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Abstract 

Targeted therapies have had a great impact on the management of oncogene-driven non-small cell 

lung cancer, where a subset of lung adenocarcinomas is driven by the EML4-ALK translocation. 

While ALK inhibitors such as crizotinib or alectinib lead to excellent initial responses in the clinic, 

the majority of patients show disease progression due to the development of acquired resistance. 

Mutations in the ALK kinase domain occur in a significant percentage of patients and lead to poor 

ALK inhibition and therefore, drug resistance. Parallel pathway alterations also significantly 

contribute to the development of acquired resistance. In this thesis, the aim was to gather new 

insight into the mechanisms of development of resistance, as well as evaluate the role of non-

coding RNAs in differential drug response.  

EML4-ALKmut cell lines treated long-term with ALK inhibitors were used as models of acquired 

resistance. Data from RNA sequencing & subsequent protein analysis evidenced an upregulation of 

CDK1, CDK6, cyclin B1, and cyclin E1. Treatment of cells with the pan-CDK inhibitors alvocidib and 

dinaciclib, as well as the CDK7/12 inhibitor THZ1 led to decreased cell proliferation as well as 

induction of apoptosis. Furthermore, there was specificity of these compounds for EML4-ALK cells 

compared with normal epithelial cells or compared with other lung cancer cell lines of different 

genetic background. Mechanistically, apoptosis was evidenced through the downregulation of the 

anti-apoptotic proteins Survivin and MCL-1, initiated by transcriptional inhibition. These data were 

translated in vivo, where treatment of a mouse xenograft model of crizotinib & alectinib resistance 

with alvocidib led to delayed tumour growth.  

In addition, the role of the non-coding genome was examined. Through transcriptomic analysis, it 

was found that crizotinib-resistant cells exhibit upregulation of the oncogenic miR-25 and miR-30c 

and the tumour suppressing miR-149 and miR-103. It was further shown that CDK6 is an indirect 

target of miR-149 and a direct target of miR-103. The upregulation of miR-25 and miR-30c was 

clinically relevant since some patients who developed resistance to ALK inhibitors in the clinic had 

increased levels of circulating miR-25 and miR-30c in their plasma.  

Taken together, these results suggest a multifactorial development of resistance to ALK inhibitors, 

which can be targeted by exploiting a vulnerability of EML4-ALKmut cells to transcriptional inhibition. 

Through these findings, clinical testing of CDKi compounds could lead to the addition of new 

therapeutics to the armamentarium intended for a cohort of patients with very limited treatment 

options.   
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miR-106b Taqman Probe 000442 Applied Biosystems 

miR-103 Taqman Probe 000439 Applied Biosystems 

miR-149-5p Taqman Probe 002255 Applied Biosystems 

miR-182 Taqman Probe 002334 Applied Biosystems 

miR-200c Taqman Probe 002300 Applied Biosystems 

miR-205 Taqman Probe 000509 Applied Biosystems 

miR-221 Taqman probe 000524 Applied Biosystems 

miR-222 Taqman probe 002276 Applied Biosystems 

miR-330-3p Taqman Probe 002230 Applied Biosystems 

miR-345-5p Taqman Probe 002186 Applied Biosystems 

miR-381 Taqman Probe 000571 Applied Biosystems 

miR-3065-5p Taqman Probe 242265_mat Applied Biosystems 

TRANSFECTION OLIGOS & REAGENTS 
CATALOG 

NUMBER 
COMPANY 

Dharmafect-1 T-2001-01 Dharmacon 

Optimem 11058-021 Gibco 

Lipofectamine 2000 11668-027 Invitrogen 

Lipofectamine RNAiMax 13778-075 Invitrogen 

Silencer siRNA negative control #1 4390843 Ambion 

PLK1 positive control siRNA 4390824 Ambion 

miRNA mimic negative control #1 4464058 Ambion 

ath-miR-159a spike-in MC10332 Ambion 

miR-17-5p mimic MC12412 Ambion 

miR-18a-5p mimic MC12973 Ambion 

miR-19b-1-3p mimic MC10629 Ambion 

miR-20a-5p mimic MC10057 Ambion 

miR-23b mimic MC10711 Ambion 

miR-24 mimic MC10737 Ambion 

miR-25-3p mimic MC10584 Dharmacon 

miR-27b mimic MC10750 Ambion 

miR-30c precursor PM11060 Ambion 

miR-103a-3p mimic MC10632 Ambion 

miR-149-5p mimic MC12788 Ambion 

miR-205-5p mimic MC11015 Ambion 

miR-221-3p precursor PM10337 Ambion 

miR-222-3p precursor PM11376 Ambion 

miR-345-5p mimic MC12733 Ambion 

miR-3065-5p mimic MC18328 Ambion 

miRIDIAN microRNA Hairpin Inhibitor 

Negative Control #1 

IN-001005-

01-05 
Dharmacon 

miR-19b hairpin inhibitor 
IH-300489-

05-0005 
Dharmacon 

miR-25-3p hairpin inhibitor 
IH-300498-

07-0002 
Dharmacon 

miR-30c-5p hairpin inhibitor 
IH-300541-

05-0002 
Dharmacon 

miR-30a-5p hairpin inhibitor 
IH-300505-

05-0002 
Dharmacon 
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miR-221-3p hairpin inhibitor 
IH-300578-

07-0002 
Dharmacon 

Non target #3 siRNA 
D-001810-03-

05 
Dharmacon 

BCL2L11 (Bim) smartpool siRNA E-004383-00 Dharmacon 

PIAS3 smartpool siRNA L-004164-00 Dharmacon 

STAT3 smartpool siRNA 
L-003544-00-

0005 
Dharmacon 

EGFR smartpool siRNA 
L-003114-00-

0005 
Dharmacon 

CDK1 smartpool siRNA 
L-003224-00-

0005 
Dharmacon 

CDK2 smartpool siRNA 
L-003236-00-

0005 
Dharmacon 

CDK6 siRNA 551 Ambion 

CDK7 smartopool siRNA 
L-003241-00-

0005 
Dharmacon 

CDK9 smartpool siRNA 
L-003243-00-

0005 
Dharmacon 

CDK12 smarpool siRNA 
L-004031-00-

0005 
Dharmacon 

CCNB1 4x siRNA GS891 Qiagen 

All star negative control siRNA 1027280 Qiagen 

c-FOS 4x siRNA GS2353 Qiagen 

MCL-1 4X siRNA GS4170 Qiagen 

c-IAP2 (BIRC3) smartpool siRNA 
L-004099-00-

0005 
Dharmacon 

STAT5A 4x siRNA GS6776 Qiagen 

GapMer Negative Control 

339515 

LG00000002-

DDA 

Qiagen 

GapMers 
custom 

design 
Qiagen 

COMPOUNDS 
CATALOG 
NUMBER 

COMPANY 

Crizotinib S1068 Selleck 

Crizotinib in vivo HY-50878 MedChemExpress 

Ceritinib (LDK-378) S7083 Selleck 

Alectinib S2762 Selleck 

Volasertib S2235 Selleck 

Galunisertib S2230 Selleck 

Palbociclib S1116 Selleck 

Alvocidib S1230 Selleck 

Alvocidib in vivo HY-10005 MedChemExpress 

THZ1 S7549 Selleck 

THZ1 in vivo HY-80013 MedChemExpress 

Erlotinib S7786 Selleck 

Osimertinib S7297 Selleck 

Dinaciclib S2768 Selleck 

Dinaciclib in vivo HY-10492 MedChemExpress 

Actinomycin D A1410-2MG Sigma 

Lorlatinib HY-12215 MedChemExpress 

S63845 HY-100741 MedChemExpress 
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JQ1 A1910 APEXbio 

VARIOUS CHEMICALS 
CATALOG 

NUMBER 
COMPANY 

DMSO D2650 Sigma-Aldrich 

Crystal Violet 0.5% staining solution 32909 Sigma-Aldrich 

Formaldehyde solution 37% 252549 Sigma-Aldrich 

PEG300 202371-500G Sigma-Aldrich 

CELL CULTURE REAGENTS 
CATALOG 

NUMBER 
COMPANY 

T25 flasks 3056 Corning 

T75 flasks 430641 Corning 

RPMI 1640 21875-034 Gibco 

Fetal Bovine Serum 270106 Gibco 

DMEM 11995-065 Gibco 

Trypsin-EDTA 0.05% 25300054 Gibco 

Opti-MEM™ I Reduced Serum Medium 11058021 Gibco 

Matrigel reduced growth factor 354230 Corning 

DNA PREPARATION & CLONING 
CATALOG 
NUMBER 

COMPANY 

DH5a competent cells 18265-017 Invitrogen 

One-shot TOP 10 competent cells C4040-06 Invitrogen 

UltraPure Agarose 16500500 Invitrogen 

SYBR Safe DNA gel stain S33102 Invitrogen 

T4 DNA ligase 15224-017 Invitrogen 

Quick-Load 2-Log DNA Ladder(0.1-10.0 kb) N0469S New England Biolabs 

Gel loading dye (Purple) B7024S New England Biolabs 

Quickchange II XL Site-Directed 

mutagenesis kit 
200522 Agilent 

Q5 High-Fidelity 2X Master Mix M0492S New England Biolabs 

KaPa High Fidelity Hot Start Ready Mix KK2601 Roche 

Human genomic DNA G3041 Promega 

PureLink™  HiPure Plasmid DNA Purification 

Kit 
K2100-02 Thermo Fisher Scientific 

BglII FastDigest FD0083 Thermo Fisher Scientific 

BshTI FastDigest FD1464 Thermo Fisher Scientific 

FastAP Alkaline Phosphatase EF0654 Thermo Fisher Scientific 

HindIII FastDigest FD0504 Thermo Fisher Scientific 

KpnI FastDigest FD0524 Thermo Fisher Scientific 

MluI FastDigest FD0564 Thermo Fisher Scientific 

NotI FastDigest FD0593 Thermo Fisher Scientific 

PstI FastDigest FD0614 Thermo Fisher Scientific 

XbaI FastDigest FD0684 Thermo Fisher Scientific 

Dynabeads™ Protein G for 
Immunoprecipitation 

10004D Thermo Fisher Scientific 

KITS & ASSAYS 
CATALOG 

NUMBER 
COMPANY 

CellTiter 96®AQueous Non-Radioactive 

Cell Proliferation Assay 
G5421 Promega 

Dual-Luciferase® Reporter Assay System E1960 Promega 

FxCycle™ PI/RNase Staining Solution F10797 Molecular Probes 
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TACS Annexin V-FITC Kit 4830-01-K Trevigen 

miRNeasy Serum/Plasma Kit 217184 Qiagen 

Qiaprep spin mini-prep kit 27106 Qiagen 

Qiaprep Plasmid Midi Kit 12143 Qiagen 

PCR purification kit 28104 Qiagen 

Gel extraction kit 28704 Qiagen 

   

ANTIBODIES 
CATALOG 

NUMBER 
COMPANY 

Phospho-ALK (Tyr1604) Antibody 3341 Cell Signaling 

ALK (D5F3®) XP® Rabbit mAb 3633 Cell Signaling 

Anti-BMF RabMab ab181148 Abcam 

Bim (C34C5) Rabbit mAb 2933 Cell Signaling 

BID Antibody (Human Specific) 2002 Cell Signaling 

Mcl-1 (22) sc-12756 Santa Cruz Biotechnology 

Ras (D2C1) Rabbit mAb 8955 Cell Signaling 

Anti-STAT3 (phospho Y705) antibody 

[EP2147Y] 
ab76315 Abcam 

Stat3 (124H6) Mouse mAb 9139 Cell Signaling 

PIAS3 (D5F9) XP®  Rabbit mAb 9042 Cell Signaling 

Met (C-12) sc-10 Santa Cruz Biotechnology 

PDGF Receptor a Antibody 3164 Cell Signaling 

PDGF Receptor b (28E1) Rabbit mAb 3169 Cell Signaling 

DUSP6 monoclonal antibody (M01) clone 
3G2 

H00001848-
M01 

Abnova 

Akt (5G3) Mouse mAb 2966 Cell Signaling 

Phospho-Akt (Ser473) (D9E) XP® Rabbit 

mAb 
4060 Cell Signaling 

NF-κB p65 (L8F6) Mouse mAb 6956 Cell Signaling 

Phospho-NF-κB p65 (Ser536) (93H1) Rabbit 
mAb 

3033 Cell Signaling 

Anti-CDK1 antibody [A17] ab18 Abcam 

Cdk2 (78B2) Rabbit mAb 2546 Cell Signaling 

Cdk4 antibody [EPR4513-54-3] ab108355 Abcam 

CDK6 (D4S8S) Rabbit mAb 13331 Cell Signaling 

Cdk7 sc-7344 Santa Cruz Biotechnology 

CDK9 [EPR3119Y] ab76320 Abcam 

Anti-p21 antibody [EPR362] ab109520 Abcam 

PARP (46D11) Rabbit mAb 9532 Cell Signaling 

Anti-ERK1 + ERK2 antibody [EPR17526] ab184699 Abcam 

Phospho-p44/42 MAPK (Erk1/2) 

