibility and C57BL/6, DBA and AKR strains are relatively resistant
(Shimkin and Stoner, 1975; Manenti and Dragani, 2005).

GEMM models of NSCLC have mostly focused on KRAS mutant LAC. The first of this
mouse models was developed in the laboratory of Tyler Jacks, who has notably
contributed to the advance of this field. They generated mutant Kras alleles,
designated Kras"4" and Kras*4?, which, upon spontaneous somatic recombination,
activated the expression of the Kras®’2? oncogene (Johnson et al., 2001). These mice
develop LAC with 100% incidence, as well as thymic lymphomas and papillomas with
reduced prevalence, as Kras®’?P expression is not limited to the lung. Tumourigenesis
was accelerated when the Kras*’ mice were crossed into a strain carrying a germline
Tpb53 deletion. More sophisticated models followed, allowing for temporal and spatial
control of the oncogene expression. In fact, soon thereafter, a conditional Kras®’?P
allele was developed by the same group, the Kras LoxP-Stop-LoxP-G12D (Kras-St-

G12D) mouse strain (Jackson et al., 2001). In this strain, the endogenous Kras locus is
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targeted with a LoxP-Stop-LoxP (LSL) cassette and therefore, endogenous levels of
the oncogenic KRAS G12D protein are expressed after the excision of the Stop
element. This is achieved by intranasal instillation of the adenoviral Cre recombinase
(Ad-Cre), inducing lung-specific recombination. It is noteworthy that, since the LSL
cassette prevents the expression of the mutant allele until the stop elements are
removed, it creates a null version of the gene. Given that Kras deficient mice are
embryonically lethal (Johnson et al., 1997), these mice can only be heterozygous for

KrastSL-G12D,

Using the aforementioned Cre-LoxP system, Jacks and colleagues generated
conditional knock-in mice that, in addition to the Kras-S--¢'2P allele, also harbour a
Tp53 - allele (Kras-S-C12D+; Tp53FUFL mice, here referred to as KP™!' mice) (Jackson
et al., 2005; DuPage et al., 2009). In these mice, the endogenous Tp53 exons 2 to
10 are flanked by two LoxP sites that are deleted after Cre-mediated recombination,
abolishing p53 function (Jonkers et al., 2001). Before the recombination, however,
the Tpb53 locus is maintained in its wildtype (wt) state and p53 activity is normal. In
this model, p53 expression loss strongly promoted the progression of KRAS-induced
LAC (Jackson et al., 2005; DuPage et al., 2009). In human lung tumours, however,
TP53 is rarely deleted. Instead, human LAC usually harbours TP53 mutations at the
arginine (R) of codon 175, which is substituted by histidine (H). Consequently, Kras-St-
G12Di*+- Tp53R172H+ (KP) mice were generated (Jackson et al., 2005; Kasinski and
Slack, 2012) (Tp53R'7?H is the mouse orthologue of human TP53R'7%H (Brosh and
Rotter, 2009)). KP mice recapitulate many of the histopathological features of human
LAC, including the adenoma to adenocarcinoma transition (Kasinski and Slack,
2012).

More recently, a dual recombinase system using the Cre and flippase (Flp)
recombinases has been developed. By inserting Flp recognition target (FRT) sites
instead of LoxP sites, the Kras™SF-¢72D"* strain was generated, in which Kras®'?? was
expressed upon Flp recombination (Young et al., 2011). Similarly, Tp537R7FRT mice
have also been developed (Lee et al., 2012). By combining these two strains, it is
possible to uncouple tumour induction, which is controlled in a time and tissue-specific
manner by Flp recombination, from target inactivation or any other genetic
manipulation, which can be manipulated at a different time and in a different tissue(s)

via Cre-mediated recombination.
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Although the GEMMs described above recapitulate most of the histologic features of
human NSCLC, they display a more limited mutational complexity than the tumours
they are intended to model. Comprehensive sequencing efforts over the last years
have demonstrated the heterogeneous and clonal nature of human NSCLC
(Alexandrov et al., 2013; de Bruin et al., 2014). In contrast, whole exome sequencing
of LAC GEMMs revealed that they acquire few somatic mutations and thereby, they
have a low mutational burden as compared to human cancers (Westcott et al., 2015;
McFadden et al., 2016). Interestingly, carcinogen-induced mouse models have been
shown to harbour a higher mutational landscape than GEMMs (Westcott et al., 2015).
These discrepancies in tumour mutational burden between GEMMs and human
cancer have important implications for the use of these mouse models for the testing
of new therapeutics since the tumour mutation burden has been recently correlated
with the efficacy of immunotherapy (Snyder et al., 2014; Rizvi et al., 2015; Hugo et
al., 2016; Carbone et al., 2017). In accordance with their low mutational burden,
NSCLC GEMMs have been shown to be poorly infiltrated with T cells and,
consequently to be resistant to ICB (DuPage et al.,, 2011; Lastwika et al., 2016;
Pfirschke et al., 2016; Akbay et al., 2017). Altogether, these studies highlight the need

for novel mouse models that can more faithfully mimic the human disease.
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1.4. Aims of the study

The TRAIL/TRAIL-R system has been the focus of many translational cancer
research efforts in the last 20 years since the discovery that it can selectively Kkill
tumour cells without affecting normal cells. Nevertheless, the success of TRAIL
agonists in the clinic to date has been impeded by the inherent or acquired resistance
to TRAIL-induced apoptosis of most cancer cells. In order to overcome this, it is
crucial to identify new sensitising strategies that can break the resistance and render

TRAIL-based therapies effective.

Previous work in our laboratory has demonstrated that CDK9 inhibition by SNS-032
synergises with TRAIL to induce apoptosis in a panel of NSCLC cell lines.
Considering the advanced clinical status of the CDK9 inhibitor Dinaciclib, the goal of
this work was to evaluate the therapeutic potential of the combination of TRAIL and

Dinaciclib. Specifically, the aims of this thesis were:

1. To test if Dinaciclib sensitises cancer cells to TRAIL-induced apoptosis and

determine the applicability of this combination to multiple cancer types.

2. To evaluate the preclinical efficacy of the combined TRAIL and Dinaciclib

treatment in mouse models of NSCLC.

3. To investigate the impact of the TRAIL- and Dinaciclib-comprising therapy on the

immune microenvironment.

4. To identify the mechanism by which Dinaciclib breaks the resistance to TRAIL-

induced apoptosis.

Furthermore, given the lack of mouse models that can faithfully recapitulate the

tumour mutational burden observed in human NSCLC, the last aim of this study was:

5. To develop novel NSCLC mouse models that can mimic the immunogenicity of

the human disease.
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2. MATHERIALS AND METHODS

2.1. Materials

2.1.1. Chemicals and reagents

All reagents were purchased from the following companies unless stated otherwise:
Abcam, Biovision, Merck, Invitrogen, Pierce, R&D systems, Roche, Roth and Sigma-
Aldrich.

2.1.2. Buffers and solutions

Blocking buffer 2.5% milk powder (w/v)
0.05% Tween-20 in phosphate buffered
saline (PBS)

Borax buffer 0.1% Borax (w/v) in H20

Coomassie staining solution 0.1% Coomassie (w/v)

40% methanol (v/v)

10% acetic acid (v/v)

Coomassie destaining solution 20% methanol (v/v)

10% acetic acid (v/v)

Crystal violet fixing solution 75% methanol (v/v)

25% acetic acid (v/v)

Crystal violet staining solution 0.5% crystal violet (v/v)

20% methanol

FACS buffer 5% fetal calf serum (FCS) (v/v) in PBS

Freezing medium (for cells) 90% FCS (v/v)
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Genotyping lysis buffer

Genotyping neutralising buffer

Hydroxyapatite equilibration buffer
(pH 7.4)

Hydroxyapatite wash buffer (pH 7.4)

Hydroxyapatite elution buffer (pH 7.4)

Immunofluorescence blocking buffer

Lysogeny broth (LB) media (pH 7.4)

Lysis buffer (for mammalian cells)

10% dimethyl sulfoxide (DMSOQO) (v/v)

25 mM NaOH
0.2 mM ethylenediaminetetraacetic acid
(EDTA)

40 mM Tris HCI

50 mM potassium phosphate buffer
100 mM NaCl
0.02% Tween-20 (v/v)

2 mM B-mercaptoethanol

200 mM potassium phosphate buffer
100 mM NaCl

0.02% Tween-20 (v/v)

0.1% Triton X-114

2 mM B-mercaptoethanol

400 mM potassium phosphate buffer
100 mM NacCl
0.02% Tween-20 (v/v)

2 mM B-mercaptoethanol

0.2 % bovine serum albumin (BSA) (v/v)
in PBS

10 g/l tryptone
10 g/l NaCl

5 g/l yeast extract

30 mM Tris-Base (pH 7.4)
120 mM NaCl

2 mM EDTA

2 mM KCI
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Lysis buffer (for bacteria) (pH 7.4)

Nickel-nitrilotriacetic  acid

equilibration buffer (pH 7.4)

(Ni-NTA)

Ni-NTA wash buffer (pH 7.4)

Ni-NTA elution buffer (pH 8)

10% Glycerol (v/v)
1% Triton X-100 (v/v)
cOmplete protease inhibitor cocktail

phosphatase inhibitor cocktail

50 mM potassium phosphate buffer
200 mM NacCl

100 mM KCI

10% glycerol (v/v)

0.5% Triton X-100 (v/v)

70 uM 4-(2-aminoethyl)benzenesulfonyl
fluoride hydrochloride (AEBSF)

5 uM E-64

1.2 pg/ml aprotinin

50 pg/ml lysozyme

5 U/ml benzonase

2 mM dithiothreitol (DTT)

50 mM Tris-HCI

200 mM NacCl

100 mM KCI

10% glycerol (v/v)
0.5% Triton X-100 (v/v)

2 mM B-mercaptoethanol

50 mM Tris-HCI

200 mM NaCl

100 mM KCI

10% glycerol (v/v)
0.5% Triton X-100 (v/v)
0.1% Triton-X114 (v/v)

2 mM B-mercaptoethanol

20 mM Tris-HCI
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PBS (pH 7.4)

PBS Tween (PBST)

Ponceau S solution

Primary antibody solution

Storage buffer (pH 7.4)

Stripping buffer (pH 2.3)

Tris/Glycine/ Sodium dodecyl sulfate
(SDS) running buffer (pH 8.3)

300 mM NaCl
50 mM imidazole
0.02% Tween-20 (v/v)

2 mM B-mercaptoethanol

137 mM NaCl

8.1 mM NaxHPO,
2.7 mM KCI

1.5 mM KH2PO4

PBS
0.05% Tween-20 in PBS (v/v)

0.1% Ponceau S (w/v)

5% acetic acid (v/v)

2.5% BSA (w/v)
0.1% sodium azide (w/v) in PBST

20 mM Tris-HCI

100 mM NaCl

0.5 M arginine

0.005% Tween-20 (v/v)
2 mM B-mercaptoethanol
50 mM glycine in H20O

25 mM Tris

192 mM glycine
0.1% SDS (w/v)
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2.1.3. Biological agents

Iz-TRAIL Previously produced in E. coli and purified in our laboratory.
Iz-mTRAIL Produced and purified as explained in this thesis (section
2.3.6)

2.1.4. Specific inhibitors

AEBSF
BAY-1143572
Benzonase
Carboplatin
Cisplatin

cOmplete EDTA-free Protease Inhibitor

Cocktail
Dabrafenib

Dinaciclib (for in vitro use)
Dinaciclib (for in vivo use)
E-64

iBET151

JQ1

LDCO000067

Lysozyme

Necrostatin-1s

NVP-2

Phosphatase Inhibitor Cocktail
SNS-032

Trametinib

zVAD.FMK

Sigma-Aldrich
Active Biochem
Sigma-Aldrich
R & D systems
Selleckchem

Roche

Selleckchem
Selleckchem
Insight Biotechnology
Sigma-Aldrich
ChemieTek
Sigma-Aldrich
Selleckchem
Sigma-Aldrich
Biovision

S. Lowe
Sigma-Aldrich
Selleckchem
Selleckchem

R & D systems

2.1.5. Proteolysis targeting chimeras (PROTACS)

MZ1

Tocris
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Thal-SNS-032

2.1.6. Antibodies

Table 2.1: Unconjugated primary antibodies for Western Blot.

Tocris

(Asp175)

Antibody (clone) Isotype Manufacturer Catalogue #
Bak Rabbit Cell Signaling 3814
Bax (D2E11) Rabbit Cell Signaling 5023
Bci2 (C2) viouse | santa Cruz sc-7382
gG1
Bcl-XL (54H6) Rabbit Cell Signaling 2764
Bid Rabbit Cell Signaling 2002
Bid Goat R & D systems AF860
BRD4 Rabbit | BetW A301-985A100
Laboratories
Caspase-3 Goat R & D systems AF605
Mouse
Caspase-8 (C15) IgG2b Custom-made -
Mouse
Caspase-8 (5F7) IgG2b Enzo ADI-AAM-118-E
Caspase-8 (1G12) Rat Enzo ALX-804-447
Caspase-9 (5B4) :\gg‘fe MBL M054-3
Caspase-10 (E35) Rabbit Epitomics 1035-1
CDK1 Rabbit Cell Signaling 77055
CDK2 (78B2) Rabbit Cell Signaling 2546
CDK5 (1H3) :\3%“139 Cell Signaling 12134
CDK7 Rabbit Cell Signaling 2090
CDK9 (C12F7) Rabbit Cell Signaling 2316
CIAP1/2 Mouse | o g D systems | MAB3400
IgG2a
Cleaved caspase-8 . . .
(Asp387) Rabbit Cell Signalling 9429
Caspase 3 cleaved Rabbit | Cell Signalling | 9661

74



Materials and Methods

FADD (A66-2) :\3‘(’3“156 BD Bioscience | 556402
FADD (G-4) :\gguzsbe Santa Cruz sc-271748
FLIP (Dave-2) Rat Adipogen AG-20B-0005
FLIP (NF6) :\gg‘fe Custom-made | -

FLIP (7F10) :\3‘(’3“136 Enzo ALX-804-961-0100
MCL1 (D35A5) Rabbit Cell Signaling 5453

pSer2 RNA Pol Il (H5) :\gﬁ/l“se Biolegend 920204
PARP (C2-10) migG1 BD Bioscience 556362

RNA Pol Il RPB1 (8WG16) | migG2a | Biolegend 664906

XIAP Rabbit Cell Signaling 2042
a-Tubulin (DM1A) migG1 Sigma-Aldrich T9026
B-Actin (AC-15) migG1 Sigma-Aldrich A1978

Table 2.2: Unconjugated primary antibodies for immunofluorescence.

Antibody Isotype Manufacturer Catalogue #
CD45 Rat BD Bioscience 550539
Table 2.3: Conjugated primary antibodies for flow cytometry.
Antibody Fluorophore Manufacturer Catalogue #
CD11b PerCP Biolegend 101230
CD11c BV711 Biolegend 117349
CD206 FITC Biolegend 141703
CD3 Percp/Cy5.5 Biolegend 100328
CDh4 BUV496 BD Bioscience 564667
CD45 Alexa Fluor 700 Biolegend 103128
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CcDs8 PE/Cy7 Biolegend 100722

F4/80 BV786 Biolegend 123141

Foxp3 AF700 eBioscience 56-5773-82

GR-1 PE-Cy7 Biolegend 108416

Ki-67 FITC BD Bioscience 556026

Ly6C BV450 BD Bioscience 560594

Mouse CD262 L

(MTRAIL-R) PE BD Bioscience 12-5883-81

Mouse CD326 .

(EpCAM) PE BD Bioscience 12-5791-82

Mouse IgG1 PE Biolegend 400139

isotype control

NKp46 BV421 Biolegend 137611
Table 2.4: Conjugated secondary antibodies.

Antibody Manufacturer

Donkey-anti-goat-IgG- horseradish
peroxidase (HRP)

Southern Biotech

Goat-anti-mlgG1-HRP

Southern Biotech

Goat-anti-mlgG2a-HRP

Southern Biotech

Goat-anti-mlgG2b-HRP

Southern Biotech

Goat-anti-mouse-IlgM-HRP

Southern Biotech

Goat-anti-rabbit-lgG-HRP

Southern Biotech

Goat-anti-rat-lgG-HRP

Southern Biotech

Alexa Fluor 594 goat anti-rat IgG

Invitrogen

2.1.7. Cell culture media and supplements

DMEM/F-12

Thermo Fisher Scientific
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Doxycycline Sigma-Aldrich
Dulbecco's phosphate-buffered saline Invitrogen

(DPBS)

Dulbecco’s Modified Eagle Medium Invitrogen

(DMEM)

FCS Sigma-Aldrich
Glutamine Invitrogen

Iscove's Modified Dulbecco's Medium Thermo Fisher Scientific
PBS Invitrogen
Penicillin/Streptomycin Invitrogen

Roswell Park Memorial Institute medium Invitrogen

(RPMI) 1640
Sodium Pyruvate Invitrogen
Trypsin/EDTA Invitrogen

2.1.8. Cell lines

Table 2.5: Cell lines.

Name Species | Cancer type :\:nzg::ﬁ] Provider

4T1 Mouse Breast RPMI ATCC

A375 Human Melanoma RPMI Prof. D. Kulms
A549-luc Human NSCLC RPMI ATCC

B16 WT Mouse Melanoma DMEM Prof. S. Quezada
Calu-1 Human NSCLC RPMI Prof. J. Downward
Colo 357 Human Colorectal RPMI Prof. A. Trauzold
H320 Human NSCLC RPMI Prof. J. Downward
H322 Human NSCLC RPMI Prof. J. Downward
H460 Human NSCLC RPMI Prof. J. Downward
HCT-116 Human Colorectal DMEM Prof. B. Vogelstein
Hela Human Cervical RPMI
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Hep3B Human Liver DMEM

IGR-37 Human Melanoma RPMI Prof. D. Kulms
JHH4 Human Liver DMEM

KP394T4 Mouse NSCLC RPMI Prof. T. Jacks
KP59 Mouse NSCLC RPMI Produced in-house
KP802T4 Mouse NSCLC RPMI Prof. T. Jacks
KPCA1 Mouse NSCLC RPMI Produced in-house
KPC2 Mouse NSCLC RPMI Produced in-house
KPC3 Mouse NSCLC RPMI Produced in-house
KPC4 Mouse NSCLC RPMI Produced in-house
KPV1 Mouse NSCLC RPMI Produced in-house
KPV2 Mouse NSCLC RPMI Produced in-house
KPV3 Mouse NSCLC RPMI Produced in-house
KPV4 Mouse NSCLC RPMI Produced in-house
Malme3M Human Melanoma RPMI Prof. D. Kulms
MDA-MB-231 | Human Breast (TNBC) | DMEM

Panc-89 Human Pancreatic RPMI Prof. A. Trauzold
PCC8 Mouse NSCLC RPMI Prof. S. Lowe
PEA2 Human Ovarian RPMI

RP250.3 Mouse SCLC RPMI Prof. C. Reinhardt
RP252.7 Mouse SCLC RPMI Prof. C. Reinhardt
RP280.1 Mouse SCLC RPMI Prof. C. Reinhardt
Skmel147 Human Melanoma RPMI Prof. D. Kulms
Skmel2 Human Melanoma RPMI Prof. D. Kulms
VMC12 Human Mesothelioma | RPMI Dr. B. Hegedus
VMC40 Human Mesothelioma | RPMI Dr. B. Hegedus
VMC45 Human Mesothelioma | RPMI Dr. B. Hegedus
VMC6 Human Mesothelioma | RPMI Dr. B. Hegedus
WM3248 Human Melanoma RPMI Prof. D. Kulms
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2.1.9. Ready-to-use kits and solutions

BCA protein assay

Chemoluminescent Substrate SuperSignal

West Femto

DharmaFECT .1 Transfection Reagent

E.Z.N.A. Plasmid Maxi Kit
E.Z.N.A. Plasmid Mini Kit |
Western Lightning Plus-ECL
GenElute Mammalian Genomic
Miniprep Kit

Lipofectamine 2000

NuPAGE lithium dodecyl sulfate (LDS)

Sample Buffer

Luciferin (in vivo)

MinElute PCR Purification Kit
Opti-MEM

Pierce LAL Chromogenic Endotoxin
Quantitation Kit

Popidium lodide

QIlAquick Gel Extraction Kit
SeeBlue Plus2 Pre-Stained Standards
SOC medium

SYBR Safe DNA gel stain

SYTOX Green nucleic acid stain

TrypanBlue

2.1.10. Consumables

4-15% Criterion TG Midi Gels
4-15% Mini-PROTEAN TG Gels
50 ml Reagent Reservoir

Cell Culture Petri dishes

Thermo Fisher Scientific

Thermo Fisher Scientific

Dharmacon
OMEGA bio-tek
OMEGA bio-tek
PerkinElmer
Sigma-Aldrich

Invitrogen

Thermo Fisher Scientific

Caliper Life Science
Qiagen
Invitrogen

Thermo Fisher Scientific

Sigma-Aldrich

Qiagen

Invitrogen

Thermo Fisher Scientific
Invitrogen

Thermo Fisher Scientific

Serva

Sigma-Aldrich
Sigma-Aldrich
Corning

TPP
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Cell Culture Test Plates (6-, 12-, 24-well)

Cell Sieve (40 and 70 um pore size)
Conical tubes (15 ml and 50 ml)
Cryogenic vials

Dialysis membrane

DNA purification columns
Glassware

Microtainer tube

PCR Tubes

Pipette tips (0.1-10, 1-200, 100-1000 pl)
Plastic pipettes (5 ml, 10 ml and 15 ml)
Polypropylene round bottom tube (5 ml)

Reflotron ALT test strip

Round and flat bottom 96-well test plates
Safe-Lock Reaction Tubes (1,5 ml, 2 ml)

Single-Use Needles
Single-Use Scalpel
Single-Use Syringe (1 ml, 2 ml)

Single-Use Syringe (5 ml, 30 ml, 50 ml)

SmartLadder DNA Standards
Sterile filter (0.22 um)

Tissue Culture flasks (25, 75, 150 cm?)