(Thr202/Tyr204) Antibody 
9101 Cell Signaling 

c-IAP2 (58C7) 3130 Cell Signaling 

p-EGFR Antibody (Tyr 1173) sc-12351 Santa Cruz Biotechnology 

SOCS1 (A156) Antibody 3950 Cell Signaling 

SOCS3 Antibody 2923 Cell Signaling 

Cyclin B1 (D5C10) XP®  Rabbit mAb 12231 Cell Signaling 

Cyclin E1 (HE12) Mouse mAb 4129 Cell Signaling 

c-Myc Antibody 9402 Cell Signaling 

Anti-TGF beta Receptor I antibody ab31013 Abcam 
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Anti-TGF beta Receptor II antibody 
[EPR14673] 

ab184948 Abcam 

Vimentin (D21H3) XP®  Rabbit mAb 5741 Cell Signaling 

Anti-rabbit IgG, HRP-linked Antibody 7074 Cell Signaling 

Anti-rabbit IgG, peroxidase-linked species-

specific whole antibody (from donkey) 
NA 934 Amersham 

Anti-mouse IgG, HRP-linked Antibody 7076 Cell Signaling 

β-Actin (C4) sc-47778 Santa Cruz Biotechnology 

α-Tubulin (11H10) Rabbit mAb 2125 Cell Signaling 

GAPDH (14C10) Rabbit mAb 2118 Cell Signaling 

Human Apoptosis Antibody Array - 

Membrane (43 Targets) 
ab134001 Abcam 

Anti-STAT5a antibody [E289] ab32043 Abcam 

Anti-c-Fos antibody ab190289 Abcam 

Anti-Survivin antibody [EP2880Y] ab76424 Abcam 

Anti-Axl antibody [EPR21107] ab215205 Abcam 

Anti-RNA polymerase II CTD repeat 

YSPTSPS (phospho S2) 
ab193468 Abcam 

Anti-RNA polymerase II total ab140509 Abcam 

Cleaved Caspase-3 (Asp175) 9661 Cell Signaling 

Anti-RNA polymerase II Total chip-grade C15200004 Diagenode 

PRIMERS 
 

SEQUENCE 

Sequencing 
  

ALK_TK_FW 5'- TACAACCCCAACTACTGCTTTGCT 

ALK_TK_REV 5'- AGGCACTTTCTCTTCCTCTTCCAC 

Cloning 
  

FW_mir-17-92 5'- 
TTTCTTCCCCATTAGGGATTATGCT

G 

REV_mir-17-92 5'- 
CCCCAAAAGTGAAATGTTTTTGAAT

G 

Bim_19_FW 5'- 
ACT TCTAGA TAA GTA ACT TGA 

CTA CTT TTA TTT GGG 

Bim_19_REV 5'- 
ACT TCTAGA GTT TAA AAA TCT 

GCA GTT ATT TAC AGC 

PIAS3_18_FW 5'- 
ACTTCTAGACTCATGGCCCTGTAGT

TA 

PIAS3_18_REV 5'- 
ACTTCTAGACAACCTTTATTATGGG

TGAGAG 

PUMA_221_FW 5'- 
TAAGCACCGGTCCTCCCACCTCCTG

ACACCCT 

PUMA_221_REV 5'- 
TGCTTCTGCAGCTGAGTCCATCAG

CCGTCCCTCTC 

CDK6 103 WT 1st FW 5'- 
TAAGC 

ACCGGT  TTAAGCTGATCCTGCGG

AGAAC 

CDK6 103 WT 1st REV 5'- 
TGCTT 

CTGCAG   TAACTCAGCTGTGCCTG

GATTAC 

CDK6 103 WT 2nd FW 5'- 
TAAGC 

ACCGGT  GTGCTCAGTTGGCTCTA

GTAA 

CDK6 103 WT 2nd REV 5'- 
TGCTT 

CTGCAG  TTGTATGGCCCATCTCC

TTTAT 

CDK6 103 1st MUT FW 5'- ATTTGATTTTTCTAACCTTGACAGT
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GTGGAGTGGGTAATCC 

CDK6 103 1st MUT REV 5'- 
GGATTACCCACTCCACACTGTCAAG

GTTAGAAAAATCAAAT 

CDK6 103 2nd MUT FW 5'- 
GATTTTCAAAGAATGGAGGTCTCA

GAAAATAATTCAGATC 

CDK6 103 2nd MUT REV 5'- 
GATCTGAATTATTTTCTGAGACCTC

CATTCTTTGAAAATC 

CDK6_149_FW 5'- 
TAAGCACCGGTGCAAACCTAACAG

GGTCACATA 

CDK6_149_REV 5'- 
TGCTTCTGCAGCTAGAGCCAACTG

AGCACTAAAC 

CCNE1 103 WT FW 5'- 
TAAGC 

ACCGGT  CCCATCCTTCTCCACCAA

AGA 

CCNE1 103 WT REV 5'- 
TGCTT 

CTGCAG  GGCATTGTACACTGTCA

ACTGATAA 

lncRNA cloning 
  

AC144831.1 XbaI FW 5'- 
TAAGCA 

TCTAGA  CCCAGTCCAGCCTCCCTA

CT 

AC144831.1 NotI REV 5'- 
TGCTTA 

GCGGCCGC TTGAATAGAAGATCCA

GTGACTAGTGAG 

RP11-1275H24.1 XbaI FW 5'- 
TAAGCA 

TCTAGA ATTCCCGCTTTCCCCA 

RP11-1275H24.1 NotI REV 5'- 
TGCTTA 

GCGGCCGC TTATTTTTATAAATGT

TTAATGTTTTCACC 

RP11-367H1.1 XbaI FW 5'- 
TAAGCA 

TCTAGA GCAAATCCCATGCCATTT

TATACAAGAG 

RP11-367H1.1 NotI REV 5'- 
TGCTTA 

GCGGCCGC TTGGATTATCAAAGCT

TTATTCACGTTTGT 

RT-qPCR 
  

Housekeeping 
  

β-Actin FW 5'- 
TGACATTAAGGAGAAGCTGTGCTA

C 

β-Actin REV 5'- GAGTTGAAGGTAGTTTCGTGGATG 

GAPDH FW 5'- ATGTTCGTCATGGGTGTGAA 

GAPDH REV 5'- TGTGGTCATGAGTCCTTCCA 

B2M FW 5'- CCAGCGTACTCCAAAGATTCA 

B2M REV 5'- TGGATGAAACCCAGACACATAG 

TUBB FW 5'- GGAATGGGCACTCTCCTTATC 

TUBB REV 5'- GGCACCACACTGAAGGTATT 

lncRNAs 
  

AC005355.2 2nd FW 5'- TCTAGCTGACCTTGAGACCTAT 

AC005355.2 2nd REV 5'- GAAGCAAAGTGCTGCTCATAAA 

MANCR_FW_Paper 5'- TGTTGGAGGATACCTGTGCAT 

MANCR_REV_Paper 5'- TGCCATTCCCAGATTGTGGAG 

AC144831.1_FW 5'- CAGCATTTGACACGGAATCG 

AC144831.1_REV 5'- CCTCCCTGACAGTGTGATTT 

CTD-2292M16.8_FW 5'- CCTCTCTGCCACCATGAATAAA 
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CTD-2292M16.8_REV 5'- CCTTTGGGCATTGCCTTTG 

CTD-2587M2.1_FW 5'- CTCCTGGTCTCCCTAAACATAATC 

CTD-2587M2.1_REV 5'- CAACGCTGGAAGCAAAGTAAA 

LINC00482_FW 5'- CATGGCCAGACGGGATTC 

LINC00482_REV 5'- AGGGAGATGGACTCGAAGG 

LINC00607_FW 5'- CTTCTTGGCATCTGACACTTGG 

LINC00607_REV 5'- TGCCTGCCCTCTGGAAA 

RP11-7K24.3_FW 5'- GGGTTGTTGGGAGGATAGTATG 

RP11-7K24.3_REV 5'- CCTGTCCTGCAACAGCTTAT 

RP11-367H1.1_FW 5'- CGTGTGGGTCCTGTAACG 

RP11-367H1.1_REV 5'- CCCTACTCATGTTACGAGCTTAAT 

RP11-563J2.2_FW 5'- CCAGCACGGTTGAGAACTATT 

RP11-563J2.2_REV 5'- TTCAGTCCCTACCAGCATCT 

RP11-1038A11.1_FW 5'- CAATTCCTCACTCCTTGCTACTC 

RP11-1038A11.1_REV 5'- GGTGTCTCCTCCCATTCAGATA 

RP11-1275H24.1_FW 5'- GGCTGCGGCCATAAATCT 

RP11-1275H24.1_REV 5'- GTTCCCTGCGCAGTCTC 

Genes 
  

Bim qPCR FW 5'- CAGGCCTTCAACCACTATCTC 

Bim qPCR REV 5'- AACTCTTGGGCGATCCATATC 

Bid qPCR FW 5'- CCTACCCTAGAGACATGGAGAA 

Bid qPCR REV 5'- GGTGCGTAGGTTCTGGTTAATA 

Mcl-1 qPCR FW 5'- GAAAGCTGCATCGAACCATTAG 

Mcl-1 qPCR REV 5'- AGAACTCCACAAACCCATCC 

Survivin qPCR FW 5'- ACTTGGCCCAGTGTTTCTT 

Survivin qPCR REV 5'- CCTCCCAAAGTGCTGGTATT 

SMAC qPCR FW 5'- CGCAGATCAGGCCTCTATAAC 

SMAC qPCR REV 5'- CCAGCTTGGTTTCTGCTTTC 

AXL_v1_FW 5'- GTCCTCATCTTGGCTCTCTTC 

AXL_v1_REV 5'- GACTACCAGTTCACCTCTTTCC 

LOX_v1_FW 5'- TACCCAGCCGACCAAGATA 

LOX_v1_REV 5'- TGGCATCAAGCAGGTCATAG 

SNAI2_refseq_FW 5'- AACTACAGCGAACTGGACAC 

SNAI2_refseq_REV 5'- GAGGATCTCTGGTTGTGGTATG 

VIM_refseq_FW 5'- GATTCACTCCCTCTGGTTGATAC 

VIM_refseq_REV 5'- GTCATCGTGATGCTGAGAAGT 

APAF1_FW 5'- GGACGACAGCCATTTCCTAATA 

APAF1_REV 5'- GCAGCTTAGCTTGCTGATAAAC 

BAK_FW 5'- ACCCAGAGATGGTCACCTTA 

BAK_REV 5'- GTCATAGCGTCGGTTGATGT 

BAX_FW 5'- GTCACTGAAGCGACTGATGT 

BAX_REV 5'- CTTCTTCCAGATGGTGAGTGAG 

CASP3_FW 5'- CTCTGGAATATCCCTGGACAAC 

CASP3_REV 5'- ACATCTGTACCAGACCGAGA 

CASP8_FW 5'- GTCTGTGCCCAAATCAACAAG 

CASP8_REV 5'- GAGTCCGAGATTGTCATTACCC 

CASP9_FW 5'- GTCGAAGCCAACCCTAGAAA 
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CASP9_REV 5'- CACCAAATCCTCCAGAACCA 

CYTOCHROME_C_FW 5'- GGAGAGGATACACTGATGGAGTA 

CYTOCHROME_C_REV 5'- GTCTGCCCTTTCTTCCTTCTT 

CDK1 FW 5'- GAGAAGGTACCTATGGAGTTGTG 

CDK1 REV 5'- CCCTTCCTCTTCACTTTCTAGTC 

CDK2 FW 5'- AGATGGACGGAGCTTGTTATC 

CDK2 REV 5'- CTTGGTCACATCCTGGAAGAA 

CDK6 FW 5'- TCACGAACAGACAGAGAAACC 

CDK6 REV 5'- CTCCAGGCTCTGGAACTTTATC 

CDK7 FW 5'- AGCAGGAGACGACTTACTAGAT 

CDK7 FW 5'- CCTGGCCGATTACTGAAATACT 

CDK9 FW 5'- TGGGCTGTTGAGCAATGT 

CDK9 REV 5'- GATGTAGTAGAGGCCGTTAAGC 

CDK12 FW 5'- GCTGAATAACAGTGGGCAAATC 

CDK12 REV 5'- AGGTCGGTACCACAAAGTAATG 

CCNB1 FW 5'- GATGCAGAAGATGGAGCTGAT 

CCNB1 REV 5'- TCCCGACCCAGTAGGTATTT 

CCNE1 FW 5'- CGGTATATGGCGACACAAGAA 

CCNE1 REV 5'- GGTGCAACTTTGGAGGATAGA 
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2 Methods 

2.1 Cell culture 

HEK293T and A549 cells were a kind gift from Dr John Brognard. H1299 and Beas-2B cells were a 

kind gift from Prof. Angeliki Malliri. HBEC, H2228 and H460 cells were purchased from ATCC. The 

following cell sources have been described before; H3122 [2], STE-1 [3], PC-9 and isogenic clones 

[4] and H1975 and isogenic clones [4]. H3122 and STE-1 parental cells were STR-profiled upon 

receipt and found to be free of contamination with another line. All cell lines were routinely 

monitored for mycoplasma contamination using an in-house Core Facility service. 