Trans-Blot Turbo Mini and Midi Nitrocellulose

Transfer Packs
Vivaspin Concentrator MWCO 5000
X-Ray film 18 x 24 cm

2.1.11. Instruments

Accuri C6
Akta Prime
Avanti J-26S XPI Centrifuge

Blotting system

TPP

Becton Dickinson
TPP

Nunc

KMF

Syd labs

Schott

BD Biosciences
StarLab

StarLab

Becton Dickinson
Becton Dickinson
Roche

TPP

Eppendorf
Becton Dickinson
Feather

Becton Dickinson
Terumo
Eurogentec
Millipore

TPP

Bio-Rad

Sartorius

Scientific laboratory supplies

BD Biosciences
GE Healthcare
Beckman Coulter
Bio-Rad
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Class Il Biological Safety Cabinet
Countless Il Automated Cell Counter
Dark Reader DR46B Transilluminator
FACS Aria Fusion Sorter
FORTESSA X-20

FACSymphony

Freezer -20° C

Freezer -80° C

GBox

Ice machine

Incubator Stericult 2000

IncuCyte FLR

Ivis Spectrum

Light Microscope

Mastercycler pro PCR machine
Microwave

Mithras LB 940

Multichannel pipettes

Multifuge 3S-R

Multiskan Ascent

NanoDrop Spectrophotometer ND-1000

pH Meter

Pipetboy

Pipettes (10 pl, 100 pl, 200 pl, 1 ml)
Power Supply for agarose gels
Reflovet Analyzer

Scanner (CanoScan LiDE 110)
SRX-101A Tabletop Film Processor
Table Centrifuge Biofuge
Thermomixer compact

Trans-Blot Turbo Transfer System
Vortex

Esco

Thermo Fisher Scientific
Clare Chemical Research
BD Biosciences

BD Biosciences

BD Biosciences
Liebherr

Forma Scientific
Syngene

Scotsman

Forma Scientific
Essen Bioscience
Caliper Life Science
Zeiss

Eppendorf

AEG

Berthold Technologies
Micronic Systems
Heraeus

Thermo Labsystems
NanoDrop Technologies
Mettler

Integra Bioscience
Gilson

Biorad

Roche

Canon

Konica Minolta
Heraeus

Eppendorf

Bio-Rad

Heidolph
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2.1.12. Software

Adobe Photoshop CC
ApE

Ascent Software Version 2.6

CanoScan

EndNote

FACSDiva

FlowJo 7.6.5

GaphPad Prism 6
IncuCyte Software

Ivis Spectrum Software
Microsoft Excel 2010
Microsoft Powerpoint 2010
Microsoft Word 2010
MikroWin 2000
SnapGene

2.2. Methods in cell biology

2.2.1. Cell culturing

Adobe

Wayne Davis (University of Utah)
Thermo Labsystems
Canon

Thomson Reuters

BD Biosciences
TriStar

GaphPad

Essen Bioscience
Caliper Life Science
Microsoft

Microsoft

Microsoft

Berthold Technologies
GSL Biotech

All cell lines used in this thesis were adherent and cultured in a 5% CO.-humidified

atmosphere at 37° C. Cells were cultured in the medium indicated in Table 2.5,

supplemented with 10% FCS and 1% penicillin-streptomycin, except for the

melanoma cell lines, which were cultured in the absence of antibiotics. Cells were

passaged before reaching confluence. To do so, cells were washed with PBS and

detached using 1 x trypsin/ EDTA solution and diluted either 1/10 or 1/15 depending

on the cell line’s growth rate. For seeding, cell numbers were determined using the

Countless Il Automated Cell Counter.
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2.2.2. Generation of cell lines from lung tumours

Tumour-bearing KP mice were euthanized when they reached their humane
endpoint. Lungs were extracted in sterile conditions inside a tissue culture hood and
washed in a Petri dish with PBS. Depending on the size of the tumours, the whole
lung was taken or only the tumour was removed. The selected portion of the lung was
placed in 1 ml of RPMI medium in a Petri dish and cut in 2-3 mm pieces using
scalpels. Subsequently, the tissue was homogenised using the flat surface of a 5 ml
syringe and re-suspended in a final volume of 3 ml of medium. The homogenate was
then passed through a 40 um strainer and centrifuged at 1500 rpm for 3 min. The cell
pellet was subsequently re-suspended in RPMI medium supplemented with 10%
FCS, 50 units/ml penicillin and 50 ug/ml streptomycin and transferred into a T-25 or
a T-75 flask. The following day, the medium was replaced to wash the dead cells.
After two passages, cells were stained for epithelial cell adhesion molecule (EpCAM),
which is a marker of epithelial cells, as explained in section 2.2.9. EpCAM-positive
cells, containing the tumour cells, were sorted using the FACS Aria Fusion (BD

Bioscience).

2.2.3. Freezing and thawing of cell lines

For freezing, cells were harvested by trypsinisation, centrifuged at 1500 rpm for 3 min
and re-suspended at 1-2 x 108 cells/ml in freezing medium containing DMSO to
prevent the formation of crystals during the thawing process. The cell suspension was
then transferred to cryogenic vials and placed at -80° C for short term storage. 24-48

h later, frozen cells were transferred to liquid nitrogen (-196° C) for long-term storage.

Thawing of frozen cells was achieved by suspending them in 10 ml of pre-warmed
medium. In order to remove residual DMSO, cells were spun down at 1500 rpm for 3
min and re-suspended in fresh medium before being transferred to a T-75 culture

flask containing the appropriate medium.
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2.2.4. siRNA-mediated knockdown

Transient knockdown of protein expression was achieved by reverse transfection of
cells with siRNA smart-pools purchased from Thermo Scientific. Dharmafect
(Dharmacon) was used as transfection reagent. Briefly, 1.5 yl Dharmafect and 200 pl
FCS-free RPMI were mixed per condition and incubated 5 min at room temperature
(RT). Subsequently, 2.2 pl of siRNA (from a previously prepared 20 yM stock) were
added to 200 ul of transfection mix, mixed and incubated for further 30 min at RT.
After this time, 200 pl of the siRNA containing mix were mixed with 1.5 x 10° cells.
From those cells mixed with the siRNA, 7 x 103 cells were seeded into a 96-well plate
for a viability assay, which were then incubated for 24 or 48 h before treating them

with different inhibitors and/or TRAIL and assessing their viability.

The rest of the cells mixed with siRNA were seeded in a 6-well plate were incubated
for 48 h, after which the efficiency of the knockdown was assessed by Western

Blotting.

2.2.5. Generation of knockout cells

CDK9 and BRD4 knockout (KO) cells were generated via clustered regularly
interspaced short palindromic repeats (CRISPR)/Cas9 technology. Single guide
RNAs (sgRNAs) were designed using the CHOPCHOP online design tool
(https://chopchop.cbu.uib.no/) (Table 2.6) and ligated into the transient expression
CRISPR vector pSpCas9(BB)-2A-mCherry, which is a version of the PX458 vector
(Addgene) (Ran et al., 2013) modified by Dr. Peter Draber. Cells were seeded at 60%
confluency in 10 cm dishes and transfected the following day with 15 pg of the
sgRNA-containing plasmid using Lipofectamine 2000 (Invitrogen) and Opti-MEM
(Invitrogen). 48 h later, transfected cells were selected for mCherry positivity and
single cell sorted into 96-well plates using the FACS Aria Fusion (BD Bioscience).
Sorted cells were cultured with medium containing 50% conditioned medium from the
parental cells for 3-4 weeks until single cell colonies were detected. These clones
were expanded and the loss of expression of the target protein was validated by

Western Blot and sequencing.
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Table 2.6: CRISPR sgRNA sequence.

Target Sequence
Mouse Brd4 5-GGCCTGCGTTGTAGACATTT
Mouse Cdk9 5-GGCCCGCCCATTGACCTTTG

2.2.6. Cell viability assay (CellTiter-Glo)

Cell viability was assessed using the CellTiter-Glo Luminescent Cell Viability Assay
kit (Promega) following the manufacturer's instructions. This method enables the
measurement of viable cells by quantifying the ATP present in them, as a
representation of metabolically active cells. For this purpose, 1-2 x 10 cells/well were
seeded in advance in 96-well plates. The following day, cells were treated
appropriately and 24 or 48 h later, cell viability was tested. Briefly, 100 ul CellTiter-
Glo reagent diluted 1:5 in PBS was added to the each well after the removal of the
treatment-containing medium. After 10 min of incubation at RT in the dark, 80 ul were
transferred to a whitewall plate to enhance measurement of luminescence. The
absolute bioluminescence was measured using the Mithras (Berthold Technologies)
plate reader. The percentage viability was then calculated as relative to the untreated

control.

2.2.7. Cell death assay by SYTOX Green staining

SYTOX Green stains nucleic acids and can penetrate cells with a compromised
plasma membrane but does not cross the plasma membrane of live cells. Thus, it
serves as a marker for dead cells. For this assay, cells were seeded at 2-4 x 10°
cells/well, depending on the cell line, in 12-well plates. The following day, they were
treated with the appropriate inhibitors and/or TRAIL and SYTOX Green (Thermo
Fisher Scientific) was added to the medium in a dilution of 1:10,000 (to achieve a final
concentration of 0.5 uM). Dead cells were detected by time-lapse live imaging in the
IncuCyte FLR (Essen Bioscience). Pictures were collected every 2 h and the

fluorescent objects per well at each time point were quantified by the IncuCyte
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software. The percentage death per condition was normalised to the one in which

maximum dead was achieved.

2.2.8. Clonogenic assay

Clonogenic assays were performed to assess long-term survival. Cells were seeded
into 6-well plates at a density of 1-2 x 10° cells/well and treated the following day with
the appropriate inhibitors and/or TRAIL. 24 h after the treatment, dead cells were
washed away and surviving cells were cultured for additional 7 days in fresh medium
without any treatment. Subsequently, cells were washed with PBS, fixed with crystal
violet fixing solution and subsequently stained with crystal violet staining solution. The
plates were then thoroughly washed with water and dried overnight before taking

pictures.

2.2.9. Surface staining by fluorescent-associated cell sorting (FACS)

In order to assess the surface expression of EpCAM or m-TRAIL-R in murine cell
lines obtained from lung tumours, flow cytometry was employed. After trypsinisation,
10% cells per sample were washed twice with PBS to remove the medium and
incubated with 10 pg/ml antibody against EpCAM, m-TRAIL-R or the appropriate
isotype control in 100 pl of PBS for 30 min at 4° C in the dark. Cells were then washed
twice with FACS buffer and re-suspended in 300 yl of FACS buffer before being
analysed using the Accuri C6 cytometer (BD Bioscience). An unstained sample was

used as a control.

2.3 Methods in biochemistry

2.3.1. Preparation of cell lysates

Cells previously seeded and treated in 6-well plates were washed twice with cold PBS
and the plates were stored at -20° C with 80-100 pl lysis buffer per well containing 1
x cOmplete protease inhibitor (Roche) and 1 x phosphatase inhibitor cocktail (Sigma-
Aldrich). Following thawing of the plates on ice, cells were scraped in lysis buffer and
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the cell suspension was incubated on ice for 20 min. Subsequently, the cell
suspension was centrifuged for 30 min at 13 x 102 rpm at 4° C and the cleared

supernatants were transferred into a new tube.

In order to determine the protein concentration in the lysates, the colorimetric
bicinchoninic acid (BCA)-containing protein assay (Thermo Fisher Scientific) was
employed. In brief, 2 pl of lysate were incubated with 100 pl of BCA solution,
containing 49 parts of component A and 1 part of component B, at 37° C for 30 min.
After this time, a violet colour was clearly visible in all samples and absorbance at
560 nm was measured using a Multiskan Ascent plate reader (Thermo Labsystems).

Lysates were then equilibrated to the least concentrated sample.

2.3.2. SDS polyacrylamide gel electrophoresis (SDS-PAGE)

Lysates were mixed with NUPAGE LDS Sample Buffer (Thermo Fisher Scientific)
containing 50 mM DTT (Roche) and heated at 92 °C for 10 min. Separation of proteins
according to their size was achieved by SDS-PAGE using pre-cast 4-15% Mini-
PROTEAN TGX (up to 15 samples) or Criterion TGX Midi (up to 26 samples) gels
(both from Sigma-Aldrich) and Tris/Glycine/SDS running buffer (Bio-Rad). As a
molecular weight standard, SeeBlue Plus2 Pre-Stained marker Buffer (Thermo Fisher
Scientific) was used. The electrophoretic separation was achieved by applying a

constant voltage of 80 V for 10 min and subsequently 180 V for 30-40 min.

2.3.3. Coomassie staining of SDS-PAGE gels

Proteins separated by SDS-PAGE were visualised by incubating the gel in
Coomassie staining solution for 1 h and then in Coomassie destaining solution

overnight at RT.

2.3.4. Western Blotting

The transfer of proteins to a membrane allows their detection with specific antibodies.
For this purpose, a pre-packed 0.2 yM nitrocellulose membrane assembly (Trans-

Blot Turbo Mini or Midi Nitrocellulose Transfer Packs, Bio-Rad) was used. The setup
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was composed of a layer of filter papers at the anode of the apparatus, on top a
nitrocellulose membrane, the gel and lastly another layer of filter papers. Protein
transfer was carried out at a constant 20 V for 7 or 10 min. After transfer completion,
membranes were stained with Ponceau S solution to confirm successful protein
transfer, washed with PBST and blocked with blocking buffer for 1 h at RT.
Subsequently, membranes were subjected to immunoprobing with primary antibody
overnight at 4° C. Next day, membranes were washed three times with PBST for 10
min and incubated with the respective HRP-conjugated antibody for at least 1 h at
RT. Membranes were then washed at least three times with PBST and antibody
binding was visualised using Western Lightning Plus-Enhanced Chemiluminescence

Substrate (ECL) (PerkinElmer) and X-ray films (Scientific laboratory supplies).

2.3.5. Stripping of Western Blot membranes

In order to re-blot with a different antibody, the membranes were incubated with
stripping buffer for 15 min at RT to remove previous primary and secondary
antibodies. The low pH of the stripping buffer alters protein conformation, resulting in
the release of antibody/antigen-binding. Subsequently, membranes were washed
three times with PBST and incubated with blocking buffer for 30 min at RT before

adding a new primary antibody as described in section 2.3.4.

2.3.6. Production of recombinant izmTRAIL

Murine isoleucine zipper TRAIL (izmTRAIL) was produced in the Rosetta strain of
E.coli and purified using a two-step affinity purification system with the Akta Prime
(GE Heatlthcare). In brief, bacteria were transformed with the izmTRAIL-encoding
plasmid and they were grown in LB medium containing 30 pg/ml kanamycin (Roth).
IzmTRAIL expression was induced by the addition of 1 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG) (Sigma-Aldrich) and incubation overnight at 18° C. The
following day, the cultures were centrifuged at 4600 rpm for 30 min at 4° C and the
bacteria pellets were lysed in lysis buffer (50 ml of lysis buffer per litre of bacteria
culture). Following re-suspension of the bacteria pellets in lysis buffer, lysates were
sonicated and ultra-centrifuged at 15 x 10%® x g for 30 min at 4° C. Cleared

supernatants were then passed through a 0.22 um filter and applied to a pre-
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equilibrated hydroxyapatite column (GE Healthcare). The column was washed with
hydroxyapatite wash buffer and then the soluble protein was eluted with
hydroxyapatite elution buffer. Subsequently, the eluted protein was applied into a pre-
equilibrated Ni-NTA column (GE Healthcare). The column was then washed with Ni-
NTA wash buffer and eluted with Ni-NTA elution buffer containing 50 mM imidazole.
The eluted protein was dialyzed against storage buffer and the concentration was
measured using NanoDrop Spectrophotometer ND-1000 (NanoDrop Technologies).
Protein concentration was achieved using Vivaspin concentrator MWCO 5000
(Sartorius) until a final concentration of 2-3 mg/ml was reached. The absence of
Lipopolysaccharide (LPS) was confirmed using the Pierce Limulus amebocyte lysate
(LAL) Chromogenic Endotoxin Quantitation Kit (Thermo Fisher Scientific) and the

aliquots were stored at -80° C.

2.4. Methods in molecular biology

2.4.1. DNA digestion and restriction

Sequence-specific cleavage of vector or insert DNA for cloning purposes was
achieved using FastDigest restriction endonucleases (Thermo Fisher Scientific). The

reaction was prepared as explained in Table 2.7 and incubated at 37° C for 1 h.

Table 2.7: DNA restriction set-up.

Reagent Vector restriction (volume) Insert restriction (volume)
DNA 3ul 10 pl

Buffer green 3 ul 3ul

Enzyme (s) 1ul 1l

Fast AP 1 ul -

ddH»O Until a total of 30 pl Until a total of 30 pl

89



Materials and Methods

2.4.2. DNA separation using agarose electrophoresis and purification

Analysis of restricted vector DNA or DNA fragments was performed by separation via
agarose gel electrophoresis. Depending on the expected fragment sizes, gels with
0.5 — 2% agarose were prepared in borax buffer containing SYBR Safe DNA gel stain
(Invitrogen) (1: 10,000) and poured in gel casting trays (Bio-Rad). After
polymerisation, samples were loaded in gel pockets and electrophoresis was carried
out in borax buffer. DNA was visualised employing the Dark Reader DR46B
Transilluminator (Clare Chemical Research). After separation, the DNA fragment-
containing piece of gel was excised with a scalpel and DNA was recovered using the
QIAquick Gel Extraction Kit (Qiagen) according to the manufacturer’s instructions.

DNA was purified using the provided spin columns and eluted in ddH.O

2.4.3. DNA fragment ligation

Linearized vectors and DNA fragments with compatible overhangs or blunt ends were
ligated using T4 DNA ligase (Thermo Fisher Scientific). The insertion of DNA
fragments originating from PCR reactions or DNA restriction in vectors was performed
in a ratio of 4:1 (insert:vector). The ligation reaction contained 1 ul T4 DNA ligase, 1
pl T4 ligase buffer (Thermo Fisher Scientific), the vector and fragment DNA solutions
and ddH.O until a total volume of 10 pl. The ligation reaction was incubated overnight
at RT.

2.4.4. Transformation of competent E.coli bacteria

For plasmid DNA expression in bacteria, different strains of chemically-competent
E.coli were used depending on the purpose: DG1 E.coli (Eurogentec) for propagation
of plasmid DNA and BL21 (DE3) E.coli (New England Biolabs) for protein expression.
For transformation, 25 ul of competent bacteria were mixed with 2 pl (approximately
10 ng) of plasmid DNA and incubated on ice for 20 min. In order to enhance plasmid
uptake, reaction tubes containing the bacteria were exposed to a heat-shock in a
water bath set at 42° C for 90 s and then incubated on ice for 1 min. Subsequently,
200 pl of Super Optimal broth with Catabolite repression (SOC medium) (Thermo
Fisher Scientific) were added and bacteria were allowed to grow at 37° C with gentle
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agitation for at least 1 h before plating them on LB agar plates containing the antibiotic
to which the plasmid provided resistance. Plates were incubated at 37° C overnight
and the following day individual colonies were picked and incubated in LB medium

for further amplification.

2.4.5. Isolation of plasmid DNA

Positively transformed selected bacteria colonies were individually grown in 5 ml LB
medium containing the appropriate antibiotic overnight at 37° C and then cultures
were collected and pelleted by centrifugation at 4600 rpm for 15 min. Subsequently,
plasmid DNA was isolated using the E.Z.N.A. Plasmid Mini Kit | (OMEGA bio-tek)
according to the manufacturer’s instruction. In this way, approximately 30 pg of

plasmid DNA were eluted in water.

In cases where more plasmid DNA yield was required, the 5 ml bacteria cultures were
transferred into 300 ml of LB medium containing the appropriate antibiotic and
incubated overnight at 37° C. Cells were then centrifuged at 4600 rpm for 30 min at
4° C and DNA was purified using the E.Z.N.A. Plasmid Maxi Kit | (OMEGA bio-tek)

according to the manufacturer’s instructions.

2.4.6. Isolation of genomic DNA

Genomic DNA from cultured cells was isolated using GenElute Mammalian Genomic
DNA Miniprep Kit (Sigma-Aldrich), according to the manufacturer’s instructions. For
this purpose, 2 x 108 cells were trypsinised as explained above, centrifuged at 1500
rpm for 3 min, and washed twice with PBS before re-suspending them in the re-

suspension solution provided in the kit.

2.4.7. Polymerase chain reaction (PCR)

PCR amplifications for cloning purposes were set up using the Phusion High-Fidelity
DNA Polymerase (New England Biolabs). Reactions were set up as described in

Table 2.8 and placed in a Mastercycler pro PCR machine (Eppendorf).
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Table 2.8: PCR reaction set-up.

Reagent Volume
5X Phusion HF Buffer 10
ddH.O 31 pl
dNTPs 1l
DMSO 1.5l
Forward primer (10 uM) 2.5 ul
Reverse primer (10 uM) 2.5 ul
Phusion DNA polymerase 0.5yl
Template DNA (~ 250 ng/ul) 1ul

The standard thermocycling conditions are shown in Table 2.9. The final product was

either separated in an agarose gel as described in section 2.4.2 or directly purified

using the MinElute PCR Purification Kit (Qiagen) following the manufacturer’s

instructions.

Table 2.9: PCR cycling parameters.

Step Number of cycles | Temperature Duration
Initial denaturation | 1 98° C 30s
Denaturation 31 98° C 10s
Annealing 31 60-72° C 15s
Elongation 31 72° C 1 min
Final elongation 1 72° C 5 min
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2.5. Animal studies

All animal experiments were conducted under an appropriate UK project license in
accordance with the regulations of UK home office for animal welfare according to
ASPA (animal (scientific procedure) Act 1986).

2.5.1. Mouse models
2.5.1.1. Transplantable tumours

Female C57BL/6 mice were purchased from Charles River UK. Rag7” mice were
kindly provided by Prof. Caetano Reis e Sousa. The experiment was started when
the mice were 6-8 weeks old. Mice were shaved a small area in their right flank the
day before the injection of the cells. KP802T4 or KP59 cells were washed with DPBS,
trypsinised and counted. Cells where then washed in DPBS and diluted to a
concentration of 2.5 x 108 cells/ml for KP802T4 cells and 1.5 x 108 cells/ml for KP59
cells. Mice were injected with 5 x 10° KP802T4 cells or 3 x 10° KP59 cells in 100 pl
of DPBS intradermally in the right flank using 27 gauge needles and 1 ml syringes.
Seven days after tumour injection, tumours were palpable and they were measured
using a caliper. Tumour volume was calculated using the following formula: volume =
(width? x length) / 2. Tumours were measured every 2-3 days throughout the

experiment.

2.5.1.2. Orthotopic A549 xenograft lung tumours

Female Fox Chase® severe combined immunodeficiency (SCID) Beige mice were
purchased from Charles River UK and the experiment was started when they were
12 weeks old. A549-luc cells were washed with DPBS, trypsinised and counted. Cells
were then washed 3 times in DPBS and diluted to a concentration of 10 x 10° cells/ml.
Mice were warmed up to 37° C in a heating chamber prior to injection. Once tail veins
were clearly visible, 2 x 10° cells were slowly injected into the lateral tail vein in 100

pI DPBS using 27 gauge needles and 1 ml syringes.
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2.5.1.3. Autochthonous lung tumours in the KP model

KrastSt-612D and Tp53L-SL-R172H mice on C57BL/6 background were kindly provided by
Prof. D. Tuveson. Lung tumours were initiated in 6-12 week old mix-gender Kras-St-
G12D+- Tp53LSL-R172H+ (KP) mice as described previously (DuPage et al., 2009). The
delivery of the Cre recombinase into the lungs was achieved using an adenoviral
system (Ad-Cre). Mice were anaesthetised by the intraperitoneal (i.p.) injection of 60
mg/kg ketamine (Vetalar, Zoetis) and 0.3 mg/kg medetomidine (Dormitor, Orion
Pharma). Mice were then intranasally instilled with 2.5 x 107 plaque-forming units (pfu)
of Ad-Cre in 50 ul. To recover from the anaesthesia, mice were placed in a 37° C
heating chamber and injected i.p. with 1 mg/kg atipamezole (Antisedan, Orion

Pharma).