2.1.1 Maintenance 

All cell lines were maintained at 37°C, 5% CO2 in a humidified incubator. HEK293T cells were 

maintained in DMEM with 1g/l glucose (Gibco) + 10 % Fetal Bovine Serum (Gibco). HBEC cells 

were maintained in Airway Epithelial Cell Basal Medium (ATCC) combined with a Bronchial 

Epithelial Cell Growth kit (ATCC). H2228, H3122 parental, H3122 CrizR1, H3122 CrizR4, H3122 

CrizR5, H3122 CeritR, STE-1 parental, STE-1 AlecR, PC-9 parental, PC-9 OsimR, PC-9 ErlotR, H1975 

parental , H1975 OsimR, A549, H1299 and H460 cell lines were cultured in RPMI-1640 medium 

supplemented with 10% FBS. Cells were grown in standard T75 flasks to 80-90% confluence and 

passaged 2 times a week. For the passage procedure, cells were briefly rinsed with PBS to remove 

traces of serum. Then 0.05% Trypsin-EDTA solution was added until cell detachment was observed 

and was subsequently inactivated by the addition of complete growth medium and the appropriate 

volume of cells was transferred to a new T75 flask. Cells were expanded, frozen and the stocks 

were verified to be mycoplasma free by PCR-based detection (MBCF Core Facility) and by DNA 

staining followed by microscopic observation. Cells in culture were discarded after 15 passages and 

frozen cells from the same stock were thawed to ensure reproducibility of experiments.  

2.1.2 Frozen stocks 

Cells from multiple flasks were harvested during the exponential growth phase by the standard 

passaging procedure. The cells suspensions were pooled in a single tube and centrifuged at 200 x 

g for 5 minutes. The cell pellet was then re-suspended in complete growth medium supplemented 

with 10% FBS and 10% DMSO and transferred in cryogenic tubes. Cells were maintained for short 

term storage at -80°C and for long term storage at ~ -175°C in the vapour phase of liquid 

nitrogen. 

2.1.3 Thawing 

For recovering frozen stocks, cryogenic tubes were rapidly thawed in a 37°C water bath, then the 

contents of the tube were transferred in 9ml of pre-warmed complete growth medium and 

centrifuged at 125 x g for 5 minutes. The cell pellet was re-suspended in 1 ml of complete growth 

medium and transferred to a T25 flask. 
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2.2 Generation of drug-resistant cell lines 

In collaboration with Dr Christine Lovly, NCI-H3122 cells were exposed to increasing concentrations 

of ALK inhibitors until cells could tolerate >500 nM. By that method, the clones that were 

generated were named CrizR1, CrizR4, CrizR5 (crizotinib resistant), and CeritR (ceritinib resistant). 

STE-1 cells were exposed to increasing concentrations of alectinib until cells could proliferate in the 

presence of at least 500nM alectinib. PC-9 ErlotR/OsimR and H1975 OsimR have been described 

before [4]. All the drug-resistant cell lines used can be found in (Table 1). 

Specifically, EML4-ALKmut or EGFRmut  parental cells were exposed in different flasks to a 

concentration of the primary inhibitor that was enough to inhibit the proliferation of 50% of the 

cells (IC50). After cells had adapted to this concentration and became confluent again, the cells 

were exposed to a 20% higher concentration of the drug (without being passaged to a new flask). 

Again, on confluence, the concentration was similarly increased, until the cells could tolerate more 

than 500nM ceritinib or alectinib or more than 1uM of crizotinib, erlotinib or osimertinib. Then cells 

were expanded, and if multiple flasks were grown, indicated as different number clones and 

sequenced for the ALK kinase domain. On-kinase domain mutations were detected in some of the 

clones that were not used in this study, for example, the F1174L mutation in a ceritinib-resistant 

clone.  

Table 1: All oncogene-driven, drug-resistant cell lines used in this thesis separated by 

driver oncogene, primary inhibitor & potential kinase domain mutations. 

Cell line 
Growth 
medium 

Driver oncogene Inhibitor used 
Kinase domain 

mutations 

H3122 RPMI EML4-ALK (E13;A20) - - 

H3122 
CrizR1 

RPMI EML4-ALK (E13;A20) 1uM crizotinib None detected 

H3122 
CrizR4 

RPMI EML4-ALK (E13;A20) 1uM crizotinib None detected 

H3122 
CrizR5 

RPMI EML4-ALK (E13;A20) 1uM crizotinib None detected 

H3122 
CeritR 

RPMI EML4-ALK (E13;A20) 
500nM 

ceritinib 
None detected 

STE-1 RPMI EML4-ALK (E13;A20) - - 

STE-1 
AlecR 

RPMI EML4-ALK (E13;A20) 
500nM 

alectinib 
None detected 

          

PC-9 RPMI 
EGFR (exon19del E746–

A750) 
- - 

PC-9 ErlotR RPMI 
EGFR (exon19del E746–

A750) 
1uM erlotinib T790M 

PC-9 OsimR RPMI 
EGFR (exon19del E746–

A750) 
1uM 

osimertinib 
Not tested 

H1975 RPMI  EGFR (L858R/T790M) - - 

H1975 
OsimR 

RPMI  EGFR (L858R/T790M) 
1uM 

osimertinib 
T790M 

2.3 Transfection 

2.3.1 Transfection of miRNA mimics or anti-miRs 

MiRNA mimics or miRNA inhibitors (Ambion) were transfected at 100 nM final concentration using 

Lipofectamine 2000 reagent. For a 60mm cell culture-treated dish, cells were plated at various 
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densities and transfected after 24 hours. 7.5 ul of Lipofectamine 2000 was mixed with 500 ul of 

Optimem serum-free medium and complexed with another mix containing 500 ul Optimem with 

100 nM of mimic/inhibitor. The transfection reagent and the oligonucleotides were complexed for 

20 minutes at room temperature (RT, 15-25 °C) and added with an additional 1 ml of Optimem to 

the dish. Reagent volumes were adjusted accordingly for different dish sizes. The effects after 

overexpression or inhibition of miRNAs were analysed at least 48 hours after transfection. 

2.3.2 Transfection of siRNA 

SiRNA oligonucleotides were obtained from either Qiagen, Ambion or Dharmacon and can be found 

in the ‘Materials’ section. SiRNA concentration was optimized according to the individual targets at 

a final concentration of 25-100nM. SiRNA was transfected using Lipofectamine 2000 reagent or 

Lipofectamine RNAiMAX. SiRNA effects were assessed at least 48 hours after transfection. 

2.3.3 Transfection of Gapmers 

Locked Nucleic Acid Gapmers were custom-made and purchased from Qiagen. Gapmers were 

transfected at 50nM using Lipofectamine RNAiMAX. Gapmer effects were assessed 48 hours after 

transfection. 

2.4 Preparation of cell lysates 

Cells were rinsed with ice-cold PBS and detached from the dish with a cell scraper. Cells were 

pelleted by centrifugation at 500 x g, 5 minutes at 4°C. The pellet was then re-suspended in RIPA 

lysis buffer (Sigma-Aldrich) supplemented with complete Protease Inhibitor and anti-phosphatase 

PhosSTOP Cocktail Tablets (Roche). The cell lysate was incubated on ice for 20 minutes with 

intermittent vortexing. The lysate was centrifuged at 13,000 x rpm for 10 minutes and 4°C. The 

supernatant was removed, stored at -80°C and protein concentration was quantified with the use 

of a Pierce BCA Protein Assay kit (Thermo Scientific) according to the manufacturer’s instructions. 

2.5 Western blot analysis 

30-50 μg of protein extracts were subjected to SDS-PAGE, using either 4-12% Bis-Tris or 3-8% 

Tris-Acetate Novex NuPage gels (Invitrogen) according to the manufacturer’s instructions. The 

separated proteins were transferred to a 0.45 μm PVDF membrane in a wet tank XCell II Blot 

Module, at 30V for 1.30 hour. The membrane was blocked in 5% non-fat dry milk in TBS-T (TBS 

1X, 0.1% v/v Tween 20) for 1 hour at RT. After blocking, the membrane was incubated overnight 

at 4°C with a primary antibody-containing buffer. Primary antibodies were diluted in either 5% 

non-fat dry milk in TBS-T or 5% BSA in TBS-T and used as mentioned in the ‘Materials – 

Antibodies’ section. After removing the primary antibody buffer, membranes were washed 3 times, 

for 5 minutes with TBS-T. Then the membrane was incubated with either 1:5000 anti-rabbit HRP 

(Amersham) or 1:10,000 anti-mouse HRP (Cell Signaling) for 1 hour at RT. Then, membranes were 

washed 3 times, for 5 minutes with TBS-T and sprayed with ECL reagent (Amersham). After 3 

minutes the chemiluminescence was captured with a Chemidoc Touch imager (Biorad). 
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2.5.1 Protein array blotting 

To profile changes in multiple proteins at once, a protein array was used. This array is a membrane 

that has blotted validated, primary antibodies against a variety of human proteins at 

predetermined positions in the membrane as well as loading controls. The one used in this thesis is 

an Abcam apoptotic array, which has blotted antibodies for 43 different apoptotic proteins. The 

membrane was blocked in blocking agent provided with the array kit, then 200ug protein extracts 

were hybridised O/N at 4°C. Then, the membrane was washed, incubated with signal amplifiers 

according to the manufacturer’s instructions and sprayed with ECL reagents. Luminescence was 

recorded in a Biorad Chemidoc instrument and quantified with the use of ImageJ. 

2.6 RNA isolation 

2.6.1 From cells 

Cells were rinsed with ice-cold PBS and detached from the dish with a cell scraper. Cells were 

pelleted by centrifugation at 500 x g, 5 minutes at 4°C and re-suspended in 1 ml Trizol reagent 

(Ambion). Then, 200 ul of chloroform were added in the Trizol and samples were vortexed to a 

homogenous mixture. To separate the phases, samples were centrifuged at 12,000 x g for 15 

minutes and 4°C, then the aqueous phase was transferred to a new tube. To precipitate the RNA, 

500 ul of RT isopropanol were added to the tube and incubated for 10 minutes at RT. The RNA 

pellet was isolated by centrifugation at 12,000 x g, 10 minutes at 4°C, then the pellet was washed 

3 x times with the addition of 75% ethanol followed by centrifugation at 7,500 x g, 5 minutes at 

4°C. The supernatant was discarded and the pellet was re-suspended in 40 ul nuclease-free H2O. 

The RNA concentration and quality were measured by absorbance at 260 nm using a NanoDrop 

One device (Thermo Scientific). Only RNA with A260/280 > 1.8 and A260/230 > 2 was considered of 

adequate quality and stored at -80°C.  

2.6.2 From blood samples 

All plasma samples were obtained with informed consent under the “Improving knowledge of 

treatment resistance in patients with lung cancer” clinical trial ethics. 

Blood samples were centrifuged at 1900 x g for 10 mins and 4°C. The upper (yellow) plasma 

phase was transferred to a new tube without disturbing the intermediate layer (containing white 

blood cells and platelets).  

Plasma was then centrifuged for 10 mins at 16,000 x g and 4°C. The supernatant was aliquoted in 

new tubes and stored frozen at –80°C. To extract RNA, a 200 ul plasma aliquot was thawed at 

room temperature (RT) and centrifuged at 16,000 x g for 5 mins and 4°C. The supernatant was 

incubated with 1ml of Qiazol RNA reagent. After incubating the samples for 5 mins with Qiazol, a 

synthetic RNA spike-in (ath-miR-159a) was added at 500pM. The sample was subsequently 

processed with the use of a miRNAEASY Serum/Plasma kit (Qiagen) according to the 

manufacturer’s instructions. 
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2.6.3 From mouse tumour samples 

Tumour pieces were snap-frozen in liquid nitrogen. Then, tumours were sliced in fine pieces with a 

scalpel and re-suspended in Trizol. The rest of the extraction was performed according to the 

Trizol protocol, as described above. 

2.7 Quantitative Reverse Transcription PCR 

2.7.1 MiRNA Taqman 

CDNA was synthesized from 10 ng of sample total RNA with the use of a Taqman MicroRNA 

Reverse transcription Kit (Applied Biosystems) and of a specific reverse transcription stem-loop 

primer (Applied Biosystems). 1 ul of the cDNA reaction was mixed with 0.5 ul of a Taqman probe 

(Applied Biosystems) and FastStart Universal Probe Master Mix (Roche) in a final volume of 10ul 

according to the manufacturer’s instructions. Each reaction was performed in triplicate, loaded into 

a 96 well plate and qPCR was performed in a Lightcycler 96 instrument (Roche). The PCR reaction 

consisted of 10 minutes pre-incubation at 95°C followed by 2 steps of 95°C for 15 sec and 60°C for 

60 sec for a total of 40 cycles. Cq values were then exported to an Excel spreadsheet and relative 

expression was normalized to U6 or RNU48 with the use of the 2-ΔΔCT method [5]. 

2.7.2 Gene-specific SYBR green 

Depending on the expression levels of the studied transcript, 50-400 ng of RNA were used as a 

template for cDNA synthesis using the Verso cDNA kit (Molecular Probes) using oligo-DT primers. 