2.5.2. Genotyping

KP mice were ear sampled at 2-3 weeks of age for genotyping. Ear samples were
lysed in genotyping lysis buffer at 95° C for 45 min and subsequently neutralised with
genotyping neutralising buffer. Samples were preserved at 4 °C until use. PCR mix

was prepared with 5 pl Prime master mix or Dream Taq and appropriate sets of

primers:
Kras wt GTCGACAAGCTCATGCGGG
Kras mutant (mut) CCATGGCTTGAGTAAGTCTGC
Kras common CGCAGACTGTAGAGCAGCG
Tp53 wt TTACACATCCAGCCTCTGTGG
Tp53 mut AGCTAGCCACCATGGCTTGAGTAAGTCTGCA
Tp53 common CTTGGAGACATAGCCACACTG

PCR products were run in a 2% agarose gel at 180 V for 30 min. Gels were visualised

with GBox (Syngene).
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2.5.3. Treatment of mice

All therapeutic compounds were administered i.p. using 27 gauge needles and 1 ml
syringes in doses of 200 pl. IzZTRAIL (previously produced by Dr. Antonella Montinaro
and Dr. Silvia von Karstedt) was administered in 10% (2-Hydroxypropyl)-B-
cyclodextrin (Sigma-Aldrich) at a dose of 2.5 mg/kg. IzmTRAIL (produced and purified
during this thesis as explained in section 2.3.6) was administered in 10% (2-
Hydroxypropyl)-B-cyclodextrin at a dose of of 5 mg/kg. Dinaciclib (Insight
Biotechnology) was stored in a 30 mg/ml stock in DMSO and then administered in
10% (2-Hydroxypropyl)-B-cyclodextrin at a dose of 15 mg/kg or 30 mg/kg depending
on the experiment. Carboplatin was administered in 10% (2-Hydroxypropyl)-B-
cyclodextrin at a dose of 25 mg/kg. Urethane (Sigma-Aldrich) was dissolved in DPBS
and administered at a dose of 1 g/kg. Anti-NK1.1 antibody (clone PK136 from Bio X
Cell) was prepared in DPBS to a dose of 200 ug/mouse. All treatment solutions were

syringe-filtered through 0.22 um.

2.5.4. In vivo bioluminescence imaging

All mice bearing A549 lung xenografts were imaged weekly for bioluminescence. D-
luciferin (GoldBio) was dissolved in DPBS at a final concentration of 30 mg/ml and
syringe filtered at 0,2 ym. Prior to imaging, each mouse was anaesthetised by 4%
isofluorane gas and received 100 pl subcutaneous injection of 3 mg luciferin per 20 g
mouse. To maintain anaesthesia, the isofluorane dose was reduced to 1,5 %.
Bioluminescence images were acquired 10 min after luciferin injection using the IVIS
Lumina® at 1 min exposure time (Caliper Life Science). Afterwards, mice recovered
from anaesthesia in a 37° C heating chamber. Photons per second were quantified

using the IVIS software.

2.5.5. Dissection and fixation of tissues for histology

For preparation of lung tissue sections, mice were euthanized when they reached the
experimental endpoint. From each mouse, the upper lobe of the left lung was
removed, fixed in 10% formalin (Sigma-Aldrich) overnight and then transferred to 70%
ethanol.
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2.6. Ex vivo studies

2.6.1. Histological examination and quantification of tumour burden

Paraffin embedding, cutting into 4 um sections and haematoxylin and eosin (H&E)-
staining was performed by the histological staining service of Ms. Lorraine Lawrence

at the Imperial College London Research Histology Facility.

H&E stainings were pathologically examined, as part of a collaboration, by Dr. Mona
A. El-Bahrawy (Imperial College London), who was blinded to the study. Tumour

burden was quantified as percentage of tumour tissue in the lung.

2.6.2. Immunofluorescence

4 um formalin-fixed paraffin-embedded lung sections were stained following standard
protocols. Sections were boiled in Retrievagen A (BD Biosciences) in the microwave
for 10 min. Slides were blocked in immunofluorescence blocking buffer for 30 min
followed by incubation with the primary antibody overnight at 4° C. Next, slides were
incubated with the secondary antibody at RT for 1 h. Sections were counterstained
with 4',6-diamidino-2-phenylindole (DAPI) (Roche). At least ten images (40x) per slide
were acquired and blind quantification was performed using ImageJ Software on
monochrome images as the percentage of cells positive for the specific staining in

relation to the total number of DAPI-positive cells.

2.6.3. Immune cell profiling by FACS

To stain lung immune cell infiltrates, murine lungs were mechanically disrupted with
the top of a syringe piston at 4° C. The cell suspension was filtered through a 70 um
cell strainer, washed with PBS and centrifuged at 1500 rpm for 5 min. The pellet was
re-suspended in 5 ml red blood cell (RBC) lysis buffer (BioLegend) at RT and
incubated for 5 min. The reaction was stopped by addition of 30 ml PBS followed by
centrifugation. Cells were then labelled with fixable viability dye eFluor780
(eBioscience) for 30 min in the dark at RT, followed by addition of Fc block (BD

Biosciences). Samples were then stained with the conjugated antibodies at 4 °C for
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30 min. Intracellular staining was performed using an Intracellular Fixation and
Permeabilization Buffer Set (eBioscience) according to the manufacturer’s
instructions. Fluorescence minus one (FMO) controls were used to distinguish
between positively and negatively stained cells. Flow cytometric analysis was
performed with a FORTESSA X-20 (BD) or FACSymphony (BD) flow cytometer. Flow
cytometry reference beads (Cell Sorting Set-up Beads, UV laser, BD) were added to
the samples before the analysis for quantification of infiltrating leukocytes in the lungs.
For example the absolute number of CD45+ cells was calculated using the following
formula: (number of beads added to each samples x count of CD45 cells/count of

beads). Data analysis was conducted using FlowJo software.

2.6.4. Serum analysis

Blood was withdrawn from the submandibular vein using a lancet and collected into
microtainer tubes with separation gels (BD Biosciences). Sampled blood was kept on
ice and spun to isolate serum at 3000 rpm for 10 min. Isolated serum was diluted 1:10
in PBS and 30 pL of the diluted serum were placed on a Reflotron GPT test strip
(Roche) and the alanine aminotransferase (ALT) levels were determined in a Reflovet

Analyzer (Roche).

2.7. Statistical analysis

Data were analysed with GraphPad Prism 6 software (GraphPad Software).
Statistical analysis was performed using one-way ANOVA multiple comparisons
followed by the Bonferroni post-test when comparing more than one experimental
group or condition and unpaired t-test two tailed (Student’s t test) when comparing
only two conditions. Statistical significance in survival curves was determined using
a log-rank test. A p value <0.05 was considered significant and indicated with one
asterisk (*), p<0.01 (**), p<0.001 (***) and p<0.0001 (****).
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3. RESULTS

3.1. Characterisation of Dinaciclib as a potent sensitiser to

TRAIL-induced apoptosis

TRAIL has the ability to induce apoptosis selectively in cancer cells (Ashkenazi et al.,
1999; Walczak et al., 1999). However, most cancer cells are either intrinsically
resistant or acquire resistance to TRAIL (Zhang and Fang, 2005; Lemke et al., 2014b;
Tuthill et al., 2015). Therefore, there is an urgent need for novel sensitising
therapeutics that can render the tumour cells TRAIL-sensitive. In light of previous
work in the laboratory showing that CDK9 inhibition synergises with TRAIL to induce
apoptosis (Lemke et al., 2014a), the therapeutic potential of the combination of TRAIL

and the clinically most advanced CDK®9 inhibitor, Dinaciclib, was evaluated.

3.1.1. Dinaciclib is a more potent sensitiser to TRAIL-induced cell death
than SNS-032

In order to determine the ability of Dinaciclib to act as a TRAIL sensitiser, its efficacy
was first compared with the previously reported CDK9 inhibitor SNS-032 (Lemke et
al., 2014a). To do so, SNS-032 and Dinaciclib in combination with our highly active
form of recombinant TRAIL, izTRAIL, were titrated in three different TRAIL-resistant
cell lines: A549 and H322 NSCLC cells and Malme3M melanoma cells, which are
derived from a metastatic lung site. Whereas only concentrations of 200-300 nM of
SNS-032 were capable of a profound sensitisation of cells to TRAIL-induced cell
death (Figure 3.1 A), Dinaciclib achieved maximal killing in combination with TRAIL
at concentrations as low as 25 nM (Figure 3.1 B). This is interesting given that both
SNS-032 and Dinaciclib have the same ICso for CDK9, 4 nM (Table 1.2). Importantly,
the concentration of either CDK9 inhibitor at which synergy with TRAIL was achieved
correlated with the concentration at which the phosphorylation of Ser2 of RNA Pol I
was inhibited (Figure 3.1 C). These results suggest that Dinaciclib inhibits CDK9 more
potently than SNS-032 and consequently, it is a stronger sensitiser to TRAIL-induced

cell death.
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Figure 3.1: Dinaciclib is more efficient than SNS-032 in sensitising cancer cells to

TRAIL-induced cell death.

(A-B) A549, Malme3M and H322 cells were pre-incubated with the indicated concentrations
of SNS-032 (A) or Dinaciclib (B) for 15 min and subsequently treated with the indicated
concentrations of izTRAIL. Cell viability was quantified 24 h later. Data represent means
(Figure legend continues on next page)

SEM of at least three independent experiments.
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(C) A549 cells were treated with SNS-032 or Dinaciclib at the indicated concentrations and 24
h later cells were lysed and analysed by Western blotting. Representative Western blots of
two independent experiments are shown.

To corroborate these findings, the ability of the two CDK9 inhibitors to synergise with
TRAIL to inhibit the long-term survival of cancer cells was compared side-by-side. In
line with the previous results, SNS-032 only synergised with TRAIL to deplete the
colony formation of all cell lines at 300 nM and not at 25 nM (Figure 3.2). On the
contrary, Dinaciclib at 25 nM in combination with TRAIL completely inhibited the
survival of clones. Interestingly, after treatment with Dinaciclib alone at 300 nM, no

colonies were detected in any cell line and the addition of TRAIL had no effect.
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Figure 3.2: The combination of TRAIL and Dinaciclib inhibits the clonogenic survival of
cancer cells more efficiently than the combination of TRAIL and SNS-032.

A549, Malme3M and H322 cells were treated with the indicated concentration of SNS-032 or
Dinaciclib and subsequently treated with 10 ng/ml izTRAIL for 24 h. 7 days later, long-term
survival was visualised by crystal violet staining. One of two independent experiments is
shown.

Some years ago, work in our laboratory showed that CDK9 mediates TRAIL
resistance by promoting concomitant transcription of FLIP and Mcl-1 (Lemke et al.,
2014a). With the aim of testing whether Dinaciclib, as SNS-032, downregulates these
two anti-apoptotic factors, a kinetic experiment was performed in A549 cells. As soon
as 3 h after the treatment with Dinaciclib or SNS-032, the inhibition of the
phosphorylation of Ser2 of RNA Pol Il was observed, indicating that CDK?9 inhibition

was efficient from that time-point (Figure 3.3). As expected, while the majority of the
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components of the DISC as well as the downstream pro- and anti-apoptotic factors

remained unchanged, FLIP and Mcl-1 were supressed by both CDK9 inhibitors.

In conclusion, these data show that Dinaciclib is a more potent inhibitor of CDK9 than
SNS-032.
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Figure 3.3: Dinaciclib, similarly to SNS-032, sensitises cancer cells to TRAIL-induced
cell death by downregulation of FLIP and Mcl-1.

A549 cells were treated with 300 nM SNS-032 or 25 nM Dinaciclib for the indicated time before
cell lysis and analysis of the lysates by Western Blotting. Data are presented as representative
Western blots of two independent experiments.
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3.1.2. Dinaciclib overcomes TRAIL resistance in multiple cancer types

With the aim of evaluating the ability of Dinaciclib to break TRAIL-resistance in
different tumour types, a panel of five NSCLC cell lines bearing different oncogenic
mutations (Figure 3.4 A) was first selected, based on the fact that these cell lines had
been previously demonstrated to be sensitised to TRAIL-induced cell death by the
use of the CDKS9 inhibitor SNS-032 (Lemke et al., 2014a). Cells were treated with
increasing concentrations of TRAIL, in the presence or absence of Dinaciclib. All five
cell lines were resistant to low concentrations of TRAIL [10 ng/ml]. However, the
combination of 10 ng/ml of TRAIL with 25 nM Dinaciclib readily killed NSCLC cells.
(Figure 3.4 B and C). When treated with higher concentrations of TRAIL, some cell
lines, namely Calu-1, H322 and H460, showed some decrease in viability.
Nonetheless, the addition of Dinaciclib profoundly increased the TRAIL-sensitivity of
all tested cell lines (Figure 3.4 D). Of note, Dinaciclib monotreatment had only

marginal effects on the cell viability in most of the cell lines.
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Figure 3.4: Dinaciclib sensitises a panel of NSCLC cell lines to TRAIL-induced cell
death.

(A) Mutations in KRAS and/or TP53 of the cell lines included in the NSCLC panel are indicated
with a black box.

(B) Five NSCLC cell lines were pre-incubated with or without Dinaciclib [25 nM] for 15 min and
subsequently stimulated with izTRAIL [10 ng/ml] or fresh media. Cell viability was quantified
after 24 h and normalised to the untreated control. Heat map representing colour-coded
viability levels of the different cell lines upon the indicated treatments. Values are means of at
least three independent experiments. (Figure legend continues on next page)
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(C) Cells were treated as in B. Values are means + SEM. Each dot represents the mean of at
least three independent experiments for one cell line. Statistical analysis was performed using
one-way ANOVA.

(D) The indicated NSCLC cell lines were pre-incubated with or without 25 nM Dinaciclib for 15
min and then treated with the indicated concentrations of izTRAIL. Cell viability was quantified
after 24 h. Data represent means + SEM of at least three independent experiments.
***p<0.001, ****p=<0.0001.

The results in Figure 3.4 demonstrate that Dinaciclib is a potent sensitiser to TRAIL-
induced death in NSCLC. To evaluate whether the applicability of this novel therapy
could be broadened to cancers from different origins, it was next tested in a panel of
mesothelioma cell lines. Mesothelioma is a rare type of cancer that arises mainly in
the pleura of the lungs. In this disease, the expression of the nuclear deubiquitinase
BRCA1-associated protein 1 (BAP1) is often lost (Bott et al., 2011). The combination
of TRAIL and Dinaciclib was tested in three BAP1 positive and two BAP1 negative
cell lines (Figure 3.5 A). VMC23 (BAP1 negative) and VMC45 (BAP1 positive) cell
lines were sensitive to high concentrations of TRAIL, whereas the rest of the cell lines
remained resistant. Importantly, irrespective of the BAP1 status, TRAIL and Dinaciclib
strongly synergised to reduce the viability of all the mesothelioma cell lines tested
(Figure 3.5 B-D).
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Figure 3.5: Dinaciclib sensitises mesothelioma cell lines to TRAIL-induced cell death.

(A) Loss of expression mutations in BAP1 in the cell lines included in the mesothelioma panel
are in
(B) Fi
min and subsequently stimulated with izTRAIL [10 ng/ml] or fresh media. Cell viability was
quantified after 24 h and normalised to the untreated control. Heat map representing colour-
coded viability levels of the different cell lines upon the indicated treatments. Values are
mean

dicated with a black box.
ve mesothelioma cell lines were pre-incubated with or without Dinaciclib [25 nM] for 15

s of at least three independent experiments. (Figure legend continues on next page)
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(C) Cells were treated as in B. Values are means + SEM. Each dot represents the mean of at
least three independent experiments for one cell line. Statistical analysis was performed using
one-way ANOVA.

(D) The indicated mesothelioma cell lines were pre-incubated with or without 25 nM Dinaciclib
for 15 min and then treated with the indicated concentrations of izTRAIL. Cell viability was
quantified after 24 h. Data represent means + SEM of at least three independent experiments.
****p<0.0001

TRAIL and Dinaciclib combination treatment was then tested in a wide range of solid
tumour types including cervical, breast, ovarian, liver, colorectal and pancreatic
cancers. As shown in Figure 3.6, Dinaciclib sensitised cells from all origins to TRAIL-
induced cell death. Importantly, in TRAIL-sensitive cell lines like JHH4 and HCT-116,
the combination with Dinaciclib achieved over 80% reduction in viability at
concentrations of TRAIL as low as 1 ng/ml, at which TRAIL monotherapy did not

significantly affect these cells (Figure 3.6 B).

Although a profound reduction in cells subjected to the highest concentration of TRAIL
and Dinaciclib was observed, some remaining live cells were still present after 24 h
treatment. In order to investigate the potential of these TRAIL- and Dinaciclib-
surviving cells to outgrow, the clonogenic survival of four representative cell lines
(A549, H322, Panc-89 and Colo 357) was next assessed upon TRAIL treatment in
the presence or absence of Dinaciclib. Whilst multiple clones survived and continued
to grow after TRAIL or Dinaciclib monotherapy, the combination of both completely

abrogated the clonogenic survival of the four cell lines (Figure 3.7).

Taken together, the results shown so far establish Dinaciclib as an effective sensitiser

to TRAIL-induced cell death across multiple solid tumour types.
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Figure 3.6: Dinaciclib broadly sensitises different cancers to TRAIL-induced cell death.

(A) The indicated cell lines were pre-incubated with or without Dinaciclib [25 nM] for 15 min
and subsequently stimulated with izTRAIL [10 ng/ml] or fresh media. Cell viability was
quantified after 24 h and normalised to the untreated control.

(Figure legend continues on next page)
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Heat map representing colour-coded viability levels of the different cell lines upon the indicated
treatments. Values are means of at least three independent experiments.
(B) The cell lines in A were pre-incubated with or without 25 nM Dinaciclib for 15 min and then
treated with the indicated concentrations of izTRAIL. Cell viability was quantified after 24 h.
Data represent means + SEM of at least three independent experiments.
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Figure 3.7: Combination of TRAIL and Dinaciclib treatment inhibits the long-term
survival of cancer cells.

A549, Colo 357, H322 and Panc-89 cell lines were treated with or without 25 nM Dinaciclib
and the indicated concentration of izTRAIL. After 7 days, cells were stained with crystal violet
and the stained plates scanned. Representative images of two independent experiments are
shown.
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3.1.3. Co-treatment with TRAIL and Dinaciclib overcomes chemo- and

targeted therapy resistance

As our understanding of the molecular biology of cancer has evolved, new agents
that target specific molecular alterations have emerged in the recent years. These
targeted therapies, together with conventional chemotherapy, are currently the first-
line treatment for most cancers. Nevertheless, resistance to chemotherapy and
targeted therapies is a pervasive problem facing current cancer research (Holohan et
al., 2013).

Given the prevalence of cancer drug resistance, the effectiveness of the novel TRAIL
and Dinaciclib combination treatment in chemotherapy- and targeted therapy-
resistant cell lines was investigated. To this end, a panel of matched parental and
therapy-resistant (conditioned) melanoma cell lines was employed. Conditioned cell
lines were generated in the laboratory of Prof. D. Kulms by treating them with the
indicated agent for 6 months. BRAF-mutant WM3248 and Malme3M cells were
treated with the B-raf inhibitor Dabrafenib, NRAS-mutant Skmel2 and Skmel147 cells
with the MEK inhibitor Trametinib and BRAF-mutant A375 and IGR-37 cells with the
chemotherapeutic agent Cisplatin (Figure 3.8 A). Resistance of all the conditioned
cell lines was confirmed as shown in Figure 3.8 B-D. All parental cells remained

sensitive to the different therapies, albeit with variable efficacies.
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Figure 3.8: Conditioned melanoma cell lines are resistant to chemo- or targeted therapy

drugs.

(A) Mutations in BRAF, NRAS and/or TP53 of the cell lines included in the melanoma panel
are indicated with a black box. Conditioned cell lines were generated by treating the parental
lines with the indicated chemotherapeutic or targeted agents at the indicated concentrations

continuously for 6 months.

(Figure legend continues on next page)
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(B) Parental and conditioned VWM3248 and Malme3M cells were treated with or without
Dabrafenib [10 pM].

(C) Parental and conditioned Skmel2 and Skmel147 cells were treated with or without
Trametinib [10 nM].

(D) Parental and conditioned A375 and IGR-37 cells were treated with or without Cisplatin [10
M.

(B, C, D) Cell viability was quantified 24 h after the treatment and normalised to the untreated
control. Data represent means + SEM of three independent experiments. Statistical analysis
was performed using Student’s t-test. *p<0.05, **p<0.01, ***p=<0.001, ****p=<0.0001.

Parental and therapy-conditioned melanoma cell lines were stimulated with
increasing concentrations of TRAIL in the presence or absence of Dinaciclib. TRAIL
and Dinaciclib synergised to efficiently diminish cell viability in both parental and
conditioned melanoma cell lines, even at low concentrations of TRAIL [10 ng/ml]
(Figure 3.9 A and B). Overall, conditioned cells responded to TRAIL, Dinaciclib or the
combined treatment similarly to their parental counterparts. The only exception was
the A375 pair of cell lines, in which parental cells were TRAIL-resistant while

conditioned cells were sensitive to TRAIL-induced cell death (Figure 3.9 C).
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Figure 3.9: TRAIL and Dinaciclib combination treatment overcomes chemo- and
targeted therapy-resistance.

(A) Six parental and their corresponding chemotherapy-conditioned melanoma cell lines were
pre-incubated with or without Dinaciclib [25 nM] for 15 min and subsequently stimulated with

izTRAIL [10 ng/ml] or fresh media.

(Figure legend continues on next page)
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Cell viability was quantified after 24 h and normalised to untreated control. Heat map
representing colour-coded viability levels of the different cell lines upon the indicated
treatments. Values are means of three independent experiments.

(B) Cells were treated as in A. Values are means + SEM. Each dot represents the mean of at
least three independent experiments for one cell line. Statistical analysis was performed using
one-way ANOVA.

(C) Parental and conditioned melanoma cell lines were pre-incubated with or without 25 nM
Dinaciclib for 15 min and then treated with the indicated concentrations of izTRAIL. Cell
viability was quantified after 24 h. Data represent means + SEM of three independent
experiments. ***p<0.001, ****p<0.0001.

The sensitisation of chemo- and targeted therapy-resistant cells to TRAIL-induced
cell death by Dinaciclib was confirmed in colony formation assays (Figure 3.10).
Conditioned melanoma cell lines responded in a similar manner than the parental cell
lines. Although Dinaciclib monotreatment reduced the clonogenic survival of some of
the cell lines, predominantly in the A375 and IGR-37 pairs, the combined treatment

with TRAIL and Dinaciclib led to many less surviving clones.

Thus, TRAIL and Dinaciclib therapeutic combination is effective in overcoming

resistance to chemotherapy as well as to targeted therapy.
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Figure 3.10: Combined TRAIL and Dinaciclib treatment prevents the long-term survival
of melanoma cells, including the chemotherapy-resistant ones.

(Figure legend continues on next page)
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The indicated parental or conditioned cell lines were treated with the indicated concentration
of izZTRAIL in the presence or absence of 25 nM Dinaciclib. After 7 days, cells were stained
with crystal violet and the stained plates scanned. Representative images of three
independent experiments are shown.

3.1.4. TRAIL- and Dinaciclib-induced cell death is apoptotic

TRAIL can trigger different modes of programmed cell death, i.e. caspase-dependent
apoptosis and RIPK1-dependent necroptosis (section 1.1.3.2). To decipher the type
of TRAIL-induced cell death to which Dinaciclib sensitises cancer cells, A549,
Malme3M and H322 cells were treated with TRAIL and Dinaciclib in the presence of
apoptosis or necroptosis inhibitors. The caspase inhibitor zZVAD.FMK (zVAD) was
used to block apoptotic cell death whilst the RIPK1 inhibitor Necrostatin-1s (Nec-1s)
was employed to prevent necroptosis. As shown in Figure 3.11, treatment with Nec-
1s did not have any effect on the viability of cells stimulated with TRAIL and Dinaciclib.
The addition of zVAD, however, completely prevented the decrease in viability
observed upon TRAIL and Dinaciclib co-treatment, suggesting that the Dinaciclib-

sensitised cells undergo apoptosis in response to TRAIL.
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Figure 3.11: The cell death induced by TRAIL and Dinaciclib combination can be
prevented by the caspase inhibitor zZVAD but not by the RIPK1 inhibitor Nec-1s.