From this cDNA, 1 ul was used per reaction using the FastStart Universal SYBR Green Master 

(Roche) in 20 ul final volume.  Each reaction was performed in triplicate, loaded into a 96 well 

plate and qPCR was performed in a Lightcycler 96 instrument (Roche). The PCR reaction consisted 

of 10 minutes pre-incubation at 95°C followed by 2 steps of 95°C for 15 sec and 60°C for 60 sec 

for a total of 40 cycles. Cq values were then exported to an Excel spreadsheet and relative 

expression was normalized to β-Actin with the use of the 2-ΔΔCT method [5]. 

2.8 RNA sequencing 

2.8.1 Small-RNA 

Small RNA libraries were prepared with a NEBNext Kit (New England Biolabs) using 1 μg of total 

RNA as input. For each sample, 3 replicate libraries were prepared and sequenced in parallel. Each 

cDNA library was multiplexed, size-selected for small RNAs and sequenced for 75bp using a 

Nextseq500 (Illumina) instrument. The run resulted in a sequencing depth of between 20 and 30 

million reads per sample. Sequencing reads were quality checked and low-quality bases were 

trimmed from the 3′ end. Subsequently, reads were trimmed for adapter sequences by FASTX. 

Trimmed reads were aligned to miRBase (version 21) and hg19 genome and quantification of 

miRNAs was performed using miRDeep2. The DESeq2 [6] package was used to generate miRNA 

differential expression profiles based on statistical significance (p-value). 
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2.8.2 Poly-A sequencing 

Poly-A libraries were prepared with a Sureselect PolyA kit (Agilent) using 1 μg of total RNA as 

input. For each sample, 3 replicate libraries were prepared and sequenced in parallel. The indexed 

primer sequences are described in the company’s manual under reference number # G9691-

90010. Each cDNA library was multiplexed and sequenced in 75bp runs using a Nextseq500 

(Illumina) instrument. The run resulted in a sequencing depth of between 25 and 30 million reads 

per sample. 

RNA-seq reads were quality checked and aligned to the human genome assembly (GRCh37) using 

the RSubread package aligner [7] with the default settings. Mapped reads were converted to gene 

level integer read counts using featureCounts [8] available within the RSubread package and the 

Ensemble GTF annotation (Homo_sapiens.GRCh37.74).  

Differential expression (DE) was evaluated comparing the gene level integer read count data for 

the knockdown and control samples using the DESeq2 Bioconductor package [6].  DESeq2 DEG 

estimation involves multiple steps. In brief, it uses a normalization factor to model read counts to 

account for sequencing depth. Then it estimates gene-wide dispersions and performs shrinkage 

analysis to generate more accurate estimates of dispersion to model the counts. Finally, it fits the 

negative binomial model and performs hypothesis testing using the Wald test. 

The resulting P-values were adjusted using the Benjamini and Hochberg approach to control the 

false discovery rate. Genes with an adjusted P-value determined to be <0.05 (FDR < 0.05) by 

DESeq2 and that had a fold change value ≥ 1.5 (|Log2 fold change| ≥ 0.55) between two groups 

were considered to be differentially expressed. 

2.9 CHIP-sequencing 

CrizR1 cells (100 x 106 per condition) were treated with DMSO, 200nM alvocidib or 100nM THZ1 for 

6 h. Then, chromatin was isolated according to the published protocol [9] using 10ug of total-RNA 

polymerase II antibody ( Diagenode, # C15200004). Then, purified chromatin was used as input to 

generate PCR-amplified libraries using the Diagenode Microplex kit according to the manufacturer’s 

instructions. The library was sequenced on a Nextseq500 instrument using paired-end sequencing 

at a sequencing depth of 60-80 million reads per sample.  

Afterwards, the quality of the sequenced reads was assessed by the FASTQC/fastq screen output 

supplied by the CRUK computational biology facility. For each sample, reads from four sequencing 

lanes were merged into a single file. Reads were filtered using Trimmomatic v0.36, to remove any 

remaining adapter sequences, poor quality 5' ends of reads, or reads shorter than 35 nucleotides. 

Reads were then mapped to the human genome (UCSC hg38 analysis set) using Bowtie2 v2.3.0. 

The peaks were called by the use of MACS2 v2.1.2 with the default parameters.  Only binding 

regions with a Qvalue of <0.05 were considered.  The MACS2 output was converted into a 

spreadsheet where candidate regions are sorted by fold enrichment. 
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Differential binding analysis was performed using diffReps v1.55.6 using the midpoint coordinate 

(mean of the start of first read and the end of the last read) of the filtered mapped paired-reads. 

Only genes within 100K of peaks were considered with the distance being calculated between the 

closest edge of the summit region and the TSS of each gene. The heatmap and profiles were 

created using Deeptools v3.2.1.  The input was the bigWig files created for the UCSC sessions.  For 

the Heatmap,  bigwigCompare was used to subtract the background model signals from the ChIP 

signals.  A matrix of the three samples was made using computeMatrix. 

 

2.10 Detection-based assays 

2.10.1 MTS proliferation assay 

Cells were plated in 96 well plates. The cell number was optimized for each cell line and varied 

from 3,000 to 5,000 cells per well. The next day cells were transfected or drug-treated, as 

specified in each experiment. Cells were incubated with drugs for 72 hours and then 20 μl of MTS 

reagent (Cell Titer 96 Aqueous Non-Radioactive Cell Proliferation Assay, Promega) were added per 

well (with the modification described in [10]) and the cells were incubated for 1 hour at 37°C. 

After the incubation, the absorbance at 490nm was measured and subsequent readings every 30 

minutes were taken as long as the readings remained within the linear detection range of the 

assay. Values were subtracted for blank wells’ absorption and normalized to the vehicle control. 

Values were exported to Prism 7 (GraphPad) and then the x-axis values log-transformed. Values 

were fitted with a non-linear regression curve and analysed with the equation log (inhibitor) vs 

normalized response – variable slope to generate the IC50 value. 

2.11 Drug treatments 

All chemicals for in vitro assays were purchased from Selleck or as specified in the ‘Materials - 

Compounds’ section, dissolved in DMSO, aliquoted and stored at -80°C for long term storage, or at 

-20°C for on-going experimentation. For all drug conditions, the dilution resulted in a maximum of 

0.3% DMSO per well. For drug treatments, cell media were replaced with complete growth 

medium containing drugs at the appropriate concentrations.  

2.12 Sanger sequencing of ALK clones 

Total RNA was extracted from each ALK-rearranged clone and cDNA was synthesized using a Verso 

cDNA synthesis kit (Molecular Probes). Then, the kinase domain was PCR-amplified with a Q5 high 

fidelity polymerase (New England Biolabs), using the primers [11] 5’ – 

TACAACCCCAACTACTGCTTTGCT -3’ (forward) and 5 -AGGCACTTTCTCTTCCTCTTCCAC -3’ 

(reverse). The 963 bp product was PCR-purified (Qiagen) and was subjected to standard Sanger 

sequencing from both ends.  



31 

 

2.13 Bioinformatics work 

2.13.1 3’ UTR target prediction identification.  

To identify targets of miRNAs of interest, publicly available algorithms such as DIANA [12], 

Targetscan Release 7.1 [13] and microRNA.org August 2010 release [14] were utilized. Potential 

miRNA targets were not ranked according to probability, instead, the presence of a potential 7mer 

or 8mer binding site in the 3’ UTR was deemed enough to pursue as a potential target. 

2.13.2 GSEA 

Gene-set enrichment analysis was performed with the use of the GSEA Software from the Broad 

Institute [15]. The software was fed differentially expressed RNA-seq data, which were analysed as 

described before. By default, to look at pathway-level collections, we used the available BROAD-

included gene sets, namely Hallmark, Positional, Curated (KEGG, REACTOME), Motif, 

Computational, GO and Oncogenic gene sets.  

2.13.3 Heatmap generation 

Normalized reads across each sample were transformed to z-score. Then these values were plotted 

using the R Package pHeatmap (distributed under a GPL-2 license by Raivo Colde). Values were 

clustered based on Euclidean distance.  

2.13.4 Analysis of CCLE RNA-seq expression data 

Normalized RPKM values from the cancer cell line encyclopaedia (CCLE) were downloaded and 

isolated for lung adenocarcinoma cell lines only [16]. Then, these values were transformed to z-

score using the formula [(gene value- average of all values per gene)/(standard deviation of all 

values)]. The z-scores were plotted in Heatmaps according to the gene sets described in the text. 

Upon identification of genes of interest, the individual RPKM values were plotted in an XY axis for 

the LUAD cell lines.  

2.14 Flow cytometry 

2.14.1 Cell cycle analysis 

Cells were plated in 6-well plates, in a density optimized according to the cell line. Following the 

indicated treatment, cells were trypsinised and transferred to centrifugation tubes. Cells were then 

centrifuged at 500 x g for 5 mins and washed with PBS. Then cells were fixed with ice-cold, 70% 

ethanol for 1 hr on ice. Cells were then stained with a FxCycle™ PI/RNase Staining Solution (Life 

Technologies), in the dark for 15 mins at RT. Samples were then run through a Novocyte 

instrument (ACEA Biosciences). For Propidium Iodide imaging, the BL3 laser was used (615/20 

nm). No-stain controls were run first, followed by positive controls that warranted cell cycle arrest 

(i.e. PLK1 inhibition). At least 20,000 cells were analysed per sample. Samples were gated first to 

exclude debris, then to exclude doublets, then gated on the PI+ positive population, and the 

remaining population was analysed for PI intensity. Cells were automatically fitted according to the 

Novocyte cell cycle algorithm and were separated in G0/G1, S and G2/M phase, with increasing PI 

intensity (DNA content).  
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2.14.2 Annexin/PI staining 

Cells were plated in 6-well plates, at a density optimized according to the cell line. Following the 

appropriate treatment, the supernatant was collected and the remaining cells were trypsinised and 

transferred to centrifugation tubes. Cells were then centrifuged at 500 x g for 5 mins and washed 

with ice-cold PBS twice. Cells were then stained with an Annexin V/PI solution (Trevigen) for 20 

mins in the dark at RT. For Annexin V-FITC imaging the BL1 laser was used (530/30 nM), while for 

Propidium iodide imaging, the BL3 laser was used (615/20 nm). Samples were then run through a 

Novocyte instrument (ACEA Biosciences). Compensation was performed by running no-stain 

controls, PI-only controls, and Annexin-only controls. Positive controls that induced apoptosis were 

also run. At least 20,000 cells were analysed per sample. Samples were gated first to exclude 

debris, then to exclude doublets. Quadrant gates were drawn according to the negative/positive 

control intensity on the remaining population and the percentage of Annexin V + cells was 

calculated.  

2.15 In vivo work 

2.15.1 Compound preparation 

In all experiments crizotinib and alvocidib were dissolved in 5% DMSO, 40% PEG300 and 55% 

sterile PBS and the same mix was used as vehicle control. In the AlecR experiment, P.O. group, 

alectinib was dissolved in 30% PEG400, 0.5% Tween80, 5% Propylene Glycol and 64.5% sterile 

PBS and the same mix was used as vehicle control. In the AlecR experiment, I.P. group, alvocidib 

and dinaciclib were dissolved in 10% DMSO, 40% PEG300, 5% Tween80 and 45% PBS and the 

same mix was used as vehicle control. Solvents were added in the stated order, the solution 

warmed at 37%, re-suspended by vortexing and sterile filtered. Drug solutions were maintained at 

-20 °C for long-term storage and at 4 °C during dosing. Alectinib was purchased from Selleck, 

while crizotinib, alvocidib, dinaciclib, and THZ1 were purchased from MedChemExpress.  

2.15.2 Treatments 

To initiate the xenograft mouse model, cells were grown to 70% confluence and tested for 

mycoplasma/MHV contamination just before the final injection. Cells were then harvested and cells 

were re-suspended in PBS and injected subcutaneously in the right flank of nude mice. Mice were 

regularly monitored for tumour growth and treatment commenced when the tumour average 

reached 100-200 mm3.  

Female athymic nude mice or NOD-SCID mice from Charles River were used at 6-8 weeks old. Mice 

were injected with 2.5 million CrizR4 cells, or 5 million AlecR cells in 50% matrigel (Corning. When 

tumours reached between 100-200 mm3, mice were randomized in different groups and were 

treated with: 

CrizR4 experiment: 10 ml/kg vehicle control or 10 mg/kg alvocidib, by I.P. injection, daily for 3 

weeks. In the crizotinib group, mice were treated with 10ml/kg vehicle control or 50mg/kg 

crizotinib daily, by oral gavage.  
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AlecR experiment: 10ml/kg vehicle control by oral gavage 3x/week (n=5), 10mg/kg alectinib 

3x/week (n=5), 10ml/kg vehicle control by I.P. injection 3x/week (n=6), 10mg/kg alvocidib by I.P. 

injection 3x/week (n=6) or 20mg/kg dinaciclib by I.P. injection 3x/week (n=6). After 3 weeks of 

consecutive treatment, a one week on / one week off pattern was adopted for the 

alvocidib/dinaciclib/I.P. control group. The vehicle control group measurements were then 

superimposed in order to have all the measurements in the same graph. 