A549, Malme3M and H322 cells were pre-incubated with zZVAD [20 uM] or Nec-1s [10 uM] for
1 h and subsequently treated with Dinaciclib [25 nM]. After 15 min, cells were stimulated with
the indicated concentrations of izTRAIL and cell viability was quantified 24 h later. Values are
means + SEM of three independent experiments.

In order to validate the previous results and explore the kinetics of the cell death
happening upon TRAIL and Dinaciclib treatment, A549, Malme3M and H322 cells
were stained with the cell impermeable nucleic acid stain SYTOX Green and cell
death was quantified over 24 h. In all three cell lines, an increase in cell death was
observed as soon as 4 h after the stimulation with TRAIL and Dinaciclib, which
continued to augment until it plateaued after around 20 h (Figure 3.12). Importantly,
this cell death was rescued by zVAD, confirming the previous results. It is noteworthy
that TRAIL and Dinaciclib monotreatment resulted in 40 and 50% cell death in
Malme3M cells, respectively. Interestingly, this cell death was also caspase-

dependent since it was prevented by zVAD.

117



Results

LA

T
0 2 4 6 8 10121416 18 20 22 24

P i

LA I |

T
0 2 4 6 8 101214161820 2224

LR

—TT
0 2 4 6 8 101214161820 2224

areE

L I )

—T T
0 2 4 6 8 1012141618 20 22 24

L

100

801

60

40

201

T
0 2 4 6 8 10121416 18 20 22 24

1ime [n]
zVAD

0

- Ctrl

- izTRAIL

-+ Dinaciclib

- izTRAIL +
Dinaciclib

T T
0 2 4 6 8 1012141618 202224

Time [h]

Figure 3.12: Dinaciclib sensitises cancer cells to TRAIL-induced apoptosis.

A549, Malme3M and H322 cells were treated with 100 ng/ml izTRAIL and 25 nM Dinaciclib,

in the presence or absence of 20 yM ZVAD, which was added

1 h before.

(Figure legend continues on next page)
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(A) Death cells were imaged in real-time using SYTOX Green and the Incucyte FLR.
Representative images of the cells following the indicated treatments after 20 h are shown.
White scale bar equals 200 ym.

(B) Cell death was quantified every 2 h as fluorescent objects per well, and percentage cell
death was calculated by normalising to the izTRAIL and Dinaciclib treated condition at 24 h.
Data represent means + SEM of three independent experiments.

Next, it was of interest to investigate the activation of the apoptotic caspase cascade
after TRAIL and/or Dinaciclib stimulation. After treating A549 cells with TRAIL for 3 or
6 h in the presence of Dinaciclib, activation of both caspase-8 and caspase-3 was
observed, as seen by the decrease in the inactive zymogenic caspase precursor and
the activation of the executioner caspase-3, which is indicated by the cleavage of
caspase-3 (Figure 3.13). Moreover, TRAIL and Dinaciclib induced the cleavage of
PARP, which is a substrate of caspase-3, thus further confirming the activation of this
caspase. In line with the previous data, caspase activation and PARP cleavage were
completely abrogated by treatment with zZVAD. Of note, some active caspase-3 could
be detected after treatment with TRAIL alone, indicating that TRAIL can trigger some
apoptosis in A549 cells, which correlates with the 20-30% cell death detected
previously (Figure 3.12 B). Nevertheless, the activation of caspase-3 induced by
TRAIL was minute in comparison with the one induced by the combination of TRAIL
and Dinaciclib (Figure 3.13).

Therefore, it can be concluded that Dinaciclib sensitises tumour cells to TRAIL-

induced apoptosis, which can be blocked by the caspase inhibitor zZVAD.
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Figure 3.13: Dinaciclib synergises with TRAIL to induce apoptosis.

A549 cells were pre-incubated with or without ZVAD [20 uM] for 1 h and subsequently treated
with or without Dinaciclib [25 nM]. 2 h later, cells were stimulated with izTRAIL [100 ng/ml] for
the indicated times before cell lysis and analysis by Western blotting. Representative Western
blots of two independent experiments are shown.
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3.2. Evaluation of the therapeutic potential of the TRAIL and

Dinaciclib combination in vivo

Considering the remarkable sensitisation observed with the novel combination of
TRAIL and Dinaciclib in a plethora of cancer types in vitro, the potency of this

combination in mouse models of NSCLC in vivo was next assessed.

3.2.1. TRAIL and Dinaciclib treatment is well tolerated in vivo

For the initial evaluation of the therapeutic efficacy of the novel therapy, an allogenic
transplant tumour model was selected, since it allowed for easy tumour monitoring
throughout the experiment. For this purpose, KP802T4 cells were employed. These
cells were generated in the laboratory of Prof. T. Jacks from a KP™" lung tumour. The
model was initially validated in vitro by the measurement of cell viability following
TRAIL and Dinaciclib co-treatment. Figure 3.14 A shows that these cells were
sensitised to TRAIL-induced apoptosis by Dinaciclib. This was achieved at a
concentration of Dinaciclib [100 nM] at which the phosphorylation of Ser2 of RNA Pol
[l was inhibited (Figure 3.14 B).

KP802T4
100 - Ctrl Dinaciclib [nM]
5 80 -= Dinaciclib [50 nM] - g 8 8 8
- Dinaciclib [100 nM]
- pSer2 RNA Pol I

250 —

250 —

S e e | RNA PO

50 —

T T T — —— | ACtiN
0 10 100 1000

i a TD AN Tan a1

Figure 3.14: Dinaciclib sensitises KP802T4 cells to TRAIL-induced apoptosis.

(A) KP802T4 cells were treated with 50 nM or 100 nM Dinaciclib for 15 min and subsequently
stimulated with izmTRAIL at the indicated concentrations. Cell viability was quantified 48 h
later. Data represent means + SEM of three independent experiments.

(B) KP802T4 cells were treated with the indicated concentration of Dinaciclib. Lysates were
obtained 24 h later and analysed by Western blotting. Representative Western blots of two
independent experiments are shown.
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To determine the efficacy of TRAIL and Dinaciclib combinatorial treatment in vivo,
KP802T4 cells were injected intradermally in the flank of Rag7”- mice and the
treatment was started one week later, once the tumours were visible. Mice received
three doses per week during two consecutive weeks of either vehicle, TRAIL,
Dinaciclib, or TRAIL and Dinaciclib (Figure 3.15 A). The bodyweight of the mice did
not drop during the course of the treatment, indicating that it was well tolerated (Figure
3.15 B). Similarly, the hepatotoxicity was evaluated by measuring the levels of ALT,
a hepatic enzyme released to the circulation only when liver cells are damaged. With
the exception of an outlier in the TRAIL-treated group, none of the treatments caused
a significant elevation in the ALT levels in serum, which implies that the novel TRAIL

and Dinaciclib combination is nontoxic in mice (Figure 3.15 C).
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Figure 3.15: The combination of TRAIL and Dinaciclib is well tolerated in vivo.

(A) Experimental treatment schedule is shown. KP802T4 cells were injected intradermally in
the flank of Rag7”- mice. Mice were treated with Dinaciclib at 30 mg/kg and/or izmTRAIL at 5
mg/kg at the indicated times (vehicle, izmTRAIL, Dinaciclib: n=5 mice per group; izmTRAIL +
Dinaciclib: n=6 mice).

(B) Mice were weighted throughout the course of the treatment. Data are shown as means %
SEM of each treatment group. (Figure legend continues on next page)
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(C) Serum from the mice receiving the indicated treatments was analysed at day 25 for ALT
levels. Data are shown as means + SEM. Each dot represents an individual mouse. Statistical
analysis was performed using one-way ANOVA.

3.2.2. TRAIL and Dinaciclib combination therapy reduces tumour growth

and prolongs the survival of NSCLC transplant tumour-bearing mice

Once the KP802T4 intradermal tumours were of a measurable size, they were
randomised into the treatment groups (Figure 3.16 A and B). Following the treatment
schedule described in Figure 3.16A, a significant reduction in the growth of KP802T4
intradermal tumours was observed (Figure 3.16 C and D). Treatment with TRAIL or
Dinaciclib alone, on the contrary, had no effect on the tumour growth. Furthermore,
after the last dose of the treatment, mice were maintained alive until they reached
their humane endpoint. As shown in Figure 3.16 E, survival upon TRAIL and
Dinaciclib therapy was significantly prolonged from a median survival (MS) of 25-26
days in the vehicle-, TRAIL- or Dinaciclib-treated mice to 36 days in mice that received
the TRAIL and Dinaciclib combinatorial regime. These results indicate that this novel

combination is effective in vivo.
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Figure 3.16: TRAIL and Dinaciclib co-treatment shows therapeutic efficacy in vivo in a
NSCLC tumour transplant model.

(A) Experimental treatment schedule is shown. KP802T4 cells were injected intradermally in
the flank of Rag 7~ mice. Mice were treated with Dinaciclib at 30 mg/kg and/or izmTRAIL at 5
mg/kg at the indicated times (vehicle, izmTRAIL, Dinaciclib: n=5 mice per group; izmTRAIL +
Dinaciclib: n=6 mice).

(B) Tumour volume was measured one week after the injection of the cells and mice were
randomised into the treatment groups.

(C) Tumour volume was measured on day 25. Data are presented as means + SEM. Dots
represent individual mice. Statistical analysis was performed using one-way ANOVA.

(D) Mice were individually tracked and tumour volume was measured every 3 days. Each line
represents one mouse. (Figure legend continues on next page)
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(E) Kaplan-Meier survival curve of the mice receiving the indicated treatments. MS is indicated
for each group. Statistical analysis was performed using log-rank test.
*p=<0.05, **p=<0.01, ***p=<0.001.

3.2.3. The combination of TRAIL and Dinaciclib eradicates established

orthotopic human NSCLC xenografts

The main disadvantage of the previous transplantable mouse model is that the
NSCLC tumours grow in the flank of the animals instead of in the lungs, which have
a substantially different microenvironment. Consequently, the novel therapeutic
option was next evaluated in a more physiologically relevant orthotopic lung tumour
model. In this model, A549-luc cells are intravenously injected into the tail vein of
immunocompromised SCID Beige mice, from which they migrate to and invade the
lungs. Importantly, A549-luc cells express luciferase and thus, upon luciferin
administration, the tumour cells can be tracked by in vivo luminescence using the

photon flux as a direct measure of tumour burden.

The analysis of the efficiency of the TRAIL and Dinaciclib combinatorial strategy was
performed as outlined in Figure 3.17 A. Lung orthotopic tumours were established
one week following tumour cell injection, as detected by luminescence signal (Figure
3.17 B). At this point, the animals were randomised to create treatment groups with
comparable tumour burden. Subsequently, a three-day treatment regime was started
with either vehicle, TRAIL, Dinaciclib or the combination of TRAIL and Dinaciclib.
While TRAIL alone had a significant growth inhibitory effect and Dinaciclib only
marginally affected lung tumour burden, combined treatment with TRAIL and
Dinaciclib induced a drastic anti-tumour response, leading to the regression of the
initially detected lung tumour. As such, the TRAIL- and Dinaciclib-comprising therapy
completely eradicated established lung tumours in most mice, as determined by in
vivo bioluminescence imaging (Figure 3.17 B and C) and subsequent

histopathological examination of the lungs (Figure 3.17 D and E).

125



Results

. . . X . B + Fkkk
Vehicle iZTRAIL Dinaciclib ZTRAL ”
Dinaciclib 105+ P *x
°q A
~
> °O§ =
© 10541 o LN
o A
A
u
1044 L
& g
> u
© u
[m) 0 T Y T T
g 0 4 x
Y O R
N N NI
Fekkk
1001 Fedekk
i [ ] —L‘ dekedkk
i+ 80 °
[ ] AA
o]
401 L A
[ X ] A
20 u 4
e = v
ol— —PLL — T
g 4 A x
- el O N ©
¢ & & &F
RS N S P
Q R Q\Q

Figure 3.17: The combined treatment of TRAIL and Dinaciclib eradicates orthotopic
human NSCLC xenografts.

(A) Experimental treatment schedule is shown. SCID Beige mice were injected with luciferase-
expressing A549 cells into the lateral tail vein. Mice were treated with Dinaciclib at 15 mg/kg
and/or izTRAIL at 2.5 mg/kg at the indicated times (n=10 mice per group).

(B) Mice were subjected to bioluminescence imaging at the indicated times. Images of three
representative mice per group are shown.

(C) Photon flux was quantified by bioluminescene imaging on day 28. Data are presented as
means + SEM. Dots represent individual mice.

(D) Representative histological images of H&E-stained paraffin-embedded lung sections are
shown.

(E) H&E-stained lung sections were subjected to pathological examination to quantify the
tumour burden as the percentage of total lung area occupied by tumour tissue. Data are shown
as means * SEM. Dots represent lungs form individual mice.

Statistical analysis was performed using one-way ANOVA. **p<0.01, ****p<0.0001.
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3.2.4. Dinaciclib treatment is sufficient to reduce tumour growth and

prolong survival in the autochthonous KP model of NSCLC

After the previous encouraging results, it was next decided to test the novel
combination therapy in an autochthonous model of NSCLC, the KP mouse (Jackson
et al., 2001), which was already established in the laboratory. To this end, a variant
of this GEMM was employed, in which oncogenic Kras®’?? and Tp53R'72H are
expressed from their respective endogenous loci upon Ad-Cre intranasal instillation
(Kasinski and Slack, 2012). Thereby, these mice give rise to lung tumours that

progress in their natural environment.

Previous work in our laboratory has demonstrated that, 12 weeks following tumour
initiation, animals exhibit macroscopic lesions in the lungs (Walczak laboratory,
unpublished data). Therefore, to assess the potency of the anti-cancer combinatorial
regimen, mice were treated at this point with three doses of vehicle, TRAIL, Dinaciclib
or the combination of TRAIL and Dinaciclib in two alternate weeks, that is 12 and 14
weeks after the Ad-Cre infection (Figure 3.18 A). Mice were sacrificed one week after
the last treatment dose and the lungs were collected and weighed as an indication of
tumour content. TRAIL monotherapy only had a slight impact on lung weight.
Dinaciclib alone or in combination with TRAIL, however, largely decreased the weight
of the lungs (Figure 3.18 B). Upon histopathological analysis, only mice receiving
TRAIL in combination with Dinaciclib showed a statistically significant reduction in

actual tumour burden as compared to the vehicle-treated mice (Figure 3.18 C and D).

Importantly, some KP mice treated as above were kept for survival analysis until they
reached their humane endpoint. All three treatments prolonged the survival of mice
as compared to the vehicle-receiving group (Figure 3.19). Yet, the combined
treatment of TRAIL and Dinaciclib showed the most robust benefit in survival,
increasing the MS of the KP mice from 200 days in the mice treated with vehicle to
222 days in the mice treated with TRAIL and Dinaciclib. On the other hand, TRAIL-
treated mice had a MS of 210.5 days and Dinaciclib-treated mice 208 days.

Taken together, these data show that TRAIL and Dinaciclib combination therapy is
effective in the autochthonous KP model of NSCLC and thus, could be a promising
therapeutic option. Although treatment with Dinaciclib seems sufficient to achieve a
partial anti-tumour effect, the addition of TRAIL leads to a more robust effect and

improves overall survival.
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Figure 3.18: Dinaciclib treatment reduces the tumour growth of KP mice.

(A) Experimental treatment schedule is shown. KP mice were subjected to intranasal
administration of Ad-Cre to induce the expression of oncogenic Kras®’?? and Tp53~'72H. Mice
were treated with Dinaciclib at 30 mg/kg and/or izmTRAIL at 5 mg/kg at the indicated times
after Ad-Cre delivery (vehicle, izmTRAIL, Dinaciclib: n=11 mice per group; izmTRAIL +
Dinaciclib: n=10 mice).

(B) Mice were sacrificed 16 weeks after Ad-Cre administration and the lungs were weighted.
Data are shown as means + SEM. Dots represent lungs from individual mice.

(C) Paraffin-embedded sections of lungs collected 16 weeks after Ad-Cre administration from
all mice were stained with H&E and subjected to pathological examination for tumour burden
quantification as percentage of total lung area occupied by tumour tissue. Data are presented
as means * SEM. Dots represent lungs from individual mice.

(D) Representative histological images of H&E-stained paraffin-embedded lung sections are
shown.

Statistical analysis was performed using one-way ANOVA. *p<0.05, ***p=<0.001.
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Figure 3.19: TRAIL and Dinaciclib combination prolongs the survival of KP mice.

(A) Experimental treatment schedule is shown. KP mice were subjected to intranasal
administration of Ad-Cre to induce the expression of oncogenic Kras®’?? and Tp53~'72H, Mice
were treated with Dinaciclib at 30 mg/kg and/or izmTRAIL at 5 mg/kg at the indicated times
after Ad-Cre delivery (vehicle: n= 14 mice; izmTRAIL: n=10 mice; Dinaciclib: n=7 mice;
izmTRAIL + Dinaciclib: n=9 mice).

(B) Kaplan-Meier survival curves of mice receiving the indicated treatments. MS is indicated
for each group. Statistical analysis was performed using log-rank test. *p<0.05, **p<0.01.
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3.2.5. TRAIL and Dinaciclib combined treatment does not synergise with

platinum-based chemotherapy in the KP model of NSCLC

The current first-line therapy for advanced NSCLC patients that lack targetable
mutations (e.g. EGFR, ALK or ROS17) and have a tumour proportion score for PD-L1
lower than 50% is platinum-based chemotherapy (Hanna et al., 2017; Gandhi et al.,
2018). However, this treatment often shows very limited effect and the combination
of chemotherapy with other therapeutic strategies is under constant evaluation.
Therefore, it was next investigated whether the anti-tumour efficacy of the combined
treatment of TRAIL and Dinaciclib could improve current chemotherapy. To this end,
Carboplatin was chosen as a commonly used platinum-based chemotherapeutic

agent.

KP mice were treated with Carboplatin alone, the combination of TRAIL and
Dinaciclib, or the ftriple treatment starting 12 weeks after Ad-Cre administration
following the schedule shown in Figure 3.20 A. Treated animals were allowed to reach
their humane endpoint. Carboplatin treatment resulted in a mild increase in the
survival of the mice as compared to vehicle-treated mice (Figure 3.20 B). The group
size, however, was too small to obtain statistically significant results. Similarly,
although mice treated with TRAIL and Dinaciclib survived slightly longer than
Carboplatin-treated mice, the big variability and the small nhumber of experimental

animals in the Carboplatin group prevent any conclusion.

For the assessment of the synergistic potential of TRAIL and Dinaciclib with
Carboplatin, two different doses of Dinaciclib were tested, 15 mg/kg and 30 mg/kg. In
both cases, the triple combination of TRAIL, Dinaciclib and Carboplatin decreased
the survival of the mice as compared to the TRAIL- and Dinaciclib-treated ones,
although this decrease was not significant (Figure 3.20 B). Overall, these results
suggest that the combination of TRAIL, Dinaciclib and Carboplatin is not synergistic

and a different treatment regime should be tested.
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Figure 3.20: TRAIL and Dinaciclib combination treatment does not synergise with the
standard-of-care carboplatin.

(A) Experimental treatment schedule is shown. KP mice were subjected to intranasal
administration of Ad-Cre to induce the expression of oncogenic Kras®’?? and Tp53~'72H. Mice
were treated with Dinaciclib at 30 mg/kg or 15mg/kg as indicated, izmTRAIL at 5 mg/kg and/or
Carboplatin at 25 mg/kg at the indicated times after Ad-Cre delivery (vehicle: n=14 mice;
Carboplatin: n=4 mice; izmTRAIL + Dinaciclib: n=6 mice; izmTRAIL + Dinaciclib [15 mg/kg] +

Carboplatin: n=5 mice; izmTRAIL + Dinaciclib [30 mg/kg] + Carboplatin: n=6 mice).

(B) Kaplan-Meier survival curves of mice receiving the indicated treatments. Median survival

for each group is indicated. Statistical analysis was performed using log-rank test.

131



Results

3.2.6. Dinaciclib equally reduces the viability of KP cell lines derived from

chemotherapy-treated or -naive animals

As explained above, the first treatment option NSCLC patients most often receive is
chemotherapy and novel therapies are often tested in patients that have received
such treatment. In order to test whether the novel combination studied in this thesis
is still effective in chemotherapy-treated tumours, cell lines were generated from
tumours of Carboplatin- or vehicle-treated KP mice. For this purpose, KP mice were
treated with Carboplatin or vehicle at weeks 12 and 14 following Ad-Cre delivery
(Figure 3.21 A). Mice were sacrificed 9 weeks after the last chemotherapeutic dosage
(week 27 following Ad-Cre administration), when they started showing signs of
distress. At this point, there was no difference in weight between vehicle or
Carboplatin-treated lungs (Figure 3.21 B). Four cell lines were generated from each
group: KPV1, KPV2, KPV3 and KPV4 from vehicle-treated lung tumours and KPC1,
KPC2, KPC3 and KPC4 from Carboplatin-treated lung tumours (Figure 3.21 C). To
confirm the exclusive presence of cancer cells, cells were sorted for their EpCAM
positivity, which is a transmembrane glycoprotein overexpressed in solid tumours of
epithelial origin such as NSCLC (Piyathilake et al., 2000; Went et al., 2004) (Figure
3.21 D). Similarly, the expression of oncogenic Kras®’?? and Tp53~'72H (Figure 3.21
E) as well as the surface expression of mTRAIL-R was also verified in these cells
(Figure 3.21 F).

Following the establishment of the cell lines, KPV and KPC cells were treated with
increasing concentrations of Carboplatin to determine their sensitivity in vitro. A 50%
reduction in the viability of KPV cells was observed after 50 uM Carboplatin and these
cells were completely killed by 100 uM Carboplatin after 72 h (Figure 3.21 G). KPC
cells, however, were significantly less sensitive to 50 uM Carboplatin but died upon

100 uM Carboplatin and thus, were partially resistant.
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Figure 3.21: Generation of cell lines from chemotherapy-naive or -treated KP mice.

(A) Experimental treatment schedule is shown. KP mice were subjected to intranasal

administration of Ad-Cre to induce the expression of oncogenic Kras®’?? and Tp53~'72H. Mice

were treated with Carboplatin at 25 mg/kg at the indicated times (n=4 mice per group).

(B) Mice were sacrificed at the humane endpoint and the lungs were weighted as a measure

of their tumour content. Data are shown as means + SEM. Dots represent lungs of individual

mice. Statistical analysis was performed using one-way ANOVA.

(C) Lung tumours were incubated in cultured dishes for the generation of cell lines.

(D) KP lung tumour-derived cell lines were sorted for their EpCAM positivity. Representative

FACS profile of a cell line before and after sorting, gated on its EpCAM positive live cells.
(Figure legend continues on next page)
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(E) The genotype of established cell lines was confirmed by PCR. Three control samples and
a representative cell line is shown. wt: wilt-type; mut: mutated.

(F) The expression of mMTRAIL-R was confirmed by FACS. Representative FACS profile is
shown.

(G) Cell lines derived from vehicle- and Carboplatin-treated KP mice were treated with
carboplatin at the indicated concentrations. 72 h later, cell viability was quantified. Data
represent means £+ SEM of three independent experiments. Statistical analysis was performed
using Student’s t-test. KPV cell lines were compared to KPC cell lines at each Carboplatin
concentration. *p<0.05.

Next, the KPV and KPC cell lines were treated with increasing concentrations of
TRAIL in the presence or absence of Dinaciclib. Strikingly, treatment with Dinaciclib
alone had a big impact on the viability of all cell lines (Figure 3.22). Nevertheless, the
addition of TRAIL significantly decreased the viability of most of the cell lines,
indicating that the combination of TRAIL and Dinaciclib might be a better therapeutic

strategy.

Interestingly, there were no differences between the response of KPV and KPC cell
lines to Dinaciclib monotherapy or combined TRAIL and Dinaciclib treatment,
suggesting that these treatment options could be effective in cancers that have been

exposed to chemotherapy.
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Figure 3.22: Dinaciclib reduces the viability of KP cell lines, including those derived
from chemotherapy-treated mice.

The indicated KP cell lines derived from (A) vehicle- or (B) Carboplatin-treated mice were pre-
incubated with 50 nM or 100 nM Dinaciclib for 15 min and subsequently stimulated with
izmTRAIL at the indicated concentration. Cell viability was quantified 48 h later. Data are
shown as means + SEM of three independent experiments. Statistical analysis was performed
using Student’s t-test. In each cell line, for each Dinaciclib concentration, the viability at 0
ng/ml izmTRAIL was compared to the viability at 1000 ng/ml izmTRAIL. *p<0.05, **p<0.01,
***p<0.001.
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3.3. Investigation of the impact of the TRAIL- and Dinaciclib-

comprising therapy on the tumour microenvironment.

It is now well established that the immune system plays a crucial role both during
tumour progression and treatment response (Hanahan and Weinberg, 2011; Balkwill
and Mantovani, 2012). Consequently, new strategies to target the tumour immune
microenvironment are constantly being devised. Interestingly, although Dinaciclib did
not show any benefit as a single agent treatment in a phase 2 NSCLC trial
(Stephenson et al., 2014), some of the drug-related adverse effects observed
included neutropenia and leukopenia, suggesting that Dinaciclib might be affecting
the immune system. Similarly, as detailed in the introduction, TRAIL is also a known
immunomodulator (Beyer et al., 2019). It was therefore of interest to assess the

impact of TRAIL and Dinaciclib combination therapy on the tumour microenvironment.

3.3.1. TRAIL- and Dinaciclib-comprising therapy modulates the tumour

microenvironment

To this end, the autochthonous KP model was used as, in these mice, lung tumours
are initiated and develop in their natural environment, even though, as explained later
in section 3.5, it does not fully recapitulate the immunogenicity of human NSCLC. KP
mice were treated with TRAIL and/or Dinaciclib three times during two alternating
weeks, starting 12 weeks after Ad-Cre administration, and subsequently sacrificed at
week 16 (Figure 3.23 A). Determination of the CD45 positivity in the lung sections
revealed that there was a drastic reduction in the number of tumour-infiltrating
leukocytes upon TRAIL, Dinaciclib or their combination (Figure 3.23 B and C). These
results were confirmed by flow cytometry immune-profiling, showing that the number
of CD45 positive cells was significantly decreased in the tumour-bearing lungs of mice
treated with Dinaciclib alone or in combination with TRAIL (Figure 3.23 D). TRAIL
treatment, albeit more modestly, also led to a reduction in the number of CD45

positive cells.
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Figure 3.23: TRAIL and Dinaciclib treatment modifies the composition of the tumour
immune microenvironment.

(A) Experimental treatment schedule is shown. KP mice were subjected to intranasal
administration of Ad-Cre to induce the expression of oncogenic Kras®'?? and Tp53~'72H. Mice
were treated with Dinaciclib [30 mg/kg] and/or izmTRAIL [5 mg/kg] at the indicated times.

(B) Representative immunofluorescence images (40x) of lung sections from mice receiving
the indicated treatments and stained with for CD45 (red). Nuclei were stained with DAPI (blue)
(n=3 mice per treatment).

(Figure legend continues on next page)
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(C) Quantification of CD45 positivity (arbitrary units (AU)) in the lung sections of mice treated
as indicated. 10 microscopic fields were analysed per mouse for 3 mice per group. Results
are presented as mean values + SEM.

(D, E, F) Flow cytometry analysis of the indicated immune cell subpopulations of lung
homogenates from mice treated as indicated. Graphs show the absolute number of the
indicated subpopulations per mg of lung tissue. NK cells were gated as NKp46* CD3" from
CD45" live cells. (vehicle, izmTRAIL: n=10 mice per group; Dinaciclib, izmTRAIL + Dinaciclib:
n=9 mice per group).

Statistical analysis was performed using one-way ANOVA. *p<0.05, **p<0.01, ***p<0.001,
****n<0.0001.

Experiments and analyses were performed in collaboration with Dr. Antonella Montinaro.

Furthermore, the individual immune subsets were analysed. Overall, while the
number and relative percentage of all major immune cell subtypes were reduced in
the lungs of mice treated with TRAIL and Dinaciclib combination therapy, the number
of NK cells infiltrated in the tumours of mice treated with the combined treatment were
increased (Figure 3.23 E). Interestingly, the therapy also induced the proliferation of
NK cells in the lungs of these animals, as quantified by the Ki-67 positive NK cells
(Figure 3.23 F). Altogether, these data demonstrate that the combination of TRAIL

and Dinaciclib modulates the tumour microenvironment in KP mice.

3.3.2. NK cells are not responsible for the anti-tumour response in

Dinaciclib-treated mice

In view of the previous results, it was hypothesised that the increased infiltration and
proliferation of NK cells was responsible for the anti-neoplastic effects observed in
KP mice after Dinaciclib treatment. To investigate whether the absence of NK cells
abrogated the efficacy of the therapeutic strategies tested so far, NK cells were
pharmacologically depleted in this model. KP mice were treated with anti-NK1.1
antibody starting 12 weeks after Ad-Cre administration and subsequently treated with
vehicle, Dinaciclib or the TRAIL and Dinaciclib combination following the scheduled
depicted in Figure 3.24 A. The efficiency of the depletion of NK cells was confirmed
at the experimental end-point by flow cytometry (Figure 3.24 B). In mice bearing NK
cells, treatment with Dinaciclib only or its combination with TRAIL resulted in a
decrease in lung weight, reflecting a reduction in the tumour burden (Figure 3.24 C).
Surprisingly, depletion of NK cells did not affect the reduction in lung weight upon

single or combination treatments (Figure 3.24 C).
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It can, thereby, be concluded that despite the increased infiltration of NK cells in lungs
of tumour-bearing mice following Dinaciclib treatment, these immune cells do not
mediate, at least strongly, the anti-tumour response elicited by Dinaciclib when

administered alone or in combination with TRAIL to KP mice.
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Figure 3.24: NK cells are not responsible for the Dinaciclib-induced anti-tumour
response.

(A) Experimental treatment schedule is shown. KP mice were subjected to intranasal
administration of Ad-Cre to induce the expression of oncogenic Kras®'?? and Tp53~'72H. Mice
were treated with Dinaciclib [30 mg/kg], izmTRAIL [5 mg/kg] and/or anti-NK1.1 antibody [200
pug/mouse] at the indicated times (ctrl/vehicle: n=10 mice; ctrl/Dinaciclib, ctrl/izmTRAIL +
Dinaciclib, anti-NK1.1/Dinaciclib, anti-NK1.1/izmTRAIL + Dinaciclib: n=6 mice per group; anti-
NK1.1/vehicle: n=4 mice).

(B) The depletion efficacy of the anti-NK1.1 antibody was confirmed by flow cytometry. NK
cells were gated as NKp46* CD3- from CD45" live cells. Representative dot-plots are shown.
(C) 16 weeks after Ad-Cre infection, mice were sacrificed and their lungs weighted as a
measure of their tumour content. Data are presented as means + SEM. Dots represent
individual mice. Statistical analysis was performed using one-way ANOVA. *p=<0.05.
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3.3.3. The adaptive immunity is required for the anti-cancer effect exerted

by Dinaciclib

Since NK cells were not responsible for the anti-tumour effect exerted by Dinaciclib
in vivo, the role of other subsets of the immune system was next addressed. When
comparing the different mouse models employed so far for the assessment of the
therapeutic potential of the TRAIL and Dinaciclib combination, an interesting
observation was made. While Dinaciclib monotreatment led to a significant reduction
in the tumour burden of KP mice (Figure 3.18), it did not have a marked impact on
the tumours of A549 xenografts in SCID Beige mice, which lack NK, T and B cells
(Figure 3.17). This was intriguing because it suggested that, for its efficacy in vivo,
Dinaciclib requires the presence of NK, T and/or B cells, which are the immune
subsets that SCID Beige mice lack. Since the requirement of NK cells had already
been excluded, and considering that CDKs, including the Dinaciclib-targeted CDK1,
CDK2 and CDK5 have been shown to play a role in T cell proliferation and migration
(Wells and Morawski, 2014), the involvement of the adaptive immunity in the

response to TRAIL and/or Dinaciclib in vivo was investigated.

To do so, KP59 cells, which were generated from a KP C57BL/6 mouse, as described
before, were firstly assessed for their sensitivity to TRAIL and Dinaciclib combination
treatment in vitro. As shown in Figure 3.25 A, the viability of KP59 cells was reduced
by Dinaciclib treatment in vitro. Yet, this was further decreased by the addition of
TRAIL. These cells were then injected intradermally in the flank of WT or Rag 1~ mice,
which produce no mature T or B cells (Mombaerts et al., 1992) (Figure 3.25 B). One
week after cell injection, tumours were detected and the mice were randomised
(Figure 3.25 C). KP tumour-bearing mice received three doses of vehicle, TRAIL,
Dinaciclib, or the combination of TRAIL and Dinaciclib during three consecutive
weeks (Figure 3.26 A). In WT mice, treatment with TRAIL and Dinaciclib or Dinaciclib
alone, significantly reduced the growth of KP59 tumours (Figure 3.26 B and C). The
anti-tumour effect exerted by Dinaciclib was, nevertheless, prevented in Rag7”- mice.
In these animals, tumours treated with Dinaciclib only grew comparably to the vehicle-
treated tumours, demonstrating that the adaptive immunity is required for the anti-
cancer effect that Dinaciclib mediates in vivo. Interestingly, the anti-tumour effect of
the combination of TRAIL and Dinaciclib was only partially rescued in Rag7” mice,
suggesting that the combined therapy triggers an additional mechanism independent

of T and B cells and hence, it works differently than Dinaciclib alone.
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Figure 3.25: Experimental control of the treatment of WT and Rag?’- mice with TRAIL
and Dinaciclib therapy.

(A) KPS59 cells were pre-incubated with the indicated concentration of Dinaciclib for 15 min
and subsequently stimulated with the indicated concentration of izmTRAIL. 48 h later, cell
viability was quantified. Data are shown as means + SEM of three independent experiments.
(B) Experimental treatment schedule is shown. KP59 cells were injected intradermally in the
flank of WT or Rag1” mice.

(C) Tumour volume was measured one week after the injection of the cells and mice were
randomised into the treatment groups. Data are presented as means + SEM. Dots represent
individual mice. Statistical analysis was performed using one-way ANOVA.

141



Results

WT Randomisation Sacrifice
mice ¢
/ L Tttt Tpet [oat ]
Ragt” 0 7 14 21 28 Days
mice KP59 cells l J
injection i.d. Treatment
c Vehicle o izmTRAIL 8
E 1200 g 1200 E 1200 1200
= 1000 = 1000 — 1000 1000
g 800 g 800 g 800 800
3 600 = 600 =2 600 600
g 400 8 400 % 400 400
3 200 3 200 3 200 200
= o4 € 0 = . . — E 0 r r r r v r r r r r
2 7 11 15 19 23 27 '2 7 11 15 19 23 27 '2 7 1 15 19 23 27 7 11 15 19 23 27
Days Days
- L — izmTRAIL + —
L Dinaciclib T L Z
= 12007 g 1200 Dinaciclib g 1200 1200
= 10007 = — 1000 1000
E 800 g g 800 800
2 oo 2 2 600 600
% 4004 g % 400 400
3 2001 % 8 8 200 200
E o E E T T T T T 0
2 7 11 15 19 23 27 E '2 7 11 15 19 23 27 7 11 15 19 23 27
Days
ko
dekkk
—* 1200
1200 - *x
1000
1000
T - e =
800 .
s00] Fe~ = _‘5_ v
600
® % s vy 400 ° . —,15—
400 ~
" ﬁ: vv 200
200 L
[} T T T
0- T T T T
N2 Y ¥ % 5 Vi N x
& & S e S S
¥ S & L& v ¢ L&&L
& Q & & Q 2
N\ N\
& SRS

Figure 3.26: Dinaciclib requires the adaptive immunity for its anti-tumour effect in vivo.

(A) Experimental treatment schedule is shown. KP59 cells were injected intradermally in the
flank of WT or Rag1” mice. Mice were treated with Dinaciclib at 30 mg/kg and/or izmTRAIL
at 5 mg/kg at the indicated times (WT/vehicle: n=6 mice; WT/zmTRAIL, WT/Dinaciclib,
WTlizmTRAIL + Dinaciclib: n=9 mice per group; Rag1”/vehicle, Rag1”/izmTRAIL, Rag1”
/Dinaciclib: n=6 mice per group; Rag1”/izmTRAIL + Dinaciclib: n=7 mice).

(B) Mice were individually tracked and tumour volume was measured every 2-3 days. Each
line represents one mouse.
(C) Mice were sacrificed at day 28 and tumour volume was measured. Data are shown as
means + SEM. Dots represent individual mice. Statistical analysis was performed using one-
way ANOVA. *p<0.05, ***p<0.001, ****p<0.0001.
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Overall, the results presented in this section show that TRAIL and Dinaciclib modulate
the tumour immune microenvironment. Whilst T and/or B cells play a crucial role in
the anti-tumour effects mediated by Dinaciclib, the combined treatment with TRAIL
and Dinaciclib exerts some additional, adaptive immunity-independent anti-tumour

activity.
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3.4. Identification of the Dinaciclib targets that mediate TRAIL

resistance

Work by Lemke et al., demonstrated that selective CDK9 inhibition overcomes TRAIL
resistance (Lemke et al., 2014a). In the present study, it has so far been shown that
the CDK®9 inhibitor Dinaciclib sensitises to TRAIL-induced apoptosis in a wide variety
of cancers and that this combination is effective in vivo. Nonetheless, as noted
previously, Dinaciclib inhibits other CDKs in addition to CDK9, namely CDK1, CDK2
and CDK5 (Parry et al., 2010). Thereby, it was of interest to validate whether the
Dinaciclib target responsible for TRAIL sensitisation was CDK9 and not an additional

CDK or a combination thereof.

3.4.1. CDKO9 is the Dinaciclib-target responsible for TRAIL sensitisation

in human cells

Using A549 as a model cell line, the impact of knocking down CDK1, CDK2, CDK5
or CDK9 on TRAIL sensitivity was tested (Figure 3.27 A and B). Although the
knockdown of CDK1 reduced slightly the viability of A549 cells, it did not sensitise
them to TRAIL-induced apoptosis more than the control cells. Similarly, silencing of
CDK2 or CDK5 had no impact on the sensitisation to TRAIL. The downregulation of
CDK9, however, achieved a similar decrease in viability than Dinaciclib when
combined with TRAIL. Moreover, treatment with the CDK9-specific inhibitor NVP-2
(Olson et al., 2018) sensitised A549 cells to TRAIL-induced cell death to the same
degree as treatment with Dinaciclib, suggesting that CDK9 is the Dinaciclib target
mediating TRAIL resistance in A549 cells (Figure 3.27 C and D).

With the purpose of validating these results in cell lines form different tissue origins,
a panel of ten different cell lines were treated side-by-side with NVP-2 or Dinaciclib in
the presence of increasing concentrations of TRAIL. In line with the previous data,
NVP-2 and Dinaciclib equally sensitised all the cell lines to TRAIL-induced apoptosis
(Figure 3.28).
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Figure 3.27: CDK?9 is the Dinaciclib-target responsible for TRAIL sensitisation in A549
cells.

(A) A549 cells were ftransiently transfected with the indicated siRNAs for 48 h and
subsequently stimulated with Dinaciclib [25 nM], NVP-2 [25 nM] and/or izTRAIL at the
indicated concentrations. Cell viability was determined 24 h later. Data are presented as
means + SEM of three independent experiments.

(B) 48 h after transfection with siRNA, cells were lysed and the knockdown efficiency was

analysed by Western Blotting. Representative western blots of three independent experiments
are shown.

(C, D) A549 cells were treated with NVP-2 or Dinaciclib at the indicated concentrations for 15
min and subsequently stimulated with izTRAIL at the indicated concentrations. Cell viability
was quantified 48 h later. All values are means + SEM of three independent experiments.

Of note, NVP-2 treatment inhibited the phosphorylation of Ser2 of RNA Pol Il and,
consequently, downregulated the expression of FLIP and Mcl-1 with the same
efficiency observed for Dinaciclib, without affecting any other components of the DISC

or downstream pro- and anti-apoptotic factors (Figure 3.29).
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Figure 3.28: Specific CDK9 inhibition sensitises a panel of human cancer cell lines to

TRAIL-induced apoptosis.

Cells were pre-incubated with or without 25 nM Dinaciclib or 25 nM NVP-2 for 15 min and then
treated with the indicated concentrations of izTRAIL. Cell viability was quantified after 24 h.
Data represent means + SEM of three independent experiments.

Taken together, these results show that CDK9 is the Dinaciclib target responsible for

TRAIL sensitisation, in all the human cancer cells tested in this study.
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Figure 3.29: Specific CDK9 inhibition breaks TRAIL resistance by downregulating FLIP
and Mcl-1.

A549 cells were treated with 25 nM NVP-2 or 25 nM Dinaciclib for the indicated time before
cell lysis and analysis of the lysates by Western Blotting. Blots from one of two independent
experiments are shown.

3.4.2. CDK9 downregulation is not sufficient to sensitise KP cells to

TRAIL-induced apoptosis

During the testing of different CDK9 inhibitors in cell lines derived from the KP mouse
model, an unexpected observation was made: the CDK9 inhibitor SNS-032 did not
sensitise KP802T4 and KP59 cells to TRAIL even at concentrations of 500 nM (Figure
3.30 A and C). This was surprising, since Dinaciclib sensitised both cell lines to
TRAIL-induced cell death. While Dinaciclib inhibited the phosphorylation of RNA Pol
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Il at 100 nM, treatment with SNS-032 did not influence this phosphorylation (Figure
3.30 B).

Additionally, the highly specific CDK9 inhibitor NVP-2 did also not break the
resistance of KP59 cells to TRAIL, suggesting that inhibiting CDK9 was not sufficient
to sensitise these cells to TRAIL-induced apoptosis (Figure 3.30 D).
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Figure 3.30: Dinaciclib but not SNS-032 or NVP-2 sensitises KP cell lines to TRAIL-
induced apoptosis.

(A) KP802T4 cells were pre-incubated with the indicated concentrations of Dinaciclib or SNS-
032 for 15 min and subsequently stimulated with the indicated concentrations of izmTRAIL.
Cell viability was quantified 24 h later. Data represent means + SEM of three independent
experiments.

(B) KP802T4 cells were treated with SNS-032 or Dinaciclib at the indicated concentrations
and 24 h later cells were lysed and analysed by Western Blotting. Representative Western
blots of three independent experiments are shown.

(C, D) KP59 cells were pre-incubated with the indicated concentrations of Dinaciclib, SNS-
032 or NVP-2 for 15 min and subsequently stimulated with the indicated concentrations of
izmTRAIL. Cell viability was quantified 48 h later. Data represent means + SEM of three
independent experiments.
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Since pharmacological inhibition of CDK9 by SNS-032 or NVP-2 was not sufficient to
synergise with TRAIL, it was of interest to test if the knockdown of CDK9 was sufficient
to achieve so. Although the siRNA-mediated CDK9 knockdown in KP394T4 and KP59
cells was profound (Figure 3.31 B and D), the viability of CDK9-silenced cells was not
affected by co-stimulation with TRAIL (Figures 3.31 A and C). The concomitant
downregulation of CDK9 with either of the other targets of Dinaciclib was also
attempted. However, none of these combinations sensitised KP394T4 cells to TRAIL
(Figure 3.31 A).

It is possible that the absence of sensitisation observed was due to remaining levels
of CDK9 protein after an incomplete siRNA-mediated knockdown. In order to
overcome this technical difficulty, the first approach was to try to generate CDK9 KO
KP cells using the CRISPR/Cas9 technology. Nevertheless, whilst different guide
RNAs targeting different regions of CDK9 were used, no CDK9 KO cells were

obtained, most likely because the presence of this protein is essential for cell survival.

Alternatively, an inducible shRNA system was employed. PCC8 KP cells stably
expressing CDK9-targeting shRNA and red fluorescent protein (RFP) under the
control of a tetracycline-dependent promoter were obtained from Prof. S. Lowe. PCC8
cells were transfected with three different shRNAs: shRenilla as a control and two
CDK9-targeting shRNA clones (shCDK9.60 and shCDK9.21). Both parental non-
transfected PCC8 cells and shRNA-transfected non-induced PCC8 cells were
markedly sensitised to TRAIL-induced apoptosis upon treatment with Dinaciclib
(Figure 3.32 A, B). To maximise the efficiency of the downregulation of CDKO9,
shRNA-transfected PCC8 cells were sorted for the highest shRNA expressers after
Doxycycline (Dox) administration (Figure 3.32 C). Treatment of shCDK9-expressing
PCC8 cells with TRAIL after Dox induction only marginally reduced cell viability in the
shCDK9.21-expressing cells, without affecting the viability of the shCDK9.60
expressing cells (Figure 3.32 D). Although in both shCDK9-expressing PCC8 cells an
efficient knockdown was achieved, this was not sufficient to inhibit the
phosphorylation of RNA Pol Il at Ser2 as it was upon Dinaciclib treatment (Figure 3.32
E). The fact that the shCDK9.21-expressing cells showed a higher sensitivity to TRAIL
may be explained by the bigger downregulation of CDK9 achieved upon Dox

induction.
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Figure 3.31: siRNA-mediated CDK9 knockdown is not sufficient to sensitise KP cell
lines to TRAIL-induced death.

(A, C) KP394T4 or KP59 cells were transiently transfected with siRNA targeting the indicated
CDKs or siCtrl for 48 h and subsequently treated with Dinaciclib and/or izmTRAIL at the
indicated concentrations. Cell viability was determined 24 h later. Data are presented as
means + SEM of three independent experiments.

(B, D) 48 h after transfection with siRNA, cells were lysed and the knockdown efficiency was
analysed by Western Blotting. Representative Western Blots of three independent
experiments are shown.

In conclusion, these results suggest that CDK9 downregulation is not sufficient to
sensitise murine KP cancer cells to TRAIL-induced apoptosis. Importantly, this is
independent of the cells carrying a mutated or a null Tp53 allele, since some of the
KP cells, namely KP59 and PCC8, were derived from KP mice and thus express a
mutated form of Tp53 and the others, i.e. KP802T4 and KP394T4, were generated

from a KP"" mouse and consequently do not express Tp53.
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Figure 3.32: shRNA-mediated CDK9 knockdown is not sufficient to sensitise NSCLC
PCCS8 cells to TRAIL-induced apoptosis.