Mice were observed daily for clinical signs of ill health. Mice were weighed 3x/week and if weight 

loss was observed, weighed daily and put on a mash diet. The humane endpoint for this was a 

limit of 20% weight loss. Tumour size was measured twice a week and calculated using the 

formula [volume = (width)2(length)/2]. The tumour size measurements were taken by a member 

of the in-house animal facility who was blinded to the conditions of the experiment. The humane 

endpoint for tumour size was a limit of 1,500mm3. 

Due to the aggressive nature of the CrizR4 cell line, some of the mice developed tumour ulceration 

followed by bleeding and were sacrificed. The number of these mice is indicated in the figure 

legends according to each experiment. Furthermore, any mice that did not develop tumours larger 

than the 200mm3 limit were excluded. When endpoints were reached, mice were sacrificed by a 

humane method and the tumours excised. Half of the tumour was preserved in formalin and half 

was snap-frozen and used later for RNA extraction. 

All the animal procedures were approved by the CRUK Manchester Institute Animal Welfare and 

Ethical Review Body. 

2.16 In-situ Immunohistochemistry (IHC) 

Tumours in formalin were embedded in paraffin blocks and different slices were obtained. For the 

antibody staining, cleaved Caspase 3 antibody (Cell signaling) was used at 1/100 dilution, run on a 

Leica Bond Rx instrument with the use of the Refine kit. As added steps, a casein blocking step 

was used at 105 ºC followed by an antigen retrieval step with ER1 buffer (citrate-based) at pH 6 

for 20 minutes. 

2.17 Clonogenic assay/ crystal violet staining 

For short-term crystal violet staining, cells were seeded at medium-density (50,000-100,000 cells) 

in 6-well plates. Cells were allowed to reach confluence (typically ~7 days). ) and then fixed in 4% 

PFA for 20 mins at RT. Then colonies were stained with 0.05% crystal violet (Sigma) for 20 mins at 

RT. Excess of crystal violet was removed by washing with ddH2O. Plates were allowed to dry and 

then images were taken. 

For the long-term, persister assay, H3122 parental cells were treated with 1μM crizotinib and 

alectinib, which resulted in extensive cell death. The remaining, “persister” cells were kept in the 

same concentrations of drug medium until they started to proliferate again. At this point, persister 

cells were treated with the indicated concentrations of compound until the control 
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(crizotinib/alectinib only) well approached confluence, at which point the plate was fixed and 

stained as above.  

2.18 3’ UTR cloning 

First, 3’ UTR binding sites were identified through Targetscan (see method 2.12). Then, a 400 bp 

region containing the binding site was PCR-amplified with a Kapa Hi-Fi polymerase (Kapa 

Biosystems)(list of primers given in the ‘Materials-Primers’ section). The PCR product was run on 

an agarose gel to verify the specificity of the product and was then purified with a PCR purification 

kit (Qiagen). The PCR product and the vector were then digested with BshTI and PstI for 2 hours 

at 37 ºC. The vector was also de-phosphorylated in the same reaction, with the use of calf-

intestine alkaline phosphatase (Thermo Fisher). The digested products were gel-extracted 

(Qiagen), and ligated with a T4 ligase (Thermo Fisher) at RT for an hour, using a 3:1 insert: vector 

ratio. From this ligation reaction, 4 ul were used to transform DH5a competent bacteria (Thermo 

Fisher) using the classic heat-shock method. The next day, colonies were screened for successful 

cloning. The correct insert was verified through confirming digestions followed by Sanger 

sequencing. The described, receiving vector is a pGL3 Control vector (Promega) expressing the 

Firefly luciferase gene, modified to contain sites for BshTI and PstI enzymes (Fermentas).  

2.19 Site-directed mutagenesis 

Site-directed mutagenesis was performed with a QuikChange II XL Site-Directed Mutagenesis Kit 

(Agilent) using the manufacturer’s instructions. For 3’ UTR mutagenesis, the entire miRNA binding 

site was deleted and confirmed by Sanger sequencing.  

2.20  Dual Luciferase Reporter Assay 

Al luciferase reporter assays were performed either in the cell line under investigation or in 

HEK293T cells, as indicated in the figure legends. Cells were plated in 12-well plates and 

transfected with 1ug of pGL3 Control – 3’ UTR plasmid. To normalize transfection efficiency, cells 

were also transfected with a plasmid containing a Renilla luciferase gene (pGL3 SV40 Renilla) at a 

ratio of 1:50 Firefly:Renilla. 24h post-transfection, cells were lysed with the use of a kit (Dual 

Luciferase Assay System, Promega). 20ul of each sample were loaded in white-walled plates and 

analysed using an automated injector-luminometer (Glomax, Promega). After recording the raw 

Firefly and Renilla luminescence, the ratio Firefly:Renilla was used to calculate differences among 

conditions. 

2.21  Statistical comparisons 

All statistical tests were performed with the use of Prism 7 (GraphPad). Plotted graphs show means 

± SD from n = 3 biological replicates unless otherwise stated. For all grouped, pairwise 

comparisons, a two-tailed Student’s t-test was used where * = p < 0.05, ** = p < 0.01, *** = p 

< 0.001, N.S. = Not Significant. For linear regression curves, conditions were compared evaluating 

the probability of a shift in the IC50 with the use of an extra sum of squares F test.  
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All quantitative experiments were repeated 3 times unless indicated in the figure legend (i.e. 

apoptotic array experiment, repeated twice). 
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3 General introduction 

3.1 Lung Cancer incidence and types 

Despite laborious efforts, lung cancer remains undefeated to a great extent. The latest worldwide 

statistics suggest that it is the most frequent form of cancer, accounting for about 13% of cancers 

diagnosed in 2012. Following diagnosis, tumours are classified based on histological typing as 

either Small Cell Lung Cancer (SCLC) or Non-Small Cell Lung Cancer (NSCLC), and patients are 

treated accordingly. The major subtypes of NSCLC are large-cell lung carcinoma, squamous-cell 

lung carcinoma, and adenocarcinoma [17]. Persistent efforts to provide a molecular profile for 

these subtypes have started to be fruitful and as genomic technologies progress, we will gain a 

deeper understanding of the genetic changes that drive this remarkably heterogeneous disease 

(The current mutational overview for lung adenocarcinomas can be found in Figure 1). Both 

adenocarcinomas and squamous-cell carcinomas seem to harbour mutations in well-known 

oncogenic pathways, including point mutations and copy number alterations, as reviewed by 

[18,19]. Driver oncogenes may be very attractive prospective targets but attempts to drug them 

with small molecule inhibitors often fail. A typical example is the well-known RAS family of genes, 

which happens to be mutated in about 30% of lung adenocarcinomas [20], for which a selective 

inhibitor is yet to be discovered. 

3.1.1 Treating metastatic NSCLC 

Early-stage diagnosis usually permits the effective management of disease with surgery [21]. 

However, NSCLC is typically diagnosed at the late stages III or IV. Until very recently, the standard 

of care for the treatment of metastatic NSCLC lacking actionable genomic aberrations was some 

variation of platinum-based chemotherapy, such as cisplatin/gemcitabine or carboplatin/paclitaxel 

[22]. With the recent success of immunotherapy and the results of checkpoint inhibitor trials, some 

combination of immunotherapy is starting to become the standard of care in this context [23,24]. 

Specifically, a trial that compared the anti-PD-1 antibody pembrolizumab versus chemotherapy, 

showed superior efficacy and a more favourable safety profile for pembrolizumab in patients that 

scored at least 50% for PD-L1 expression [25]. This made single-agent immunotherapy a new 

option in the first-line setting as well.  The Keynote-189 trial concluded that the addition of 

pembrolizumab to standard chemotherapy regimens can also be beneficial in the first-line setting, 

especially in patients with less than 50% PD-L1 score, who would normally not benefit from single-

agent pembrolizumab [26]. This development was the first time in decades that an improvement in 

five-year survival was observed in advanced NSCLC.  

3.1.2 Molecular signatures of NSCLC 

Hyper-active kinases are present in many cancer types. It is often the case that tumours are 

addicted to the expression of certain genes, in other words, they rely on specific driver oncogenes 

to maintain their transformed properties, and NSCLC is no exception [27]. The theory of oncogene 

addiction was particularly strengthened after the effectiveness of treating Chronic Myeloid 

Leukaemia by targeting the mutant fusion BCR-ABL kinase. Human Receptor Tyrosine Kinases 
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(RTKs) are subdivided in 20 families [28] and among other important driver oncogenes, seem to 

have a governing role in NSCLC (Figure 1). In particular, Epidermal Growth Factor Receptors 

(EGFR) including the HER2 protein, Anaplastic Lymphoma Kinase (ALK) and Hepatocyte Growth 

Factor Receptor (HGFR, encoded by MET), are frequently altered in NSCLC [29]. Other RTKs, such 

as Rearranged During Transfection (RET), Neurotrophic Receptor Tyrosine Kinase 1 (NTRK1) and 

ROS proto-oncogene 1 (ROS1),  are mutated at low frequencies but their inhibition with small 

molecule inhibitors can still lead to clinical benefit [30]. Also, it is worth noting that NSCLC patients 

exhibit frequent mutations of the tumour suppressor TP53. Specifically, p53 is mutated in about 

50% of lung adenocarcinomas, and about 80% of Squamous cell carcinomas [31](and analysis 

from TCGA). 

 
Figure 1: The mutational landscape of NSCLC 

Intensive research has shaped the initial histological classification into a molecular categorization of tumours 

according to driver mutations. Curated with TCGA data, early-stage lung cancer shows fewer driver 

oncogenes on diagnosis, presumably due to inadequate material for accurate molecular testing.  On the other 

hand, late-stage lung cancer shows a significant enrichment in driver oncogenes, the most frequent of which, 

KRAS and EGFR, account for as much as 60% of lung adenocarcinomas. Other oncogenes such as ALK and 

BRAF are mutated at 4-5% of patients translating still to a large number of patients that can benefit from 

targeted therapies. The last 7.8% remains with either low-confidence, or low-frequency driver mutations. 

Image adapted from [19]. 

 

3.2 ALK-rearranged lung cancer 

ALK is a poorly-characterized kinase, which is speculated to play a role in the development of the 

nervous system. Specifically, mice with ALK deletion are born normally and exhibit only minor 

behavioural alterations later in life [32]. Its ligand was only recently confirmed to be heparin [33] 

and its partner effectors and downstream pathways are not completely understood (well-

established interactions are depicted in Figure 2), largely due to the fact that most studies are 

being conducted in cancer-related mutant forms of ALK [34]. ALK is frequently mutated in human 

cancers, a typical example being the chromosomal rearrangement that results in the abnormal 

fusion of ALK with nucleophosmin (NPM1). NPM-ALK is responsible for a type of Anaplastic Large 

Cell Lymphoma and has been well studied and proved to be a driver oncogene [35]. In 2007, it 
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was discovered that the intracellular kinase domain of ALK, fused with the Echinoderm 

Microtubule-associated protein-Like protein 4 (EML-4), isolated from the DNA of a patient with 

uncharacterized lung adenocarcinoma, can cause the transformation of mouse fibroblasts. The 

elucidation of the mechanism, that the kinase is then constitutively dimerized and activated 

provided excellent ground for its establishment as an oncogenic drug target [36].  

 

Figure 2: EML4-ALK activates 3 major downstream pathways 

A well-researched finding of EML4-ALK signalling is that there is significant MEK/ERK pathway engagement in 

order to promote proliferation and evade apoptosis [37,38]. The contribution of the JAK-STAT and PI3K-AKT 

pathways in proliferative signalling is documented [37], but it is not clear whether they are essential for 

EML4-ALK induced carcinogenesis [39].  Recently, PD-L1 was shown to be downstream of the EML4-ALK-

PI3K-AKT axis [40], despite this finding having not been translated to the clinic. Presented is a linearised 

version of the signalling pathways for reasons of simplicity, however, a more extensive review of ALK 

signalling can be found in [34,35]. 
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This rearrangement is the result of a paracentric inversion in the short arm of chromosome 2. After 

that, the exons 20-29 of ALK are retained and are fused with a different number of exons of EML4, 

which always retains the N-terminal oligomerization domain [41]. The most prevalent variant is 

variant 1 (E13:A20) (Figure 3). The frequency of the 3 most prevalent variants in the rearranged 

ALK population can be found in (Table 2) and is manually curated through the COSMIC database 

[42] and the work of [43]. 

 

Table 2: Frequent EML4-ALK variants 

EML4-ALK variant Frequency Established cell lines 

1 (E13:A20) 24.9-33 % H3122, STE-1, DFC1032 

2 (E20:A20) 7-9 % - 

3a/b (E6a/b:A20) 18.4-29 % H2228 

 

 

 

 

Figure 3: Different EML4-ALK fusion variants  

Depicted are the most frequent variants of ALK fusions. E indicates the exon number breakpoint of EML4 and 
A indicates the exon number breakpoint for ALK. The E13;A20 fusion represents variant 1, which is the most 
frequently found in the clinic. Clearly, the ALK tyrosine kinase domain is always conserved in different fusions, 
as is the N-terminal oligomerisation domain of EML4. Adapted from [43]. 
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An initial study in 2009 verified the existence of the EML-4 – ALK fusion in 4-5% of a lung cancer 

patient cohort [44]. This number was confirmed in a large-scale study of 2013, which very 

interestingly showed that mutations in EGFR and ALK are mutually exclusive, at least in ALK 

inhibitor-responsive patients [45]. Similarly, ALK mutations are typically exclusive of other known 

oncogenic mutations, such as KRAS or BRAF, even though these have been known to arise after 

the development of resistance to ALK inhibitors [46,47]. In terms of p53 status, about 1/4 of the 

patients present with an inactivating mutation of the TP53 gene [48]. 