(A, B) Parental PCCS8 cells or non-induced PCCS8 cells expressing the indicated shRNAs were
pre-incubated with the indicated concentrations of Dinaciclib (100 nM Dinaciclib in (B)) for 15
min and subsequently treated with izmTRAIL at the indicated concentrations. 24 h later cell
viability was determined. Data represent means + SEM of three independent experiments.
(C) Representative FACS profile of PCC8 cells expressing the indicated shRNAs before and
after 5 day induction with Doxycycline, gated on their RFP and Venus expression levels. TRE,
tetracycline response element; rTTA, reverse tetracycline-controlled transactivator.

(D) shRenilla or shCDK9-expressing PCC8 cells were induced with Doxycycline [1 pg/ml] for
5 days and subsequently treated with the indicated concentrations of izmTRAIL. 24 h later cell
viability was measured. Data are shown as means + SEM of three independent experiments.
(E) PCCS8 cells expressing the indicated shRNAs were induced with Doxycycline for 5 days
and subsequently treated with 100 nM Dinaciclib . 24 h later cells were lysed and analysed by
Western Blotting. Representative Western blots of three independent experiments are shown.
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3.4.3. Dinaciclib targets BRD4 in addition to CDK9 and combined
inhibition of both is required to overcome TRAIL resistance in KP cell

lines

In view of the results obtained upon CDK9 knockdown in KP tumour cells, and
considering that Dinaciclib sensitised these cells to TRAIL-induced apoptosis, it
seemed likely that Dinaciclib targets some additional protein(s) that is/are required to
break the resistance to TRAIL.

Transcription is also controlled by BRD4, which binds to highly acetylated chromatin
(Wu and Chiang, 2007) and recruits the P-TEFb complex, consisting of CDK9 and
CycT1, to promoters (Jang et al., 2005; Yang et al., 2005; Bisgrove et al., 2007).
Interestingly, Dinaciclib has been shown to bind to the acetyl-lysine recognition site
of bromodomains, including BRD4 (Martin et al., 2013; Ember et al., 2014; Mishra et
al., 2014). Consequently, it was hypothesised that concomitant inhibition of CDK9

and BRD4 are necessary to sensitise KP cells to TRAIL-induced apoptosis.

To test this, BRD4 was pharmacologically targeted in addition to the downregulation
of CDK9 and cells were subsequently stimulated with TRAIL. For BRD4 inhibition, the
BET bromodomain inhibitor JQ1 was employed (Filippakopoulos et al., 2010). In the
previously described shRNA-transfected PCC8 cells, BRD4 inhibition synergised with
CDK9 knockdown and sensitised PCC8 cells to TRAIL-induced apoptosis (Figure
3.33 A). Furthermore, JQ1 treatment in combination with CDK9 inhibition mediated
by SNS-032, LDC000067 (LDC) or the CDK9-specififc NVP-2 also sensitised KP59
cells to TRAIL (Figure 3.33 C, D and E). Notably, other than Dinaciclib (Figure 3.31C),
neither of the CDK9 inhibitors sensitised KP59 cells to TRAIL-induced apoptosis.
Therefore, both CDK9 and BRD4 appear to mediate TRAIL resistance, which can be

overcome by treatment with Dinaciclib.
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Figure 3.33: BRD4 inhibition in addition to CDK9 downregulation synergises with TRAIL
to kill KP cancer cells.

(A) shRenilla- or shCDK9-expressing PCC8 cells were treated with 1 pg/ml doxycycline. 5
days later, cells were pre-incubated for 15 min with 1 yM JQ1 and then stimulated with
izmTRAIL at the indicated concentrations. 24 h later cell viability was determined.

(B-D) KP59 cells were treated with Dinaciclib [50 nM], SNS-032 [500 nM], NVP-2 [50 or 100
nM], LDC [1, 5 or 10 uM], JQ1 [1 uM] or a combination of these as indicated and then treated
with the indicated concentrations of izmTRAIL. 48 h later cell viability was determined.

Data represent means + SEM of three independent experiments.

With the aim of confirming the previous results in a different KP cell line, an alternative
strategy was employed. In addition to NVP-2 treatment for CDK9 inhibition, KP802T4
cells were also stimulated with MZ1, a proteolysis targeted chimera (PROTAC) that
tethers JQ1 to a ligand for the E3 ubiquitin ligase von Hippel-Lindau (VHL) to trigger
proteasomal degradation of BRD4 (Zengerle et al., 2015). Treatment with neither MZ1
nor JQ1 sensitised KP802T4 cells to TRAIL-induced apoptosis (Figure 3.34 A),
despite the efficient degradation of BRD4 induced by MZ1 (Figure 3.34 C).

Similarly, CDK9 inhibition upon stimulation with NVP-2 was not sufficient to sensitise
these cells to TRAIL (Figure 3.34 A). As observed before, only concomitant inhibition
of CDK9 and BRD4 overcame TRAIL resistance. Consistent with this,
phosphorylation of RNA Pol Il at Ser2 was abrogated after NVP-2 and JQ1 or MZ1

treatment and consequently, Mcl-1 and FLIP levels were downregulated (Figure 3.34
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C). Interestingly, BRD4 inhibition in addition to Dinaciclib treatment did not
significantly further reduce the viability of KP802T4 cells after TRAIL stimulation,
suggesting that BRD4 is already targeted by Dinaciclib.

Additionally, the impact of the inhibition of CDK9 and/or BRD4 on the long-term
survival of KP802T4 cells was tested. NVP-2 or MZ1 treatment alone or in
combination with TRAIL did not influence the colony forming ability of these cells
(Figure 3.34 B). Dinaciclib, however, greatly reduced the number of surviving clones,
and this effect was noticeably more pronounced when TRAIL was added on top.
Strikingly, combined stimulation with NVP-2 and MZ1 completely abrogated the long-
term survival of KP802T4 cells, which did not form colonies either in the absence or

in the presence of TRAIL.

The fact that concomitant pharmacological inhibition of CDK9 and BRD4 sensitises
KP tumour cells to TRAIL demonstrates that both proteins mediate resistance to
TRAIL. Nonetheless, these data do not formally prove that the downregulation of
these two factors is sufficient to sensitise to TRAIL-induced apoptosis because there
could still be other off-target proteins which, when inhibited by the drugs used, also
participate in the sensitisation to TRAIL-induced apoptosis. In order to exclude this
possibility, the best experiment would be to generate CDK9 and BRD4 double KO
cells, which according to this hypothesis, should be sensitive to TRAIL. However,
obtaining viable CDK9 cells was not possible. Unfortunately, when Brd4-targeted
clones were generated by CRISPR/Cas9, only clones that had a deletion leading to
a new open reading frame were obtained. This new reading frame produced a
truncated version of BRD4, with the same sequence but only lacking the first few

amino acids. Thereby, alternative strategies had to be sought.
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Figure 3.34: The combination of CDK9 and BRD4 inhibition is required to sensitise KP
cells to TRAIL-induced death.

(A,) KP802T4 cells were pre-incubated for 15 min with Dinaciclib [100 nM] or NVP-2 [100 nM]
(Figure legend continues on next page)
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in combination with JQ1 or MZ1 at the indicated concentrations and subsequently stimulated
with different concentrations of izmTRAIL as indicated. Cell viability was quantified 48 h later.
Data represent means £ SEM of three independent experiments.

(B) KP802T4 cells were treated with NVP-2 [100 nM], MZ1 [1 uM], Dinaciclib [100 nM],
izmTRAIL [100 ng/ml] or a combination of these as indicated for 24 h. 7 days later, long-term
survival was visualised by crystal violet staining. One of two independent experiments is
shown.

(C) KP802T4 cells were treated with 100 nM Dinaciclib or 100 nM NVP-2 in combination with
JQ1 or MZ1 as indicated. 24 h later cells were lysed and analysed by Western blotting.
Representative Western blots of three independent experiments are shown.

As such, PROTACs were employed in order to obtain KP cells in which CDK9 and
BRD4 are concomitantly degraded. For BRD4 degradation, the previously introduced
MZ1 was used. For selective CDK9 proteolysis, THAL-SNS-032 was selected, which
is a selective CDK9 degrader consisting of SNS-032 conjugated to thalidomide that

induces Cereblon-dependent degradation (Olson et al., 2018).

First, the selectivity of THAL-SNS-032 for CDK9 was tested. KP802T4 were treated
with increasing concentrations of the PROTAC and the degradation of CDK2, CDK7
and CDK9, the primary targets of THAL-SNS-032, was analysed. While CDK2 and
CDKY7 showed little change in protein levels at any of the tested concentrations, CDK9
was markedly degraded at 2 yM and completely absent at 5 yM of THAL-SNS-032
(Figure 3.35 A). Nevertheless, in accordance with the previous results, treatment with
5 uM THAL-SNS-032 did not sensitise KP802T4 cells to TRAIL (Figure 3.35 B). This
correlated with some phosphorylation of the Ser2 of RNA Pol Il still being present,
albeit very reduced (Figure 3.35 A).

Next, the concomitant and selective degradation of CDK9 and BRD4 was induced in
KP802T4 cells. Upon treatment with 5 yM THAL-SNS-032 and MZ, no expression of
CDK9 or BRD4 was detected (Figure 3.35 A). This combined degradation of CDK9
and BRD4 completely prevented the phosphorylation of the Ser2 of RNA Pol Il and,
as a consequence, sensitised these cells to TRAIL to the same level than Dinaciclib
(Figure 3.35 B). From these data, it can be concluded that the concomitant inhibition
of CDK9 and BRD4, which is only achieved by Dinaciclib, is required and sufficient to

sensitise KP cells to TRAIL-induced apoptosis.
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Figure 3.35: Concomitant and selective degradation of CDK9 and BRD4 overcomes
TRAIL resistance in KP cells.

(A) KP802T4 cells were treated with Dinaciclib [100 nM] or THAL-SNS-032 at the indicated
concentrations in the presence or absence of MZ1 [1 uM]. 10 h later cells were lysed and
lysates were analysed by Western blotting. Representative Western blots of two independent
experiments are shown.

(B) KP802T4 cells were treated with THAL-SNS-032 at the indicated concentrations, NVP-2
[100 nM] or Dinaciclib [100 nM] in the presence or absence of MZ1 [1 uM] for 15 min and
subsequently stimulated with various concentrations of izmTRAIL as indicated. Cell viability
was determined 48 h later. Data represent means + SEM of three independent experiments.
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3.4.4. CDKO9 inhibition overcomes TRAIL resistance in some cell types,

while others required the additional inhibition of BRD4

The results shown in the last sections were intriguing. On one hand, all human cell
lines tested, from different origins, were sensitised to TRAIL-induced apoptosis by
specific inhibition of CDK9. On the other hand, in murine NSCLC KP cells, the
concomitant CDK9 and BRD4 inhibition was required to overcome the resistance to
TRAIL. In order to investigate whether this was also the case in murine cell lines
derived from different cancer types, a panel of eight different cell lines was selected
including melanoma, breast cancer, SCLC and NSCLC (Figure 3.36 A). To test
whether selective CDK9 inhibition sensitised these cells to TRAIL-induced apoptosis
or whether, instead, combined CDK9 and BRD4 inhibition was required, cells were
treated with NVP-2, Dinaciclib or NVP-2 and JQ1 in combination with TRAIL.

From the cell lines tested, Dinaciclib, as well as NVP-2 or its combination with JQ1
very significantly reduced the cell viability of B16 melanoma and 4T1 breast cancer
cells in the absence of TRAIL, leaving less than 20% of the cells alive (Figure 3.36
B). These results suggest that, in some cancer cells, CDK9 inhibition could be used
as a therapeutic agent in a monotherapy, although this would need to be validated in

vivo.

In the SCLC and NSCLC cell lines, the results obtained were variable and cell line-
dependent. Interestingly, RP280.1 and KPC3 cells were equally sensitised to TRAIL-
induced apoptosis by NVP-2 alone or in combination with JQ1 or Dinaciclib treatment.
Other cell lines, like KPC2 or RP250.3, behaved like the previously studied KP802T4
cells (Figure 3.35) and CDKO inhibition by NVP-2 did not break their resistance to
TRAIL (Figure 3.36). The combined stimulation with NVP-2 and JQ1 or Dinaciclib,

however, markedly sensitised them to TRAIL-induced apoptosis.

Taken together, these results demonstrate that CDK9 inhibition alone is not sufficient
to sensitise all cell lines to TRAIL-induced apoptosis and that, in some, concomitant
inhibition of BRD4 is required to achieve so. Dinaciclib seems to target both CDK9
and BRD4 and, thus, it possibly constitutes the best therapeutic approach to

overcome TRAIL-resistance.
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Figure 3.36: The role of BRD4 in mediating TRAIL resistance is cell type-dependent.

(A) The indicated murine cancer cell lines were pre-incubated with NVP-2 [100 nM], NVP-2
[50 nM] and JQ1 [1 pM] or Dinaciclib [100 nM] for 15 min and subsequently stimulated
(Figure legend continues on next page)
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with izmTRAIL [100 ng/ml]. 48 h later cell viability was quantified and normalised to untreated
control. Heat map representing colour-coded viability levels of the different cell lines upon the
indicated treatments. Values are means of three independent experiments.

(B) Cell lines in A were treated with NVP-2 [100 nM], JQ1 [1 uM], NVP-2 [50 nM] and JQ1 [1
MM] or Dinaciclib [100 nM] for 15 min and subsequently stimulated with the indicated
concentrations of izmTRAIL. Cell viability was determined 48 h later.
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3.5. Establishment of immunogenic GEMMs for NSCLC

One of the biggest shortcomings of currently used lung cancer GEMMs is the poor
recapitulation of the heterogeneous and clonal nature of this cancer (Gerlinger et al.,
2012; de Bruin et al., 2014). For the successful preclinical development of novel
cancer therapies, particularly those that affect the tumour immune microenvironment
like the TRAIL and Dinaciclib therapy studied in this thesis, it is imperative to develop
mouse models with intrinsically high mutational rates and intratumour heterogeneity,
similar to what is found in humans (Alexandrov et al., 2013; Wolf et al., 2019). To
address this, the development of mouse models that combine the genetic and
chemical induction of NSCLC was decided, since this has been shown to resemble
the mutational burden encountered in human lung cancers more closely (Westcott et
al.,, 2015). Using urethane as the carcinogen of choice, the effect of carcinogen
induction before or after the induction of the oncogenic expression of Kras®’?? and
Tp53R772H in the KP model was explored. Due to their predicted immunogenic nature,

these novel models will be referred to as immunogenic GEMMs (iGEMMs).

3.5.1. Carcinogen exposure after the engineered-induction of NSCLC

tumours increases tumour burden

First, the effect of the exposure to urethane once the tumour was initiated by the
engineered expression of mutated Kras and Tp53 was explored. In order to develop
this IGEMM, KP mice received an i.p. injection of urethane 5 and 6 weeks after the
Ad-Cre administration (Figure 3.37 A). Mice were euthanized upon signs of moderate
distress, which occurred around 32 weeks after Ad-Cre instillation. The lungs of Ad-
Cre and urethane-treated mice were bigger than the lungs of Ad-Cre-only- or
urethane-only-treated mice, the latter being macroscopically healthy (Figure 3.37 B).
Similarly, the tumour burden in the lungs of Ad-Cre and urethane-treated mice was
slightly bigger than in the Ad-Cre only mice, although the variability within the group

prevented its statistical significance (Figure 3.37 C and D).
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Figure 3.37: The injection of urethane after tumour initiation in the KP model increases
the tumour burden.

(A) Experimental treatment schedule is shown. KP mice were subjected to intranasal
administration of Ad-Cre to induce the expression of oncogenic Kras®’?? and Tp53~'72H. Mice
were injected urethane at 1 g/kg at the indicated times (Ad-Cre: n=7 mice; Ad-Cre + urethane:
n=8 mice; urethane: n=2 mice).

(B) Mice were sacrificed at the humane endpoint and the lungs were weighted as a measure
of their tumour content. Data are shown as means + SEM. Dots represent lungs of individual
mice. Statistical analysis was performed using one-way ANOVA.

(C) Paraffin-embedded sections of lungs from all mice were stained with H&E and subjected
to pathological examination to quantify the tumour burden as the percentage of total lung area
occupied by tumour tissue. Data are presented as means + SEM. Dots represent individual
mice.

(D) Representative histological images of H&E-stained paraffin-embedded lung sections of
two mice per group are shown.
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Carcinogen treatment of mice in which the expression of oncogenic Kras and Tp53
was not induced did not lead to the development of any tumour. This observation is
in line with previous reports showing that C57BL/6 mice, which is the background
strain of our colony and the most widely used one, are resistant to urethane-induced

lung tumour formation (Malkinson, 1989).

In sum, the previous results show that urethane treatment increases the growth of

tumours in the KP model if administered after the initiation of the tumours.

Tumours induced by urethane exposure that arise in susceptible strains have been
shown to be initiated by oncogenic mutations in Kras, mostly Kras®¢'- (You et al.,
1989; Westcott et al., 2015). It was thereby hypothesised that the mutation in Kras as
a consequence of urethane treatment could induce tumours in Tp53LSL-R172H+ (P)
mice. To test this, P mice were treated with urethane 5 and 6 weeks after the
administration of Ad-Cre sacrificed 26 weeks later (Figure 3.38 A). As expected, the
expression of mutated Tp53 did not lead to the development of any tumour, at least
at this time-point (Figure 3.38 B and C). Interestingly, P mice were not susceptible to
urethane-induced tumours as indicated by the absence of tumours at the time of
euthanasia, highlighting that the mechanisms driving susceptibility to lung tumour are

p53 independent.
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Figure 3.38: P mice do not develop tumours, even with the addition of urethane after
the Ad-Cre infection.

(A) Experimental treatment schedule is shown. P mice were subjected to intranasal
administration of Ad-Cre to induce the expression of oncogenic Tp53772H, Mice were injected
urethane at 1 g/kg at the indicated times (Ad-Cre: n=8 mice; Ad-Cre + urethane: n=9 mice;
urethane: n=2 mice).

(B) Mice were sacrificed at the indicated time and the lungs were weighted.

(C) Paraffin-embedded sections of lungs from all mice were stained with H&E and subjected
to pathological examination to quantify the tumour burden as the percentage of total lung area
occupied by tumour tissue.

Data are shown as means + SEM. Dots represent lungs of individual mice. Statistical analysis
was performed using one-way ANOVA.

3.5.2. Carcinogen exposure before the oncogenic expression of Kras and

Tpb53 increases tumour growth

Second, the effect of urethane exposure before the expression of Kras®’?® and
Tp53R172H was investigated. In this way, the impact of the Kras®@¢'t mutations induced
by urethane and the Kras®’?? mutations induced by Ad-Cre on tumour development
and heterogeneity could be evaluated. As mentioned before, C57BL/6 mice are
resistant to lung tumour induction by urethane and strain-specific differences in the
NK gene complex have been shown to contribute to this (Kreisel et al., 2012). To
inhibit the immunosurveillance for carcinogen-induced NSCLC exerted by NK cells, a

depleting antibody against these cells (anti-NK1.1) was administered before the
164



Results

injection of urethane, which was done 6 and 7 weeks prior to the infection with Ad-
Cre (Figure 3.39). Mice were sacrificed when they reached the euthanasia criteria, 24
weeks after the Ad-Cre infection. Mice that received anti-NK1.1 and urethane
treatment but were not infected with Ad-Cre and thus did not express oncogenic
Kras®'?P and Tp53R'72t did not develop any tumours, indicating that the depletion of
NK cells is not sufficient to overcome the carcinogen resistance of C57BL/6 mice
(Figure 3.39 B, C and D). Treatment with urethane before the infection with Ad-Cre
led to a significant increase in the lung weight of KP mice (Figure 3.39 B). The tumour
burden in these mice was bigger than in KP mice not treated with urethane, with 50-
60% of the lung area being occupied by the tumour on average (Figure 3.39 C) as
opposed to 10-15% in the untreated KP mice, even if the latter were sacrificed at a
later time-point after the Ad-Cre infection (Figure 3.37 C). Interestingly, there were no
significant differences in lung weight or tumour burden between mice that received
the NK cell-depleting antibody before the injection of urethane and those that did not
(Figure 3.39 B and C). These results suggest that urethane induces some changes
in the cells, that, albeit not sufficient to cause the oncogenic transformation by
themselves, when combined with the expression of mutated driver genes like Kras

and Tp53 lead to the development of aggressive NSCLC tumours.

The previous experiment was also carried out in P mice. These animals were treated
with urethane in the presence of the NK cell-depleting antibody and subsequently
infected with Ad-Cre 6 weeks after the last urethane injection (Figure 3.40 A). Mice
were euthanized 24 weeks after the Ad-Cre infection. Treatment with the anti-NK1.1
antibody and urethane before the Ad-Cre infection did not impact on the lung weight,
as the lungs of these mice were of similar size as the lungs of Ad-Cre only or Ad-Cre
and urethane-treated mice (Figure 3.40 B). Like the untreated P mice, and in contrast
to KP mice, P mice treated with anti-NK1.1 and urethane did not develop any tumour
(Figure 3.40 C). These results highlight the crucial role of Kras®’?? mutations in lung

tumourigenesis.

In conclusion, treatment with the carcinogen urethane increased the tumour burden
of KP mice both when administered before and after the induction of mutated Kras
and Tp53. Whole exome sequencing of these tumours will determine whether the
higher tumour burden also correlates with an increased mutational load and

consequently whether these novel mouse models can serve as iGEMMs of NSCLC.
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Figure 3.39: The injection of urethane before the induction of the oncogenic expression
of Kras and Tp53 in the KP model leads to increased tumour burden.

(A) Experimental treatment schedule is shown. KP mice were treated with anti-NK1.1 antibody
[200 pg/mouse] and urethane [1 g/kg] and subjected to intranasal administration of Ad-Cre to
induce the expression of oncogenic Kras®'?? and Tp53~'7?" at the indicated times (urethane
+ Ad-Cre: n=5 mice; Anti-NK1.1 + urethane + Ad-Cre: n=7 mice; Anti-NK1.1 + urethane: n=3
mice).
(B) Mice were sacrificed at the endpoint and the lungs were weighted as a measure of their
tumour content. Data are presented as means + SEM. Dots represent lungs from individual
mice.
(C) Paraffin-embedded sections of lungs from all mice were stained with H&E and subjected
to pathological examination to quantify the tumour burden as the percentage of total lung area
occupied by tumour tissue. Data are presented as means + SEM. Dots represent lungs from
individual mice.

(Figure legend continues on next page)
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(D) Representative histological images of H&E-stained paraffin-embedded lung sections of
two mice per group are shown.
Statistical analysis was performed using one-way ANOVA. *p<0.05, **p=<0.01
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Figure 3.40: The injection of urethane before the expression of mutated Tp53 does not
lead to any tumour formation.

(A) Experimental treatment schedule is shown. P mice were treated with anti-NK1.1 antibody
[200 pg/mouse] and urethane [1 g/kg] and subjected to intranasal administration of Ad-Cre to
induce the expression of oncogenic Tp53R7721 at the indicated time (Ad-Cre: n=5 mice; Anti-
NK1.1 + urethane + Ad-Cre: n=4 mice; Anti-NK1.1 + urethane: n=3 mice).

(B) Mice were sacrificed at the humane endpoint and the lungs were weighted as a measure
of their tumour content.

(C) Paraffin-embedded sections of lungs from all mice were stained with H&E and subjected
to pathological examination to quantify the tumour burden as the percentage of total lung area
occupied by tumour tissue.