There are many other fusion partners for ALK, such as Kinesin 5B (KIF5B), albeit not as frequent 

as EML4 [49], identified in a variety of human tumours and it has been shown that the partner 

regulates the fusion protein’s subcellular localization and is responsible for the trans-

autophosphorylation of the kinase domain. ALK activation results in the downstream activation of 

several pathways, the most important of which are the PI3K-Akt, JAK-STAT and Ras-MAPK 

pathway (Hallberg and Palmer, 2013). However, a lot of downstream effectors of ALK are studied 

in an NPM-ALK context and since the fusion partner can control almost all aspects of downstream 

activation we should be cautious to assume that the same protein interactions are taking place in 

EML4-ALK without experimental data to support this.  

3.2.1 Variant 3a/b 

Interestingly, the shorter variant 3a/b lacks a HELP domain and that is enough to uncouple EML4-

ALK from RAS signalling [37], showing that a variant of the same fusion partner can engage 

different proteins. Substantial differences between variants 1 and 3a/b have been noted in another 

study, where variant 3a/b was shown to engage the kinases NEK7 and NEK9 to promote cell 

migration [41]. There are about 15 variants identified to date and the clinical significance of most 

of these is currently not defined. In [50] it seems that variant 1 correlates with longer survival-free 

disease compared to the other variants analysed as a group. However, this study took place in only 

35 patients so more patients were needed to draw that conclusion. Very interestingly, patients who 

carry the variant 3 seem to disproportionately develop more on-target mechanisms of resistance, 

with the G1202R alectinib-resistant mutation being developed only in patients who carry the 

variant 3 [51]. Furthermore, from the same study, progression-free survival data favoured variant 

1, but the number of patients was not large enough to establish this with confidence. However, 

this was more conclusively demonstrated in a later study [52]. 

3.3 EML4-ALK signalling 

The fusion partner of ALK is crucial for downstream signalling. For example, in neuroblastoma, an 

activating mutation of ALK signals only through STAT3 and AKT, not through ERK [53]. This 

suggests that EML4 as a partner is crucial for RAS-MAPK signalling. This was further strengthened 

later when the EML4-ALK variant 1 was shown to be uniquely engaged with MAPK signalling [37]. 

Interestingly, there is ubiquitous RAS engagement, since KRAS knockdown itself is not enough to 

abrogate MAPK signalling but rather H- and N-RAS are concurrently required. 
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Not all downstream effectors of EML4-ALK are essential for cell proliferation and survival. While 

inhibition of STAT3 activity does not reduce cell proliferation [37,54], genetic activation of STAT3 

can modestly rescue H3122 cells from crizotinib treatment [37]. Regarding the PI3K-Akt pathway, 

there is contradicting evidence regarding whether it is a downstream and actionable effector of 

EML4-ALK. An early study found that overexpression of EML4-ALK in 3T3 cells or knockdown in 

H3122 cells does not affect PI3K-Akt [38]. Hrustanovic et al., reported that reactivation of PI3K-Akt 

cannot rescue H3122 cells from crizotinib treatment. On the contrary, in neuroblastoma, PI3K-Akt 

activity is lost after ALK inhibition [55]. Surprisingly, a PI3K/mTOR inhibitor suppressed the 

proliferation of H3122 cells [54]. 

Ultimately, the most clinically-relevant evidence comes from in vivo engineered models of EML4-

ALK. The first study in this regard reported that treatment of EML4-ALKMUT mice with an ALK 

inhibitor led to reduced phosphorylation of ERK, STAT3 and Akt [54]. In a newer, CRISPR-

genetically engineered mouse model of EML4-ALK, upon EML4-ALK activation the tumours stained 

positively for pERK, pSTAT3 and for pAKT but with less frequency (and intensity) [56]. Therefore, 

it is most likely that all these described signalling pathways are downstream of EML4-ALK, but with 

the MAPK-ERK pathway being the most important for proliferation. A newer report suggests that 

PD-L1, an important new target for immunotherapy is directly in control of EML4-ALK [40]. Despite 

this fact, PD-L1 antibodies have failed to produce any effect on EML4-ALKmut patients [57]. 

3.3.1 MAPK pathway significance: 

The significance of the MAPK pathway for cell proliferation, particularly in cancer has been known 

for a long time. The canonical model requires activation of an RTK, which triggers the loading of 

RAS with GTP, which can then recruit a MAPKKK to the plasma membrane. Then, this activation of 

a MAPKKK (such as RAF) results in the phosphorylation of a MAPKK (such as MEK). The MAPKK 

then phosphorylates the last component of the cascade, a MAPK (such as ERK, JNK or p38)  [58]. 

From this, we can assume that an over-activation of this pathway can occur in several spots. The 

RTK can become over-activated due to gene amplification, activating mutations or ligand 

amplification. Downstream components can similarly become over-activated due to overexpression 

or activating mutations. 

The importance of this pathway in EML4-ALK cancer has been corroborated recently, with evidence 

that a combination of upfront ALK and MEK inhibition can prevent or greatly delay the emergence 

of resistance to these inhibitors [37,59]. Surprisingly, MEK inhibition does not affect cell 

proliferation in ALK+ ALCL  [60], suggesting that MAPK dependence is not a feature of ALCL. 

These data dictated the commencement of a clinical trial where EML4-ALK patients will be treated 

with crizotinib or alectinib in combination with low dose trametinib or another MEK inhibitor. This 

trial is enrolling patients for a Phase I study at the time of writing. Lastly, we should note that the 

engagement of the MAPK pathway is not a unique feature of EML4-ALK cancer, as a multitude of 

oncogene-driven cancers primarily activate the canonical MAPK pathway. 
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3.4 EGFR-driven NSCLC 

In advanced NSCLC, a subset of tumours relies on mutant EGFR for proliferation. This is typically 

the effect of an exon 19 deletion or an L858R point mutation in exon 21 [61]. The frequency of 

activating EGFR mutations varies a lot among the population, with Asian patients having as much 

as 45% EGFR mutations among NSCLC patients, while European and American populations range 

in 15-22% [62]. Gefitinib is a kinase inhibitor that was approved for metastatic NSCLC [63]. 

Paradoxically, only after the trial and regulatory approval of gefitinib, it became apparent that the 

effectiveness of gefitinib comes from it inhibiting the EGFR kinase domain [64,65]. Subsequently, 

erlotinib, another first-generation EGFR inhibitor, was also FDA-approved, providing another clinical 

option for treatment of this cohort of patients. Erlotinib was trialled versus chemotherapy in 

patients with EGFR exon 19 deletions and showed an impressive increase in progression-free 

survival (13.1 months versus 4.6 for chemotherapy) with significantly less toxicity [66]. Later, the 

irreversible inhibitors afatinib and osimertinib entered clinical development and subsequently 

received approval. Afatinib is a first-line valid option however it offers similar effectiveness with 

erlotinib [67].  

It is worth noting that osimertinib is breaking new ground by targeting only the mutant form of 

EGFR and not the wild-type, thus not interfering with the background EGFR activity required by 

certain somatic cells. The addition of osimertinib as second-line therapy in patients who present 

the T790M EGFR mutation can provide an average of 13 months of progression-free survival [68].  

With all these inhibitors, after initial promising responses, patients often develop resistance [69]. 

This comes as no surprise given the basic mechanism behind this phenomenon. Development of 

resistance to RTK inhibitors is inevitable, due to the fact that receptor kinase cascades exist in 

parallel and utilize the same downstream signals and thus inactivation of one can presumably be 

replaced by another [70]. Lately, after resistance to EGFR inhibitors arises, it has been shown that 

patients can derive some benefit by adding the PD-L1 antibody atezolizumab and the VEGF 

inhibitor bevacizumab to the typical chemotherapy regimen [71]. 

3.4.1 Mechanisms of resistance 

As with ALK inhibitors, on-target kinase domain mutations prevail. Strikingly, EGFR on-target 

resistance seems to be dominated by the T790M mutation [72], which is effectively inhibited by 

afatinib and osimertinib. Patients who do not develop kinase domain mutations will typically show a 

parallel pathway alteration or other oncogenic mutation.  

As an example, the levels of the pro-apoptotic protein BIM were shown to be crucial for the 

response to EGFR inhibition [73]. BIM loss was later shown to contribute to erlotinib resistance, 

through a BIM polymorphism [74]. In another study, increased signalling mediated by SRC-family 

kinases (SFK/FAK) was an early event upon osimertinib treatment and subsequently reduced 

osimertinib efficacy. The authors showed that concurrent inhibition of EGFR with osimertinib and of 

SRC kinases with dasatinib led to the delayed emergence of resistance in vitro and reduced tumour 

growth in vivo in a xenograft model  [75]. Lastly, treatment with 3rd generation EGFR inhibitors 
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such as osimertinib was shown to lead to increased AURKA activity, in cooperation with TPX2. This 

activity drives persistent resistance to EGFR inhibition. This is a targetable aberration since the 

combination of EGFR and AURKA inhibition led to the elimination of tumours in a mouse xenograft 

model of EGFRmut T790M+ lung cancer [76]. Adding to the complexity of the response to TKIs, 

increased PARylation of RAC1 upon treatment with EGFR inhibitors was observed in numerous cell 

models [77]. While this is an early event presumed to protect cells from excessive reactive oxygen 

species generation, it also causes cells to become addicted to PARP activity and therefore become 

uniquely sensitive to PARP inhibition. Indeed, treatment of mouse xenograft models of TKI 

resistance with olaparib or niraparib resulted in tumour regression in combination with osimertinib. 

These data have led to the initiation of a Phase I trial investigating a combination of PARPi + EGFRi 

in patients resistant to EGFRi (Trial no. NCT03891615). 

In addition, interrogation of data obtained from patients who acquired resistance to EGFR 

inhibitors in the clinic showed once again the heterogeneity of resistance [78]. For example, it was 

shown that patients who developed resistance to osimertinib developed mutations in oncogenes 

such as KRAS, MET and PIK3CA  [79]. To formally prove that such mutations are the actual driver 

of resistance, we should expect patient response upon their inhibition. However, for some 

oncogenes such as KRAS, effective treatments do not exist and it is only through in vitro 

experimentation that we can gather evidence for their action as mechanisms of resistance.  

3.5 Diagnosis and treatment of ALK-driven NSCLC 

 

Upon diagnosis of metastatic lung adenocarcinoma, patients are now routinely tested for mutations 

in known driver oncogenes [80]. The first test that was approved for the detection of the EML4-

ALK fusion was a fluorescence in situ hybridization (FISH)-based kit [81]. Later, an IHC-based test 

was also approved with commercial ALK antibodies. Despite not being as reliable as the FISH-

based test, IHC has the advantage of detecting ALK expression per se, thus theoretically being 

capable of detecting novel fusions or other ALK alterations [82]. However, none of the above 

assays can detect different EML4-ALK variants. Therefore, the use of targeted NGS panels is 

becoming increasingly common, which allows detection of different variants as well as other driver 

oncogenes in the same assay [82]. The challenges faced in detecting driver oncogenes in lung 

cancer has been extensively reviewed in [83]. 

Following the discovery of ALK-rearranged NSCLC, the small molecule crizotinib (Pfizer) - a potent 

ALK, ROS-1 and c-MET inhibitor was rapidly tested in clinical trials and gained accelerated approval 

in 2011 for the treatment of ALK-positive NSCLC [84]. After a primary response of ~60%, patients 

progress typically within a few months, when resistance to the drug emerges [85]. Specifically, the 

2011 trial showed a progression-free survival of 9.7 months and that it was well tolerated. A later 

trial comparing chemotherapy with crizotinib showed a progression-free survival of 7.7 months for 

crizotinib and 3 months for chemotherapy, as well as increased quality of life with crizotinib [86].  



44 

 

Several other ALK inhibitors have been developed, whose better affinity for the ALK kinase domain 

aims to counteract mutations that induce resistance to crizotinib. Of those, ceritinib (or LDK378, by 

Novartis) was the 2nd to gain FDA approval. In the first-line setting, ceritinib showed a very similar 

objective response rate of 58% as compared with crizotinib and is effective in approximately half 

the patients who have become resistant to crizotinib [87]. In the second-line setting, ceritinib 

extends progression-free survival by at least 4 months compared with chemotherapy [88].  

Brigatinib (Takeda) is a second-generation ALK inhibitor which has also received FDA approval. In 

the first-line setting, brigatinib extended progression-free survival for 2 months compared with 

crizotinib [89], however, these trial data have not matured and we are eagerly awaiting the results 

of the updated analysis. Analysis of the reported adverse effects suggests even better tolerability 

of brigatinib compared with alectinib, which means that if a progression-free survival endpoint is 

achieved, brigatinib may well become the standard of care replacing alectinib. 