Data are presented as means £ SEM. Dots represent lungs from individual mice. Statistical
analysis was performed using one-way ANOVA.
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4. DISCUSSION

4.1. The combination of TRAIL and Dinaciclib is an effective

anti-cancer therapy

The discovery that TRAIL, in contrast to other death ligands, could kill cancer cells
specifically without harming non-transformed cells sparked the development of TRAs
for their clinical application (Ashkenazi et al., 1999; Walczak et al., 1999).
Nevertheless, the initial excitement regarding the potential of TRAIL monotherapy as
an effective anti-cancer option was soon dampened by the realisation that many
tumours are resistant to TRAIL (Todaro et al., 2008; Lemke et al., 2014a; Tuthill et
al., 2015). Since then, several means to overcome TRAIL resistance in cancer cells
have been investigated, as detailed in section 1.1.5. Recent work in our laboratory
identified CDK9 inhibition as the most potent sensitiser to TRAIL-induced apoptosis
to date (Lemke et al., 2014a). The CDK9 inhibitor SNS-032 synergised with TRAIL to
induce apoptosis in TRAIL-resistant NSCLC cell lines. Similarly, tumour burden in
human NSCLC xenografts was reduced by this combination therapy in vivo. However,
SNS-032 is not a well-tolerated drug and its clinical application has not progressed
from phase 1. Indeed, in a phase 1 trial, 74% of CLL patients and 78% of MM patients
suffered from grade 3 and 4 toxicities, with the most common ones being tumour lysis
syndrome and myelosuppression, including neutropenia, thrombocytopenia, and
anaemia (Tong et al., 2010). Similarly, another phase 1 study enrolling SNS-032 had
to be terminated during dose-escalation due to the adverse effects (Heath et al.,
2008).

Yet, the pharmaceutical industry has developed optimised CDKS9 inhibitors that are
better tolerated by patients. Currently, the CDK9 inhibitor that is most advanced in
the clinic is Dinaciclib, having reached phase 3 testing in CLL (Ghia et al., 2017).
Interestingly, in a phase 2 RCT in NSCLC patients, Dinaciclib was well tolerated but
it failed to show any significant anti-tumour activity as compared to the Erlotinib arm
(Stephenson et al., 2014). Consequently, further studies with Dinaciclib as a single
agent for NSCLC were not pursued and, instead, combination strategies are being
tested. In light of this, in this thesis, the anti-tumour efficacy of the combination of

TRAIL and Dinaciclib was evaluated.
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4.1.1. Dinaciclib is a potent sensitiser to TRAIL-induced cell death in

many cancers

In line with other numerous reports (Koschny et al., 2007; Todaro et al., 2008; Lemke
et al., 2014a; Tuthill et al., 2015), most of the cell lines tested in this thesis are
resistant to TRAIL monotherapy. Importantly, however, the results presented in this
work show that Dinaciclib overcomes TRAIL resistance in multiple solid tumour types
including NSCLC, mesothelioma, melanoma, liver cancer, breast cancer, pancreatic
cancer, colorectal cancer, ovarian cancer and cervical cancer (Figure 3.4, 3.5, 3.6
and 3.9). Moreover, comparing Dinaciclib with SNS-032 revealed that even though
both inhibitors have the same ICso for CDK9 (Conroy et al., 2009; Parry et al., 2010),
Dinaciclib appears to be a more potent sensitiser to TRAIL-induced apoptosis
(Figures 3.1 and 3.2). Of note, the concentration at which Dinaciclib efficiently
sensitises cancer cells to TRAIL-induced cell death, 25 nM, is commonly reached and
sustained in the plasma of patients (Gojo et al., 2013). Thereby, these data provide a
robust proof of principle for the testing of TRAIL and Dinaciclib combination therapy

in preclinical animal models of a broad range of diseases.

Many of the currently available therapeutic options for cancer patients rely on the
expression of specific molecular targets. As such, targeted therapies are designed
against certain oncogenic drivers like EGFR (Pollack et al., 1999) and chemotherapy
mostly triggers apoptosis by the induction of DNA damage that is sensed by p53
(Lowe et al., 1994). Consequently, the loss of expression of those factors, which is
frequently observed in cancer, renders these therapeutic strategies ineffective. In
contrast, this work shows that Dinaciclib sensitises NSCLC and melanoma cell lines
to TRAIL-induced apoptosis regardless of their mutational background (Figure 3.4,
3.5, 3.6 and 3.9). Hence, the combination of TRAIL and Dinaciclib could be a
treatment option for those tumours in which targeted therapy is not available or

chemotherapy does not work.

Alternatively, tumours with molecular characteristics for which targeted therapies are
available could receive those as a first-line treatment. Despite initial response to the
therapy, tumours invariably evolve to acquire resistance mechanisms that allow them
to survive during these treatments. For example, mealanoma cells have been shown
to develop secondary resistance to B-raf and MEK inhibitors by reactivation of the
MAPK or PI3K-Akt pathways (Emery et al., 2009; Johannessen et al., 2010; Nazarian
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et al., 2010; Shi et al., 2014). In this thesis, treatment of targeted therapy-conditioned
melanoma cell lines revealed that the combination of TRAIL and Dinaciclib is similarly
efficient in parental cells than in cells that had become resistant to B-raf or MEK
inhibitor treatment (Figure 3.9). Therefore, the novel therapeutic combination
treatment explored here could be employed as a second-line treatment to overcome

targeted therapy resistance.

Similarly, the efficacy of chemotherapy in cancer treatment is also limited by the
development of resistance. For instance, cancer cells often upregulate their DNA
repair machinery as a resistance mechanism to the induction of DNA damage by
platinum-based cytotoxic agents (Duesberg et al., 2000; Kwon et al., 2007; Usanova
et al., 2010). The DNA damage induced by these drugs is also known to induce p53-
dependent transcription of pro-apoptotic Bcl-2 family members that trigger apoptosis
via the mitochondrial pathway (Oda et al., 2000; Nakano and Vousden, 2001; Chipuk
et al., 2004) and thus, cancer cells can alter the profile of Bcl-2 proteins to evade
chemotherapy-induced cell death (Cetintas et al., 2012). Interestingly, whilst parental
A375 melanoma cells are TRAIL-resistant, treatment of cisplatin-resistant A375 cells
with  TRAIL monotherapy induces apoptosis (Figure 3.9). TRAIL sensitivity of
cisplatin-resistant NSCLC and ovarian cancer cells has previously been reported
(Seah et al., 2015). These authors suggested peroxynitrite to be a critical factor in
amplifying the caspase activation signalling downstream of TRAIL-R in cisplatin-
resistant cells, although the exact mechanism remains unkown. Nevertheless, TRAIL
sensitivity of cisplatin-resistant cells seems to be cell type-dependent since cisplatin-
resistant IGR-37 cells employed here are resistant to TRAIL-induced apoptosis. On
the other hand, co-treatment with TRAIL and Dinaciclib kills both cisplatin-resistant
cell lines, suggesting that, although a wider range of cell lines needs to be tested, this

combination therapy could overcome chemotherapy resistance.

In the context of resistance, an aspect not explored in this thesis is the possible
molecular mechanism that cancer cells could employ to escape from the combined
treatment with TRAIL and Dinaciclib. Although the assessment of clonogenic survival
has been performed in this work, demonstrating that TRAIL and Dinaciclib co-
treatment dampens the long-term survival of cancer cells (Figures 3.7 and 3.10), the
experimental design followed does not allow the study of the development of
resistance. For instance, cells were treated with the combination of TRAIL and

Dinaciclib for one day and subsequently the media was washed, assessing the
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survival 7 days later. In order to investigate whether any surviving cell could develop
resistance to the combined treatment, it would be interesting to maintain the cells
under sustained pressure of TRAIL engagement and CDK9 inhibition for a longer
period. The evaluation of the clones selected under these circumstances could be
informative of potential resistance mechanism arising in cancer cells against the novel
combination therapy proposed here. A possible mechanism of resistance could be
the promotion of Dinaciclib efflux, which is a strategy used by the tumour cells to
diminish the intracellular concentration of many chemotherapeutic compounds. This
efflux is mediated by the ATP-binding cassette (ABC) transporters, which are
transmembrane proteins driving substrates across the cell membrane and are
frequently abundantly expressed in cancer cells, playing an important role in multi-
drug resistance (MDR) (Gottesman et al., 2002). Notably, Dinaciclib has been shown
to be a substrate of two of these transporters, namely multi-drug resistance protein 1
(MDR1, also known as P-glycoprotein and ABCB1 and breast cancer resistance
protein (BCRP), also known as ABCG2) (Cihalova et al., 2015). In that study, the
authors reported that the overexpression of ABCB1 and ABCG2 conferred resistance
to Dinaciclib in MDCKII cells. Thereby, a low ABC transporter expression could be a
marker of patients that are more likely to respond to TRAIL and Dinaciclib combined
treatment. If this resistance to Dinaciclib was acquired during treatment, a strategy to
overcome it and thus render cancer cells sensitive to TRAIL-induced apoptosis again
would be the addition of MDR1 inhibitors like zosuquidar and tariquidar, although the
toxicity of the combined treatment with TRAIL, Dinaciclib and the MDR1 inhibitor
would need to be carefully tested. Furthermore, gene expression analysis conducted
in a study by Feldmann and colleagues demonstrated that the Notch and
Transforming Growth Factor-B (TGF-B) pathways were enriched in Dinaciclib-
resistant pancreatic xenografts as compared to the sensitive ones (Feldmann et al.,
2011). The upregulation of these pathways involved in pancreatic carcinogenesis
could represent alternative mechanisms of resistance to Dinaciclib, but more
research in this direction is required to identify the precise mechanisms that can drive

resistance to TRAIL and Dinaciclib combined treatment and how to overcome them.

171



Discussion

4.1.2. Dinaciclib breaks the resistance to TRAIL-induced apoptosis by
downregulating Mcl-1 and FLIP

Despite being mainly known for their role in regulating cell cycle, CDKs are a diverse
family of proteins with a broad range of functions. Since the discovery of CDK9 as the
signalling hub of transcriptional governance (Marshall and Price, 1995), its inhibition
has received great attention as a strategy that could inhibit the increased proliferation
of cancer cells. It is important to mention that overexpression of CDK9 is often
observed in tumours, likely to maintain a high transcription rate in the rapidly
proliferating cancer cells. For example, a 1.8-fold increase in CDK9 protein
expression is observed in NSCLC tumours in comparison to surrounding non-
transformed tissue and 3.4-fold increase in colorectal cancer (Walczak laboratory,
unpublished data). Therefore, CDK9 inhibition particularly affects cancer cells over
normal cells. By not allowing cells to progress from the pausing of RNA Pol Il that
happens after transcription initiation (explained in detail in section 1.2.2), this
inhibition stops the elongation of all mMRNA transcripts. Nevertheless, short-lived
proteins, whose levels decrease quickly, are particularly affected by the inhibition of
CDKO9 since they need to be transcribed more often. Amongst these rapid-turnover
proteins there are several crucial apoptotic regulators. For example, CDK9 inhibition
by Dinaciclib has been shown to induce the downregulation of the Bcl-2 family
members Mcl-1 and Bcl-XL (Fu et al., 2011; Booher et al., 2014; Chen et al., 2016;
Inoue-Yamauchi et al., 2017). Moreover, work done in our laboratory revealed that
CDKO9 inhibition suppresses the transcription of Mcl-1 and FLIP (Lemke et al., 2014a).
Importantly, concomitant downregulation of FLIP and Mcl-1 was shown to be required
and sufficient for CDK9-induced TRAIL sensitisation since the overexpression of both
factors prevented SNS-032-mediated sensitisation. In the work presented here, Mcl-
1 and FLIP downregulation is observed following Dinaciclib, as well as SNS-032
treatment. However, Bcl-XL expression does not seem to be affected by this

treatment, at least in the cell lines tested (Figure 3.3).

Despite its name, TRAIL-induced signalling is versatile and, in addition to apoptosis,
it can also elicit a different modality of programmed cell death, caspase-independent
RIPK1- and RIPK3-mediated necroptosis (Jouan-Lanhouet et al., 2012; Voigt et al.,
2014; Goodall et al., 2016). The fact that two anti-apoptotic factors are downregulated
after Dinaciclib treatment suggests that the cell death induced by TRAIL and

Dinaciclib co-treatment is apoptosis but does not formally prove it. Nonetheless, the
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apoptotic nature of the cell death induced by the combination of TRAIL and Dinaciclib
was confirmed by the addition of the caspase inhibitor zZVAD, which blocks this cell
death (Figure 3.11 and 3.12).

In summary, the results to date suggest that CDK9 inhibition by Dinaciclib breaks
TRAIL resistance through a dual mechanism. On one hand, downregulation of FLIP
enables efficient activation of caspase-8 and, on the other hand, suppression of Mcl-

1 facilitates the induction of the mitochondrial apoptotic pathway (Figure 4.1).
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Figure 4.1: Model of Dinaciclib-mediated sensitisation to TRAIL-induced apoptosis.

By inhibiting CDK9 activity, Dinaciclib blocks the transcriptional elongation of Mcl-1 and FLIP,
which are anti-apoptotic factors conferring resistance to TRAIL-induced apoptosis. The
downregulation of these two factors allows the TRAIL-induced signalling cascade to be fully
activated, leading to the triggering of apoptosis.
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4.1.3. TRAIL- and Dinaciclib-comprising therapy shows preclinical

activity in NSCLC mouse models

In order to evaluate the therapeutic potential of the combination therapy proposed in
this work in NSCLC mouse models, it was first important to assess its safety and
tolerability. In patients, Dinaciclib is generally safe and well tolerated. The main
adverse effects are diarrhoea, vomiting, nausea, fatigue, anaemia, thrombocytopenia
and neutropenia (Nemunaitis et al., 2013; Mita et al., 2014; Stephenson et al., 2014;
Flynn et al., 2015; Mita et al., 2017). This gastrointestinal and haematological toxicity
pattern highlights the effect of the CDK9 inhibitor on rapidly cycling cells and is
reminiscent of cytotoxic chemotherapy. On the other hand, izTRAIL has previously
been shown to be nontoxic in vivo (Walczak et al., 1999; Ganten et al., 2006). This
thesis shows that, in mice, the combined treatment with TRAIL and Dinaciclib is well
tolerated since they do not lose weight during the course of the treatment (Figure
3.15). Similarly, the therapy does not induce liver toxicity as indicated by the unaltered

ALT levels in serum as compared to the vehicle-treated mice.

The work presented here demonstrates the anti-tumour efficacy of the combined
TRAIL and Dinaciclib treatment in different in vivo models of NSCLC. First, TRAIL
and Dinaciclib co-treatment delays the growth of subcutaneously transplanted
tumours and prolongs the survival of the mice (Figure 3.16). Moreover, the
combination therapy completely eradicates established lung tumours in an orthotopic
xenograft model of lung cancer (Figure 3.17). In this model, A549 NSCLC cells are
injected into the vein of SCID Beige mice, from where they migrate into the lungs. It
was interesting to observe that, in vivo, TRAIL monotherapy causes a significant
reduction in these tumours while A549 cells are resistant to TRAIL-induced apoptosis
in vitro. The mechanism responsible for this difference remains enigmatic. A possible
explanation could be that A549 cells become more sensitive to TRAIL-induced
apoptosis when present in the lungs of the mice as compared to when cultured in
vitro. For instance, a previous study from our laboratory reported that detachment of
skin carcinoma cells from a solid surface sensitised them to TRAIL (Grosse-Wilde et
al.,, 2008). It also seems feasible that the action of TRAIL on the tumour
microenvironment is responsible for the anti-tumour effect observed. SCID Beige
mice are severely immunodeficient, lacking T and B cells as well as having defective
NK cells (MacDougall et al., 1990). Thereby, TRAIL could be mediating its anti-tumour

effect via the myeloid immune system. For example, by inducing the death of MDSCs
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or tumour-associated macrophages (TAMs), which have both been shown to die by
caspase-8-dependent apoptosis through TRAIL-R2 (Germano et al., 2013;
Condamine et al., 2014). An alternative hypothesis would be that in this metastasis-
mimicking mouse model, cancer progression highly relies on the supply of the tumour
vessels and hence, TRAIL-mediated apoptosis of tumour endothelial cells causes the
reduction in tumour growth. In fact, pro-apoptotic activation of TRAIL-R2 on tumour
endothelial cells has been demonstrated to disrupt the vasculature and reduce the

growth of Lewis lung carcinoma tumours (Wilson et al., 2012).

To date, the most widely used mouse model of NSCLC is the KP model since it is the
one that most closely resembles the progression and the histological features of the
human disease. In these mice, treatment with TRAIL and Dinaciclib after the tumours
are established, significantly reduces the tumour burden as compared to the vehicle-
treated mice (Figure 3.18). Dinaciclib monotherapy also shows some anti-tumour
effect as observed by a decreased lung weight, although the tumour burden of
Dinaciclib-treated mice is not significantly different from that of vehicle-receiving
animals. Analysing the effect of the therapy on the survival of mice revealed that the
monotherapy with TRAIL or Dinaciclib prolongs survival (Figure 3.19). Nevertheless,
this effect is more pronounced and statistically significant when both agents are
administered in combination, demonstrating the synergistic anti-tumour effect of

TRAIL and Dinaciclib treatment in the KP lung cancer model.

The anti-tumour effect of Dinaciclib was also observed in KP mice-derived cell lines.
In some of these cell lines, Dinaciclib alone induces a pronounced reduction in their
viability (Figure 3.22). In most of them, however, the addition of TRAIL further
decreases their viability. Although the reduction in viability by Dinaciclib
monotreatment could also be due to slower proliferation, and a more detailed analysis
should be performed in KP cells, it is likely due to cell death since Dinaciclib-treated
human NSCLC A549 and H322 cells showed some SYTOX positivity (Figure 3.12).
This cell death has an apoptotic nature as it can be prevented by pre-incubation with
zVAD. This is in line with previous studies showing that Dinaciclib can induce
apoptosis (Fu et al., 2011; Chen et al., 2016). Fu and colleagues showed that upon
Dinaciclib treatment, an upregulation of Bax, Bim, cytochrome ¢ and caspase-9 was
observed in osteosarcoma cell lines, suggesting that Dinaciclib activates the
mitochondrial apoptotic pathway (Fu et al., 2011). More recently, however, activation

of both extrinsic and intrinsic apoptotic pathways was reported in CLL cells, as
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demonstrated by caspase-8 and caspase-9 activation (Chen et al., 2016). Yet, CDK9
is not the only CDK targeted by Dinaciclib, which also inhibits CDK1, CDK2 and CDK5
(Parry et al., 2010). CDK1 and CDK2 control the G2-M and G1-S transitions of the
cell cycle, respectively, and their inhibition by Dinaciclib has been reported to mediate
anaphase catastrophe, a lethal event in which cells with supernumerary centrosomes
segregate their chromosomes into more than two daughter cells, resulting in non-
viable daughter cells that die apoptotically (Danilov et al., 2016). The induction of cell
death by Dinaciclib monotreatment, however, appears to be cell type-dependent
whereas its combination with TRAIL elicits a more robust and constant activation of

cell death and thus, is a better strategy to pursue.

Interestingly, the only clinical trial conducted so far with Dinaciclib in lung cancer,
showed no activity as monotherapy in previously treated NSCLC (Stephenson et al.,
2014). The median time to progression following treatment with Dinaciclib was 1.49
months, compared to 1.58 months with Erlotinib. In accordance with this, in the
human solid tumour cell lines tested in this thesis, treatment with Dinaciclib alone had
very little or no effect. Considering, as discussed in section 4.4, that the KP model
does not accurately mimic the heterogeneous nature and the high mutational burden
of human NSCLC (de Bruin et al., 2014; Alexandrov et al., 2016), it seems possible
that the moderate benefit observed by Dinaciclib monotherapy in the KP model does
not translate into clinical benefit in patients. However, the more robust tumour burden
reduction as well as prolonged survival of the combined TRAIL and Dinaciclib therapy,

has the potential to increase the survival of NSCLC patients.

Despite the development of targeted therapies for NSCLC patients harbouring
targetable mutations and immunotherapy when for tumours expressing high levels of
PD-L1, platinum-based chemotherapy is still the most frequently used first-line
treatment for lung cancer (Hanna et al., 2017; Gandhi et al., 2018). Consequently,
many novel therapies are tested in combination with chemotherapeutic drugs. The
work presented here shows that the combination of TRAIL and Dinaciclib does not
synergise with Carboplatin, a platinum-based chemotherapeutic agent (Figure 3.20).
Indeed, the survival of the mice receiving the triple combination of TRAIL, Dinaciclib
and Carboplatin is shorter than those receiving TRAIL and Dinaciclib. To determine if
this is due to the triple combination being toxic, it should be tested in mice not bearing
tumours, to analyse if there is any weight loss and if the liver enzymes, indicative of

hepatotoxicity, change with the treatment. The comparison of Carboplatin to the
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TRAIL and Dinaciclib combination treatment revealed that the latter leads to a longer
median survival. Nevertheless, the number of mice in these groups should be

increased and the experiment repeated in order to draw solid conclusions.

4.2. TRAIL and Dinaciclib treatment modulates the activity of

the immune system

Comparing the different mouse models employed for the testing of the efficacy of
TRAIL and Dinaciclib co-treatment revealed remarkable differences between
immunocompetent and immunocompromised mice. Whereas Dinaciclib monotherapy
does not have any anti-tumour activity in immunocompromised SCID Beige or Rag1-
~ mice, it reduces the tumour growth in immunocompetent mice. On the other hand,
combined TRAIL and Dinaciclib treatment shows anti-tumour activity regardless of
the presence of a complete immune system. This observation was interesting as, in
a phase 2 NSCLC trial, patients treated with Dinaciclib developed neutropenia and
leukopenia, suggesting that this drug affects the immune system (Stephenson et al.,
2014). In line with this, previous studies have shown that CDK9 inhibition induces
apoptosis in leukocyte (Hellvard et al., 2016) and neutrophil (Wang et al., 2012b;

Hoodless et al., 2016) subsets, hence modulating the immune response.

Furthermore, the TRAIL/TRAIL-R system is also known to modulate the tumour
immune microenvironment and it has been shown to induce the killing of tumour-
supportive immune cells in addition to the cancer cells. For instance, several studies
have reported that TAMs and MDSCs express TRAIL-Rs, which could be potential
targets for selectively eliminating these cells (Germano et al., 2013; Condamine et
al., 2014). Similarly, TRAIL was shown to reduce the number of intratumour Tregs by

promoting their apoptosis (Diao et al., 2013).

In view of the aforementioned observations, it was hypothesised that TRAIL and
Dinaciclib treatment not only Kills cancer cells but could also modulate the immune
microenvironment by inducing the death of tumour supportive immune cells and,
therefore, facilitate the recruitment and activation of CTLs and NK cells. To test this,
the tumour microenvironment of KP mice treated with TRAIL and Dinaciclib was
immune-profiled. The analysis of the different immune subsets revealed that

treatment with Dinaciclib alone or in combination with TRAIL induces a prominent
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reduction in the tumour-infiltrating leukocytes in KP mice (Figure 3.23). This is in
accordance with the leukopenia that has been reported as an adverse effect in clinical
trials with Dinaciclib (Mita et al., 2014; Stephenson et al., 2014; Kumar et al., 2015;
Mita et al., 2017). The decrease in the number of leukocytes in the tumour
microenvironment could be due to less CD45 positive cells being recruited or,
alternatively, as a consequence of more cells dying. In support of the latter, both
CDKO9 inhibition and TRAIL have been shown to induce the death of a number of
immune cells, as explained above. On the other hand, CDK9 has been shown to
regulate the pro-inflammatory transcription factor NF-kB (Barboric et al., 2001) and
treatment with the CDK9 inhibitor Flavopiridol inhibited the transcription of NF-kB in
endothelial cells, resulting in a reduction in their intercellular adhesion molecule 1
(ICAM-1) expression (Schmerwitz et al., 2011). Given the crucial role of this protein
in leukocyte recruitment from the blood vessels to the tumours, it seems possible that

CDKO9 inhibition could be inhibiting the recruitment of these cells.