Alectinib (Roche), a second-generation inhibitor is the latest addition to the arsenal against ALK-

rearranged lung cancer, with accelerated FDA approval for patients who have progressed on 

crizotinib. Recent data show that first-line alectinib doubles the progression-free survival in a trial 

compared directly against crizotinib, therefore making alectinib the current standard of care [90]. 

Interestingly, alectinib was also more well-tolerated and exhibited far superior CNS penetrance and 

activity against brain metastases. The activity against CNS lesions can very well be the primary 

reason why alectinib is so potent and has outperformed other ALK inhibitors. Hypothetically, 

crizotinib can have great activity at the primary lung site, but its failure to penetrate the CNS can 

lead to earlier disease progression.  

Another molecule, ensartinib (Xcovery) is currently undergoing clinical trials, in an attempt to 

effectively inhibit ALK mutants which are resistant to crizotinib [2]. In preliminary data from a 

phase I/II trial, ensartinib showed an 80% response rate in ALK inhibitor-naïve patients and 69% 

response rate in patients pre-treated with crizotinib [91]. Furthermore, in crizotinib-refractory 

patients, there was still a median of 9-month progression-free survival and intracranial responses. 

From this cohort, it is evident that ensartinib has meaningful clinical activity where other inhibitors 

have failed and can be a useful addition in the physician’s arsenal, but its use as first-line therapy 

will probably be rare as alectinib has shown the most impressive first-line response.  

The third-generation inhibitor lorlatinib (Pfizer) has undergone a clinical trial as second-line therapy 

after first or second-generation inhibitors have failed [92] and has subsequently received FDA 

approval. It is also being tested as first-line therapy and the data will show whether it is going to 

replace alectinib as the standard of care. Results from the Phase 2 trial suggest that lorlatinib 

shows high objective response rates in the context of ALK inhibitor-naïve patients, crizotinib-

treated patients, or patients treated with at least 2 ALK inhibitors. Given that lorlatinib is very 

potent in inhibiting the G1202 alectinib-resistant mutation, it is more likely that the clinical use of 

lorlatinib will be limited to addressing alectinib failure, rather than used in the first-line setting. 



45 

 

Additionally, the impressive outcomes of alectinib will make a head-to-head comparison in the first-

line setting difficult as mature results will take several years to become available.  

Analysis of aggregate data has shown that the median overall survival (OS) of ALK+ patients is 

now 6.8 years [93]. As mentioned before, resistance to these new inhibitors is nearly inevitable, 

due to the nature of the RTK pathways. If the resistance is due to secondary mutations that do not 

allow for efficient drug binding, then the development of an inhibitor with enhanced target binding 

properties can typically overcome this problem. However, in the case of patients harbouring 

parallel pathway alterations, for example, EGFR amplification, inhibition of ALK signalling can be 

substituted by the amplified parallel pathway. Hence, a new molecule whose only advantage is a 

more potent inhibition of ALK is not expected to be active in this instance. This highlights the need 

for new therapeutics. 

In the clinical setting, choosing which ALK inhibitor to use is not always easy, as there are more 

than one approved inhibitors that have different potencies against ALK mutations. Using crizotinib 

in the first-line setting is likely going to be abandoned due to poor potency as well as poor CNS 

penetration. Ceritinib is also likely to be abandoned due to the high incidence of side effects. Real-

world evidence has made it clear that patients derive the greatest benefit by switching ALK 

inhibitors upon on-target mutations [94]. We can, therefore, speculate that in the clinical setting 

we should like to “push” the tumours towards developing on-target alterations rather than 

switching to different driver oncogenes. While there is no rational basis on how to achieve this, 

empirical evidence shows that alectinib produces more on-target alterations compared to first-

generation inhibitors [47]. The high prevalence of the alectinib-resistant G1202R kinase domain 

mutation suggests that patients may benefit from the great initial responses offered by alectinib, 

and then switched to brigatinib or lorlatinib to target the G1202R mutation.  

3.6 Other ALK-driven cancers and different fusion partners 

In NSCLC, while the EML4-ALK fusion represents the majority of ALK mutations, there have been 

numerous other fusion partners reported. Soon after EML4, Kinesin-1 heavy chain (KIF5B) was 

detected as a novel fusion partner of ALK in lung cancer samples [49]. After this discovery, a 

multitude of new fusion partners was discovered, typically at very low frequency. Specifically, other 

fusions discovered are TRK-fused gene (TFG-ALK), Dynactin subunit I (DCTN1-ALK), 

Sequestosome-1 (SQSTM1), Cysteine-rich motor neuron 1 protein (CRIM1-ALK), Striatin (STRN-

ALK), Huntingtin-interacting protein 1 (HIP1-ALK), Tyrosine-protein phosphatase non-receptor type 

3 (PTPN3-ALK), Kinesin light chain 1 (KLC1-ALK), Clathrin heavy chain 1 (CLTC-ALK), and F-box 

only protein 36 (FBXO36-ALK), as reviewed in [95]. While there is evidence that several of these 

fusions respond to ALK inhibition, it is not clear whether every ALK fusion is a bona fide driver of 

disease and is therefore amenable to the use of ALK inhibitors in the clinic.  In a case report, a 

NSCLC patient with a novel myelin transcription factor-like 1 gene (MYT1L-ALK) fusion showed a 

partial response to crizotinib, ceritinib and alectinib, however without long-term efficient disease 

control [96]. Most recently, concomitant double ALK fusions of dysferlin gene (DYSF)-ALK and 

integrin subunit alpha V gene(ITGAV)-ALK were found in the same patient by sequencing material 
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from a pleural effusion [97]. The patient responded to crizotinib, highlighting again the complexity 

of lung disease and the opportunities for the application of personalized medicine. 

NSCLC is not the only disease that is driven by ALK fusions. About 8-10 % of neuroblastoma 

patients exhibit amplification of ALK as well as activating mutations, some of which are sensitive to 

lorlatinib treatment [53,98].  In the clinic, ALK inhibition was not as rapidly tested in 

neuroblastoma as it was in NSCLC, with a Phase I/II trial of crizotinib only now being undertaken. 

Anaplastic Large Cell Lymphoma (ALCL) is so influenced by ALK mutation status that is primarily 

separated in ALK- and ALK+ subtypes. The most common fusion partner for ALCL is Nucleophosmin 

(NPM-ALK) [99]. In patients with relapsed ALCL, crizotinib treatment led to a 90% objective 

response rate and was deemed an effective therapy [100]. Except for ALCLC, a patient with a 

myofibroblastic tumour presented a fusion with Tropomyosin 3 (TPM3-ALK). Importantly, this 

patient responded to crizotinib and upon progression to crizotinib then responded to ceritinib with 

a prolonged response, confirming the hypothesis that this fusion had an oncogenic capacity in this 

context [101].  

In renal cell carcinoma (RCC), a karyotypic examination of a cohort of pediatric patient samples led 

to the discovery of a novel fusion with Vinculin (VCL-ALK) [102]. Notably, in a phase II trial of the 

pan-TRK and ALK inhibitor entrectinib, a patient with ALK+ RCC had an objective response to 

entrectinib [103]. In the same trial, a novel ALK rearrangement (CAD-ALK, Carbamoyl-phosphate 

synthetase 2, aspartate transcarbamylase, and dihydroorotase-ALK) was detected in a patient with 

colorectal cancer, who also showed an objective response to entrectinib.  

Other than fusions, in melanoma, alternative transcription initiation leads to novel ALK isoforms 

which code for mutant ALK proteins that can initiate tumourigenesis in mice. These tumours 

respond to crizotinib and were surprisingly detected in a large number of melanoma patients, 

suggesting that as many as 11% of patients with melanoma may carry this aberration and could 

potentially benefit from ALK inhibitors [104]. Most importantly, since there is no genomic 

alteration, this would be exceptionally hard to detect through conventional sequencing of a limited 

clinical sample. Lately, the actual oncogenicity of the ALKATI mutation is being questioned in the 

clinic [105]. 

All these data suggest that there is likely a significant number of tumours, the underlying driver of 

which is some sort of ALK mutation, which cannot be detected through conventional means. 

Subsequently, these tumours are going to remain unidentified unless ALK mutations are 

investigated specifically. Furthermore, the successful individual case reports suggest that if a 

genomic screening (which allows fusion detection) was routinely performed in cancer, a lot of 

patients would benefit from personalized, targeted therapies.  
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4 CDK inhibition as an approach to 

circumvent acquired drug resistance 

4.1 Introduction  

It is speculated that the variation in response to crizotinib treatment in the clinic can be accounted 

to intrinsic resistance but this has not been researched thoroughly yet. Given the lack of initial 

response in a percentage of patients [90], a case can be made for pre-existing mechanisms of 

resistance to ALK inhibitors. An overview of intrinsic or acquired mechanisms of resistance follows 

below: 

4.1.1 Tools for studying mechanisms of resistance 

After years of research, the accumulating evidence points to the fact that mechanisms of 

resistance can vary widely from patient to patient. As a result, the clinical action against these 

mechanisms is very challenging, since an aberration in just one patient can be clinically meaningful 

for this particular patient, but not for others. In a cohort of several patients or clinical samples, a 

mutation or aberration in only one of them will most likely be overlooked in the absence of 

previous functional data that would implicate this aberration. This makes the use of cell culture 

models invaluable, where proof of principle for certain aberrations can be obtained beforehand and 

subsequently inform clinical findings. As an example, by artificial overexpression of human cDNAs 

in EML4-ALK cell lines, the transcription factors ETV1 and c-FOS were shown to be able to confer 

resistance to crizotinib [1]. While to my knowledge, amplification of these has never been observed 

in EML4-ALK+ patients, the knowledge obtained from this cell culture model may help to direct a 

clinical decision should these genes appear dysregulated in the clinic.   

In addition to cell culture models, there are also EML4-ALK mouse models available. Arguably, the 

genetically engineered mouse model that most closely recapitulates the human disease is an 

insertion of the EML4-ALK fusion by the CRISPR-Cas9 system in the lungs of mice by Adenoviral 

infection, which leads to EML4-ALK-driven lung tumours within a few months [56]. These tumours 

respond to ALK inhibitors, so to study mechanisms of resistance they would require serial 

passaging in several mice until these tumours became refractory to the drug. Lastly, the ideal 

model would be a patient-derived xenograft after this patient became non-responsive in the clinic. 

Some of these models are now starting to become commercially available.  

4.1.2 Mechanisms of resistance to ALK inhibitors 

4.1.2.1 On-target kinase mutations 

Secondary ALK kinase domain mutations or gene amplifications have been reported in about one-

third of patients treated with crizotinib and may be higher for patients treated with newer ALK 

inhibitors such as alectinib [45,47]. These mutations are detected after cancer tissue extraction 

with a follow-up biopsy or using liquid biopsy testing after it was shown that blood and tissue NGS-

genotyping has high concordance [106]. Since this test is either NGS-based or PCR-based, it 
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requires highly specialized personnel and equipment, thus is typically outsource to companies or 

diagnostic centres outside of the primary hospital centre.  

It is worth noting that the possibility that a kinase domain mutation has been missed in the post-

resistance biopsy can’t be excluded, either due to clonal heterogeneity or failure of the diagnostic 

assay. Therefore, the actual clinical frequency of on-target mutations may be higher.  

A typical mutation in the ALK kinase domain is the L1196M gatekeeper mutation, reminiscent of 

the T790M gatekeeper mutation in the EGFR kinase domain. This results in hindered small 

molecule binding and resistance to pharmacological inhibition [11]. In [47], 20% of samples from 

crizotinib-resistant patients contained  ALK mutations. Recent studies have reported results for 

newer ALK inhibitors. Interestingly, second-generation ALK inhibitors exhibited higher rates of on-

target mutations. Ceritinib-resistant specimens harboured ALK mutations at a rate of 54%, while 

alectinib-resistant specimens at 52%. Even more interestingly, as we progress towards better ALK 

inhibitors, the range of potential ALK alterations decreases. With crizotinib, there were at least 9 

on-target mutations identified, while with ceritinib and alectinib there were 5 and 4 respectively. 

Alectinib seems to be particularly hampered by the G1202R mutation which was the most 

prevalent in this cohort. Fortunately, this mutation is successfully targeted by the 3rd generation 

inhibitor, lorlatinib [107]. Lorlatinib-resistant mutations appear to be harder to appear and are 

usually compound mutations [108]. However, even in the case of the lorlatinib-resistant mutation 

L1198F, it actually re-sensitised the patient to crizotinib treatment [109]. It is therefore evident 

that on-target, kinase domain mutations can be treated and kept in remission by alternating drugs 

for an extended period of time which was previously unimaginable in NSCLC. However, this leaves 

a significant number of patients with acquired resistance with an unexplained underlying 

mechanism. Amplifications or alterations in converging oncogenic pathways can typically explain 

the aforementioned mechanism (Figure 4).   
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Figure 4: How a parallel RTK pathway can compensate for the loss of another. 