When analysing individual immune cell subsets, the most striking change upon TRAIL
and Dinaciclib treatment was the increase in the number and proliferation of NK cells.
This is interesting since the TRAIL/TRAIL-R system is known to play a key role in NK
cell-mediated immunosurveillance (Kayagaki et al., 1999b). For instance, NK cells
can suppress liver and lung metastases in a TRAIL-dependent fashion (Smyth et al.,
2001). Moreover, a recent study reported that Dinaciclib enhances NK cell cytotoxicity
against AML by downregulating the expression of inhibitory NK ligand human
leukocyte antigen (HLA)-E on leukaemia cells (Yun et al., 2019). Nevertheless, the
pharmacological depletion of NK cells before the treatment with the combination of
TRAIL and Dinaciclib demonstrated that this subset does not mediate, at least
entirely, the anti-tumour effect induced by TRAIL and Dinaciclib treatment in our
model since the combination therapy is still effective in the absence of NK cells
(Figure 3.24). The

Besides innate immunity effectors such as NK cells, the adaptive immunity also
participates in the immune surveillance and the inhibition of tumour growth (Mortellaro
and Ricciardi-Castagnoli, 2011; Vesely et al., 2011). The adaptive immunity is elicited
by humoral and cellular responses mediated by B and T cells, respectively.
Interestingly, TRAIL has been demonstrated to be critically involved in maintaining
tolerance to the T cell response (Bossi et al., 2015). Moreover, CDK1, CDK2 and

CDKS5, targeted by Dinaciclib, have been shown to play a role in T cell proliferation
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and migration (Wells and Morawski, 2014). Considering this, it was hypothesised that
TRAIL and Dinaciclib treatment could be modulating the tumour microenvironment by
affecting cells of the adaptive immune system. This was tested by comparing the anti-
tumour response to TRAIL and Dinaciclib in KP59 tumours in WT versus Rag7-- mice,
which produce no mature T or B cells (Mombaerts et al., 1992). Whilst Dinaciclib
induces a significant tumour reduction in WT mice, this effect is prevented in Rag71-
mice, indicating that, for its action in vivo, it requires the presence of the adaptive
immunity (Figure 3.26). This is in line with the results obtained in SCID Beige mice,
which also lack T and B cells (MacDougall et al., 1990), in which Dinaciclib

monotherapy does not have any anti-tumour activity.

In contrast, the anti-tumour activity of combined TRAIL and Dinaciclib therapy is only
partially rescued in Rag?-”- mice, suggesting that the combination therapy mediates
its in vivo efficacy both through adaptive immunity-dependent and -independent
mechanisms. This highlights the differences between the anti-tumour activity of
TRAIL and Dinaciclib combination and Dinaciclib monotreatment. Considering that a
recent report showed that encapsulated Dinaciclib in PD-L1-targeted lipid
nanoparticles led to a robust depletion of tumour-associated myeloid cells (Zhang et
al.,, 2019) and that, as mentioned before, TRAIL has been reported to induce
apoptosis in MDSCs (Condamine et al., 2014), the role of the myeloid immune
compartment in the anti-tumour activity of the combined TRAIL and Dinaciclib
treatment should be further explored. To this end, it would be interesting to perform

experiments in mouse models deficient for different myeloid subsets.

At this point, the contribution of T and/or B cells to the anti-tumour activity mediated
by Dinaciclib cannot be dissected. Whereas the multifaceted effects of cancer-
associated T cells have been intensively studied, less is known about tumour-
infiltrating B cells, whose role remains controversial. Some studies have shown the
ability of B cells to induce and maintain an anti-tumour activity (Germain et al., 2014),
while others have reported that B cells exist in immunosuppressive subtypes (Fremd
et al.,, 2013; Affara et al., 2014; Bodogai et al., 2015). Interestingly, CDK9 levels
change during B cell differentiation and activation, with its expression being higher in

memory cells and activated B cells than in naive cells (De Falco et al., 2008).

Nevertheless, more recent evidence points towards T cells as the key players in
Dinaciclib-mediated anti-tumour activity. Dinaciclib has been shown to induce a type

I IFN signature within the tumours, which is known to promote antigen presentation
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and priming of anti-tumour T cells (Hossain et al., 2018). Furthermore, RNA
sequencing (RNA-seq) data has revealed the upregulation of class | HLA upon CDK9
inhibition (Zhang et al., 2018). Of note, HLA governs a critical step in cancer-specific
neoantigen presentation and cytolytic T cell response by presenting intracellular
peptides on the cell surface for recognition by TCRs. Thereby, it seems likely that
Dinaciclib enhances an antitumour T cell response, although the exact mechanism
remains elusive. In the KP model used here, Dinaciclib alone or in combination with
TRAIL does not induce any apparent increase in the number of T cells. Similar results
have been reported by Hossain and colleagues, who showed no change in the
number of T cells upon Dinaciclib treatment in a CT26 colorectal cancer model
(Hossain et al., 2018). Using the CDK®9 inhibitor SNS-032, however, an increase in
the percentage of CD3 positive T cells from the total CD45 positive cells has been
reported in an ID8 ovarian cancer model (Zhang et al., 2018). Yet, this increase in
percentage does not necessarily reflect an increase in the total number of T cells, as
it could be due to a change in a differentimmune subset. Even though the recruitment
of T cells does not seem to be affected by Dinaciclib, it would be interesting to analyse
the expression of activation markers such as CD69 in these cells, as an increased

activation status of T cells could be responsible for the enhance antitumour response.

Given the results obtained in this work, together with those reported by others, |
propose that Dinaciclib would enhance the anti-tumour immunity of CTLs. The
molecular mechanism by which this is achieved remains to be explored. Dinaciclib
could be having an effect directly on the tumour cells by increasing their neoantigen
presentation or it could be inducing immunogenic cell death in cancer cells, which is
characterised by the release or cell-surface expression of highly immunostimulatory
damage-associated molecular patterns (DAMPs) by the dying tumour cells. Some of
the hallmarks of immunogenic cell death include surface calreticulin expression, and
the release of adenosine triphosphate (ATP) and high mobility group box 1 (HMGB1),
all of which have been observed upon Dinaciclib treatment (Hossain et al., 2018).
Alternatively, Dinaciclib could be increasing the activation of intratumour CTLs by

augmenting their IFNy or granzyme production.

On the other hand, the combined action of TRAIL and Dinaciclib would lead to the
direct killing of tumour cells. As such, this dual mechanism would boost the anti-

tumour activity of the combined treatment. Importantly, in cases in which the immune
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system is compromised, TRAIL and Dinaciclib co-treatment-mediated direct killing of

the cancer cells would still be possible.

In light of the work presented in this thesis, it is tempting to speculate that the
combination of TRAIL and Dinaciclib would synergise with ICB. This type of
immunotherapy is one of the most exciting recent breakthroughs in cancer treatment,
with anti-PD-1 and anti-PD-L1 showing striking durable control of advanced NSCLC
(Borghaei et al., 2015; Brahmer et al., 2015; Garon et al., 2015). Nevertheless, in a
substantial proportion of cancer patients, including NSCLC, ICB either does not work
or exerts very limited effects. It is now clear that the pre-existing tumour immune
environment plays a crucial role in the responsiveness to treatment with the presence
of tumour infiltrating lymphocytes, the expression of PD-L1, a high mutational load,
and the expression of neoantigens having being shown to act as positive prognostic
factors (Herbst et al., 2014; Tumeh et al., 2014; Garon et al., 2015; Rizvi et al., 2015;
Schumacher and Schreiber, 2015; Hugo et al., 2016; Pfirschke et al., 2016).
Interestingly, Dinaciclib has already being shown to synergise with anti-PD-1 in
syngeneic colorectal and bladder cancer models, which did not respond to Dinaciclib
monotherapy (Hossain et al., 2018). Similarly, CDK9 inhibition by SNS-032 sensitised
to anti-PD-1 therapy in an ovarian syngeneic mouse model (Zhang et al., 2018).
Moreover, inhibition of BRD4, which is also targeted by Dinaciclib as discussed in the
next section, has been reported to cooperate with PD-1 blockade to reduce the
tumour in the KP model (Adeegbe et al., 2018). Thereby, | deem it likely that the
combined treatment with TRAIL, Dinaciclib and anti-PD-1 would achieve pronounced

and long-lasting anti-tumour responses.

4.3. Combined inhibition of CDK9 and BRD4 is required to

sensitise some cancer cells to TRAIL-induced apoptosis

The comparison of different CDK9 inhibitors in cell lines derived from KP mice
revealed an interesting observation. Whereas KP cells are sensitised to TRAIL-
induced apoptosis by Dinaciclib, SNS-032 or NVP-2 do not break the resistance to
TRAIL in these cells (Figure 3.30). This was unexpected since SNS-032 has the same
ICso for CDK9 as Dinaciclib, 4 nM (Conroy et al., 2009; Parry et al., 2010) and NVP-
2 targets CDK9 specifically with an ICsy lower than 0.5 nM (Olson et al., 2018).
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Furthermore, in contrast to Dinaciclib, CDK9 knockdown by different means does not
sensitise different KP cells to TRAIL-induced apoptosis, regardless of their Tp53
status (Figure 3.31 and 3.32). These results were surprising because they are not in
accordance with the sensitisation to TRAIL observed in different human cancer cell
lines by specific CDK9 inhibition or knockdown (section 3.4.1 and (Lemke et al.,
2014a)). The caveat of siRNA or shRNA-mediated knockdown is that the
downregulation of the target might be incomplete, and, although the knockdown looks
efficient by Western Blotting, remaining protein levels could still be sufficient to
mediate the resistance to TRAIL-induced apoptosis. In order to overcome this, it
would be optimal to generate CDK9 KO cells. However, this has turned out to be
unsuccessful, likely because of CDK9's essential role in transcriptional elongation,
which renders deficient cells not viable. In line with this, mouse KOs of CDK9 and its

associated proteins are embryonically lethal (Kohoutek et al., 2009).

The results mentioned above support the hypothesis that Dinaciclib inhibits additional
targets other than CDK9, which also mediates resistance to TRAIL-induced
apoptosis. Importantly, this additional target is not any of the other CDKs inhibited by
Dinaciclib, since the downregulation of none of them in combination with the
downregulation of CDK9 sensitises KP394T4 cells to TRAIL-mediated cell death
(Figure 3.31). A literature search revealed that Dinaciclib can also bind to the acetyl-
lysine binding site of BRD4, although with lower affinity, with an ICso of 19 uM (Martin
etal., 2013; Ember et al., 2014; Mishra et al., 2014). This was interesting since BRD4,
which binds to acetylated histones via its bromodomain, is known to positively
regulate transcriptional elongation by binding through its C-terminal domain to P-
TEFb and bringing it in close proximity with RNA Pol Il (Jang et al., 2005; Yang et al.,
2005). Moreover, BRD4 was reported to be an atypical kinase that activates
transcription by directly phosphorylating RNA Pol Il CTD at Ser2 (Devaiah et al.,
2012). Yet, a more recent work has corrected this by showing that it is not able to
phosphorylate the CTD of RNA Pol Il in absence of the P-TEFb (Lu et al., 2015).

Consequently, the requirement of concomitant BRD4 and CDK9 inhibition for TRAIL
sensitisation was tested. Interestingly, the combined inhibition of CDK9 and BRD4
sensitises different KP cell lines to TRAIL-induced apoptosis (Figure 3.33). In order
to demonstrate that the concomitant inhibition of CDK9 and BRD4 is not only required
but sufficient to break the resistance to TRAIL-induced apoptosis, the best strategy
would be to generate CDK9 and BRD4 double KO cells. However, although BRD4
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KO has been reported to be viable in skin squamous cell carcinoma cells (Xiang et
al., 2018), no BRD4 KO KP cells could be obtained. Alternatively, a PROTAC-based
approach was selected. Consistent with the results using pharmacological inhibitors,
concomitant degradation of CDK9 and BRD4 sensitises tumour cells to TRAIL-
induced apoptosis (Figure 3.35), confirming that the inhibition of CDK9 and BRD4 is
required to break the resistance to TRAIL in KP cells. In order to validate this, the
overexpression of both proteins should be performed, which, according to the data

presented here, should confer resistance to TRAIL-induced apoptosis in these cells.

Interestingly, BRD4 inhibition by JQ1 has been shown to enhance TRAIL-induced
apoptosis by downregulating FLIP in NSCLC cell lines (Klingbeil et al., 2016). In
contrast, in the work presented here, BRD4 inhibition by JQ1, or its degradation by
MZ1, does not achieve any sensitisation to TRAIL-induced cell death, even at
concentrations of 1000 ng/ml (Figure 3.34). Accordingly, no substantial
downregulation in the levels of FLIP is observed at 10 yM of JQ1 or MZ1. These
discrepancies are most likely due to differences between the cell lines, since in the
work by Klingbeil and colleagues, NSCLC cell lines displayed varied sensitivities to
JQ1-mediated sensitisation to TRAIL-induced apoptosis. Notably, previous work in
our laboratory demonstrated that concomitant downregulation of FLIP and Mcl-1 is
required for TRAIL sensitisation, as the knockdown of FLIP was not sufficient to
sensitise to TRAIL-induced apoptosis (Lemke et al., 2014a). The JQ1-induced FLIP
downregulation and consequent TRAIL sensitisation has also been reported in a
different study by Yao and colleagues, who showed that these effects are
independent of BRD4 (Yao et al.,, 2015). In that study, JQ1, but not the genetic
suppression of BRD4, decreased FLIP levels by promoting its proteasomal
degradation. Although the exact mechanism has not been elucidated, this highlights
BRD4-independent functions of JQ1. Importantly, in the work presented in this thesis,
treatment with JQ1 results in a similar sensitisation to TRAIL-induced apoptosis than
BRD4 degradation, indicating that it is indeed BRD4 what mediates resistance to
TRAIL.

In the work shown here, selective CDK9 inhibition has been demonstrated to not be
sufficient to overcome TRAIL resistance in all cell lines. Whilst in some cell lines,
CDKO9 inhibition sensitises them to TRAIL-induced apoptosis, some others need the
additional inhibition of BRD4, which has been identified here to also mediate

resistance to TRAIL-induce apoptosis. Importantly, Dinaciclib, by concomitantly
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inhibiting CDK9 and BRD4, sensitises all the cell lines tested so far to TRAIL-induced
apoptosis and hence, it seems like the best agent discovered to date to break the
inherent or acquired resistance of cancer cells to TRAIL-induced apoptosis. In
contrast, selective CDK9 inhibitors like NVP-2 do not achieve such broad sensitisation
to TRAIL, and thereby their clinical application in combination with TRAIL might be

more limited.

Mechanistically, the downregulation of FLIP and Mcl-1, and thus, the sensitivity to
TRAIL, is dictated by the ability to achieve the inhibition of the phosphorylation of the
Ser2 of the CTD of RNA Pol Il and consequently prevent the transcription pause
release. According to the current dogma, inhibition of CDK®9, the catalytically active
subunit of the P-TEFb, should be sufficient to achieve the sensitisation to TRAIL.
Nevertheless, the work presented here shows that this is not always the case, since
in some cellular systems, the concomitant inhibition of BRD4 is required. The
requirement for the simultaneous inhibition of CDK9 and BRD4 could be due to a
compensatory mechanism. Interestingly, Lu and colleagues described that upon
sustained CDK®9 inhibition, a strong increase in one of its target genes, MYC, was
observed (Lu et al.,, 2015). This was achieved by amplified BRD4-mediated
recruitment of P-TEFb from its inhibitory 7SK snRNP complex and enhanced CDK9
activity. Therefore, only simultaneous inhibition of both CDK9 and BRD4 could

achieve efficient inhibition of transcriptional elongation.

The fact that BRD4 inhibition does not sensitise cells to TRAIL-induced apoptosis
indicates that transcriptional elongation can still happen in its absence. This might be
explained by the transient release of free P-TEFb from the 7SK snRNP that has been
reported upon JQ1 inhibition (Bartholomeeusen et al., 2012). In the absence of BRD4,
or when its binding to the chromatin is inhibited, P-TEFb could still be recruited to the
transcription complex by other transcription factors. In fact, evidence indicates that
the super elongation complex (SEC) can also bind to P-TEFb (Lin et al., 2010; Lu et
al., 2016). Interestingly, members of the SEC have been observed to be upregulated
upon JQ1 treatment, suggesting a balancing mechanism in which SEC is upregulated

in response to BRD4 inhibition to rescue RNA Pol Il elongation (Decker et al., 2017).

Altogether, these data suggest the existence of a complementary and compensatory
relationship between CDK9 and BRD4 to ensure transcriptional elongation.
Consistent with this, BET inhibitors have been shown to synergise with CDK9

inhibitors (Baker et al., 2015; Moreno et al., 2017). The work presented here
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demonstrates that the concomitant inhibition of CDK9 and BRD4, like that achieved
by Dinaciclib, results in a more broad sensitisation to TRAIL-induced apoptosis than
selective CDK9 inhibition. However, the exact mechanism as to why and how this
compensatory relationship between CDK9 and BRD4 differs between different

cellular systems remains to be explored.

4.4. KP mice treated with urethane could serve as a novel
iGEMM for NSCLC

Several lung cancer evolution studies over the last years have helped to investigate
the heterogeneous nature of human NSCLC (de Bruin et al., 2014). It is now well
established that both exogenous mutational processes such as smoking as well as
endogenous processes like the upregulation of APOBEC cytidine deaminases
contribute to the large mutational burden found in NSCLC (Lee et al., 2010;
Alexandrov et al., 2013; Roberts et al., 2013; Alexandrov et al., 2016). Currently
available mouse models of this disease, however, do not recapitulate this high tumour
burden. In fact, tumours from Kras-driven LAC GEMMs like the KP model used in this
thesis have been shown to contain dramatically lower mutational rates than their
human counterparts (Westcott et al., 2015; McFadden et al., 2016). As such, these
mouse models do not faithfully mimic the human disease. This is particularly relevant
for the development of immunotherapies since it has been demonstrated that tumours
with increased tumour mutational burden present more neoantigens and, thereby, are

more immunogenic (Rizvi et al., 2015; Hellmann et al., 2018).

In order to overcome the aforementioned limitations of current GEMMs of NSCLC, it
was hypothesised that the combination of the carcinogen urethane with the KP mouse
model would lead to the development of tumours with an increased mutational
burden, mimicking the human disease closer. The preliminary results obtained in this
thesis show that treatment of KP mice with urethane both before and after the
initiation of the tumours results in increased tumour burden (Figures 3.37 and 3.39).
Whole exome sequencing will be next performed in those tumour samples with the
aim of quantifying the mutations arising in each model. Furthermore, the tumours will
also be immune-profiled in order to determine their immune infiltration. In accordance

with their low mutational burden, current KP models have been shown to be poorly
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infiltrated with T cells and, consequently to be resistant to ICB (DuPage et al., 2011;
Lastwika et al., 2016; Pfirschke et al., 2016; Akbay et al., 2017). On the basis of the
hypothesis presented here, KP mice treated with urethane should contain a bigger
mutational burden and hence, contain more tumour infiltrating lymphocytes and show

some response to ICB therapy.

Although the current hypothesis in the immunotherapy field is, as mentioned above,
that tumours with increased tumour burden are more immunogenic, recent reports
have questioned this direct correlation. Tumours containing similar levels of
mutational burden have been shown to exhibit variable immune responses (Rooney
et al., 2015), while some cancer with low mutational burden still respond to ICB (Miao
et al., 2018). Moreover, Hugo and colleagues reported that tumour mutational burden
could not reliably predict the response to anti-PD-1 therapy in melanoma patients,
suggesting that additional factors contribute to T cell reactivity (Hugo et al., 2016).
Interestingly, the intratumour heterogeneity, defined as the tumour clonal diversity,
has been also associated with tumour immune surveillance. In fact, low intratumour
heterogeneity, with a higher clonal neoantigen burden, has been correlated with the
response to ICB as well as with improved survival of the patients (McGranahan et al.,
2016; McDonald et al., 2019; Rosenthal et al., 2019; Wolf et al., 2019). Consequently,
it would be interesting to analyse distinct tumour nodules arising in different locations
of the lung and compare them to each other to determine the effect of urethane in the

tumour heterogeneity.

4.5. Summary and outlook

Cancer cell resistance to TRAIL-induced apoptosis limits the application of TRAIL-R
agonists, which will likely only be effective in combination with a potent TRAIL
sensitiser. On the basis of the results presented in this thesis, | propose Dinaciclib as
a powerful therapeutic agent to overcome TRAIL resistance. Indeed, the data shown
here demonstrate the anti-cancer activity of the combination of TRAIL and Dinaciclib
in many solid tumour types including, importantly, chemotherapy- and targeted

therapy resistant cancer cells.

Interestingly, | show that Dinaciclib is a more powerful sensitiser to TRAIL-induced

apoptosis than previously tested CDK9 inhibitors like SNS-032. Crucial for its broad
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applicability, Dinaciclib seems to inhibit BRD4 in addition to CDK9, which allows the

inhibition of transcriptional elongation in a wide range of cellular types.

Although Dinaciclib shows single-agent activity in some tumour types, it has been
reported to not be effective in many others (Hossain et al., 2018). Similarly, it has not
shown any clinical benefit in clinical trials in solid tumours yet (Stephenson et al.,
2014). In contrast, | have observed anti-tumour activity by the combined treatment of
TRAIL and Dinaciclib in all the tumour types tested to date. Furthermore, it has beene
shown in this thesis that this novel synergistic therapy is effective in vivo in mouse
models of NSCLC, making it a promising therapeutic option for these patients.
Consequently, | propose the clinical testing of TRAs in combination with Dinaciclib in
patients with NSCLC.

In addition to sensitising cancer cells to TRAIL-induced apoptosis, this novel therapy
seems to also elicit anti-tumour effects via the tumour immune microenvironment. The
results obtained in this thesis, together with those of others, suggest that Dinaciclib
requires the function of the adaptive immunity for its anti-tumour activity. Based on
these data, | hypothesise that the combination of TRAs and Dinaciclib could synergise
with ICB. Yet, this warrants further investigation. Of note, the iGEMMs that are
currently under development as explained in this thesis, will be of much use for the

testing of this hypothesis.

In order to take the combination of TRAs with Dinaciclib into the clinic, it would be
important to find which patients are most likely to benefit from this therapy. As
explained in the introduction, TRAIL exerts pro-tumourigenic functions both in a
cancer cell-autonomous manner and by promoting a tumour-supportive immune
microenvironment (von Karstedt et al., 2015; Hartwig et al., 2017). Thereby, although
it seems opposing to the therapeutic strategy proposed in this thesis, the blockade of
the TRAIL/TRAIL-R system could be beneficial in some cancers. Further work is
needed to find biomarkers that can determine with patients should be treated with a

TRAIL-R agonist- or antagonist-based therapy.
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