In the left panel, disruption of oncogenic signalling by driver oncogenes such as EGFR or EML4-

ALK, leads to cell cycle arrest and/or apoptosis. In the right panel, in cells with acquired resistance 

to TKIs, another bypass receptor tyrosine kinase is frequently over-activated and compensates for 

EGFR or EML4-ALK inhibition by engaging the same oncogenic pathways. Adapted from [110]. 
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4.1.2.2 ALK loss 

One of the most puzzling mechanisms of resistance is an oncogenic switch, which replaces the 

main driver oncogene with a different one. In this case, the two oncogenes were initially driving 

the disease albeit with unequal contribution. After the emergence of resistance, the balance is 

shifted towards one of the oncogenes which assumes the main role. An example of this can be 

found in rhabdoid tumours, where PDGFRα and FGFR1 over-activation co-existed initially, however 

after the tumours became resistant to the multi-kinase inhibitor pazopanib, PDGFRa was largely 

lost and FGFR1 overactivation substituted for this loss. Interestingly, this over-activation renders 

the cells sensitive to FGFR1 inhibition, highlighting an opportunity for rapid drug switching when 

the underlying molecular causes of resistance are well studied [111]. In EML4-ALK cancer, this has 

been observed in vitro and in vivo  [46].  

4.1.2.3 EGFR upregulation 

Among the most important proteins implicated in crizotinib resistance is the family of Epidermal 

Growth Factor Receptors. It has been speculated that there are similarities between EGFR- and 

ALK-driven NSCLC, including similarities in resistance mechanisms. Accordingly, numerous genes 

that can confer resistance to ALK inhibition also increase resistance to EGFR inhibition when 

overexpressed in cell lines [1]. The use of EGFR inhibitors increased cell death in ALK-rearranged 

patient models suggesting that EGFR signalling was over-activated in these occasions [112]. Also, 

crizotinib-resistant cell lines had significant upregulation of the EGF receptor identified through 

increased mRNA as well as increased ligand levels (amphiregulin and NRG1), [113]. Notably, this 

upregulation cannot by itself account for the resistance, since the use of EGFR inhibitors was not 

potent enough to suppress cell growth, suggesting that there might be a co-existent, undiscovered 

mechanism. In another study in cell lines accompanied by a clinical observation, EGFR, HER2 and 

HER3, as well as the EGF ligand, were found to be upregulated in a crizotinib-resistant context 

[114]. 

4.1.2.4 KRAS activation 

 
Analysis of patient material has revealed an interesting phenomenon, where a KRAS activating 

mutation was discovered in a patient after the emergence of crizotinib resistance. Strikingly, EML4-

ALK was not found after treatment in the same patient [46]. A possible explanation for this is that 

a subset of tumour cells lack rearranged ALK, but have mutant KRAS which is a known potent 

oncogene. After crizotinib treatment, the EML4-ALK+ population is diminished, resulting in cells 

with mutant KRAS becoming now more numerous and eventually overtaking the tumour 

population. In such a setting, the initial screening cannot identify whether these mutations are 

present in the same cells and also the post-treatment screening may come up paradoxically as 

EML4-ALK-negative. 



51 

 

4.1.2.5 HER2/HER3 and P2Y2 as mediators of resistance 

In a high-throughput screening attempt to identify genomic areas whose overexpression can 

confer resistance to ALK inhibitors, the authors show that overexpression of the purinergic receptor 

(P2Y) family makes EML4-ALKmut cells more resistant to crizotinib [1]. Through in vivo screening of 

patient samples, it became apparent that while this is a rare mechanism of resistance, it can still 

be detected in the clinic. Upfront inhibition of ALK with crizotinib/ceritinib and P2Y with sotrastaurin 

greatly delayed the emergence of resistance in H3122 cells. Unfortunately, good compounds 

against the purinergic receptors have not been developed, otherwise, the clinical effectiveness of a 

P2Y2 inhibitor would prove that this is the actual mediator of crizotinib resistance. Another hit in 

the screen that has been re-capitulated in the literature is NRG1 (neuregulin) [113], which 

activates HER2/HER3 signalling, however, this result was not expanded on in that study.  

4.1.2.6 IGF1-R activation 

The emergence of IGF1-R signalling as a substitute for ALK was discovered studying a patient who 

participated in a clinical trial and responded very well to therapy with an anti-IGFR1-R antibody. 

After experiments with EML4-ALK cell lines with acquired resistance to ALK inhibitors, it became 

apparent that IGF-1 ligand upregulation can over-activate IGF1-R signalling and over-compensate 

for the lack of EML4-ALK signalling [3]. Interestingly, ceritinib is a potent IGF1-R inhibitor, 

suggesting that patients with this particular mechanism of resistance would respond well to 

second-line ceritinib.  

4.1.2.7 Similarities with other oncogene-driven cancers 

Oncogene-driven lung adenocarcinomas seem to share a lot of similarities. Particularly EGFR- and 

ALK-mutant cancer share common alternative receptor tyrosine kinase activation, such as MET, c-

KIT and others as reviewed in [115]. Furthermore, RET-rearranged lung cancer has been shown to 

become resistant to RET inhibition mainly through reactivation of the MAPK pathway [116]. Still, 

there are also unique differences. For example, in EGFR-mutant NSCLC, there was activation of NF-

κB in response to EGFR inhibition shown in vitro [117]. However, this was not the case in EML4-

ALK mutant cells which did not activate NF-κB.  

4.1.2.8 SRC inhibition without an obvious molecular alteration  

The call for personalised medicine has attracted the development of new methods for drug 

screening, such as testing large panels of compounds in patient-derived cell lines. In an approach 

by Crystal et al., [112], apart from effective drug combinations, new mechanisms of resistance to  

ALK were identified. By measuring the effect on cell proliferation of various small molecule 

inhibitors, the authors were able to identify the non-receptor protein kinase SRC as vital in 

mediating resistance to RTK inhibition. Specifically, SRC inhibitors were able to suppress cell 

proliferation in the majority of patient models. These data may suggest that ALK normally 

suppresses SRC, which is supported by the extensive upregulation of SRC observed upon ALK 

inhibition. Reinforcing these findings, synchronous SRC and ALK inhibition largely relieved 

xenograft tumours in mice from tumour growth over 60 days. The benefit of this approach is that it 

dictates a new therapeutic regimen in an agnostic fashion, even when the underlying biological 
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interactions are not known or studied yet. This is in contrast with genetic screening which requires 

the previous knowledge of the mutations to be screened. Additionally, since SRC activation is not 

associated with any one particular mechanism of resistance, this opens the possibility to exploit 

SRC inhibition as a ubiquitous measure of re-sensitising refractory patients to ALK inhibitors. Of 

course, this would be tested in the context of patients who do not harbour ALK kinase domain 

mutations.  

It is easy to gather that the heterogeneous and constantly evolving mechanisms of resistance 

make it very challenging to achieve long-term control of the disease. Even if there was a method 

to rapidly screen for the mechanism of resistance and address it pharmacologically, this would only 

be effective for a short period of time before another mechanism of resistance arose. Therefore, 

we could conceive that rational, upfront drug combinations that can prevent the emergence of 

resistance have a higher likelihood of success.  

4.1.2.9 Upfront MEK inhibition- DUSP6 

From the above, we can deduce that the majority of the mechanisms of acquired resistance rely on 

re-activation of the MAPK pathway. This was further substantiated in [37], where EML4-ALK was 

shown to activate all 3 major Ras isoforms causing extensive MAPK signalling and driving cell 

proliferation, which was insufficiently suppressed by ALK inhibition. The potential outcomes of 

MAPK pathway activation can be quite diverse. Acting through a kinase cascade, this pathway 

results in the activation of a variety of transcription factors, which are mainly responsible for cell 

proliferation but have also been shown to initiate apoptosis [58].  Reactivation of the MAPK 

pathway has also been demonstrated in the resistance to targeted therapies in melanoma, which 

gives reason to further investigate this occurrence, perhaps as a general mechanism of drug 

resistance that appears in various solid tumours [118]. 

This observation likely gave rise to the hypothesis that treating patients with low concentrations of 

MEK inhibitors along with crizotinib might prevent MAPK pathway reactivation and form a good 

basis for a novel therapeutic approach [37]. In this study, two potential mechanisms were 

identified as able to enhance MAPK signalling and were also confirmed in patient samples. Firstly, 

while no activating mutations were observed, KRASWT showed focal amplification or gene 

duplication in some cells and this was enough to stimulate pervasive cell proliferation. Secondly, 

the ERK-specific phosphatase and critical regulator, DUSP6, was found to be downregulated in 

crizotinib-resistant cells. DUSP6 knockdown could re-sensitise these cells to crizotinib. Moreover, 

low-dose trametinib in combination with ALK inhibitors was enough to prevent the emergence of 

acquired resistance, both in vitro and in vivo. It is surprising that in a previous dataset only one 

patient-derived model responded adequately to MAPK inhibition [112]. Still, even in a single 

patient-derived model, concurrent MEK and ALK inhibition gave markedly strong anti-proliferative 

effects. Also, decoding which components of the pathway can mediate resistance can be a 

worthwhile investigation. After these findings, a clinical trial protocol combining ceritinib + low-

dose trametinib upfront for the treatment of EML4-ALK patients has been initiated (trial no. 
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NCT03087448). The outcomes of this trial will be pivotal for the concept of upfront combinations of 

TKIs with other compounds that aim to prevent drug resistance.  

Recently, another key finding was made regarding the importance of the MAPK pathway. The 

protein phosphatase SHP2 was shown to be necessary for MAPK re-activation [119]. Accordingly, 

treatment of EML4-ALK patient-derived xenografts with the SHP2 inhibitor SHP099 was synergistic 

and led to durable responses in combination with ceritinib. Further, in a xenograft model from a 

patient who became refractory to ceritinib, treatment with SHP099 restored ceritinib sensitivity and 

led to the suppression of tumour growth. Given the enormous complexity of the potential 

mechanisms of resistance that can arise from TKI treatment, a compound that is effective 

irrespectively of the mechanism of resistance can be of profound clinical usefulness. There are 

currently 2 on-going clinical trials that will evaluate the activity of SHP2 inhibitors in cancers with 

MAPK overactivation (trial no. NCT03634982, NCT03114319). Should these trials prove safe dosing 

and adequate target engagement in monotherapy, this would open the road to quicker testing of 

these compounds in combination with ALK inhibitors. 

4.1.2.10 Treatments that eliminate resistant cells without addressing a particular mechanism 

Certain drugs seem to be particularly active in a certain context without a molecular alteration as 

the rational basis for a new therapy. In this case, while basic research tries to understand the 

reasons behind this phenomenon, it is without a doubt that for the benefit of patients, clinical 

testing of these compounds should be encouraged.  

An example of this in EML4-ALK lung cancer is the use of the heat-shock protein 90 (HSP90) 

inhibitors ganetespib. EML4-ALK has long been known to be a client of HSP90 which ensures 

proper protein folding. It has been shown before that inhibiting HSP90 activity with ganetespib can 

be as effective as, or even more effective than, crizotinib. An upfront combination of ganetespib 

and crizotinib can greatly delay the emergence of resistant clones, while the use of single-agent 

ganetespib in cells that have already acquired resistance can effectively suppress their proliferation 

[54,120]. However, all the clinical trials for ganetespib have been terminated due to lack of efficacy 

in vivo, so it is unlikely that this combination will be tested in the future, at least until an HSP90 

inhibitor with better pharmacological properties is discovered. Also, as expanded before, the 

potential upfront use of a combination of trametinib with ALK inhibitors should be noted [37]. 

4.1.2.11 Epithelial-to-mesenchymal transition  

The epithelial-to-mesenchymal transition is a well-documented feature of cancer cells and it is 

postulated to alter their invasive and metastatic properties [121]. In cell models of acquired 

resistance to ALK inhibitors, differential expression of EMT-related genes, as well as mesenchymal 

characteristics, have been consistently noted. In H2228 crizotinib-resistant cells, TGF-β 

upregulation induced Vimentin upregulation and loss of E-Cadherin, suggesting a mesenchymal 

phenotype [122]. Also, knockdown of Vimentin in combination with crizotinib synergistically 

reduced cell proliferation, indicating that drug resistance was, at least in part, mediated by EMT. 

The same effect for TGF-β was recapitulated in a later report, where the authors showed that it 

mediated AXL-induced EMT [123]. AXL inhibition with the small molecule R428 was enough to 



54 

 

rescue the EMT phenotype, however, the only functional data regarding cell proliferation were 

surprisingly supplied with HSP90 inhibitors instead of AXL inhibitors making it impossible to 

specifically assess EMT.  

Interestingly,  in a later report in crizotinib-resistant H3122 cells, EMT was shown to be mediated 

by AXL [124]. However, AXL knockdown did not restore crizotinib sensitivity, but it greatly affected 

migration and invasion capabilities in vitro. The authors concluded that EMT is only associated with 

but is not causal to ALK inhibition resistance. Furthermore, ALKmut  cell lines exhibited distinct 

enrichment in EMT genes and the authors showed that ectopic overexpression of EML4-ALK in 

normal epithelial cells initiates an EMT program via the epithelial splicing regulatory protein 1 

(ESRP1) [123]. 

A cohort of pre- and post- ALK-TKI specimens showed that EMT markers can be detected in a 

subset of patients upon progression on ALK inhibitors. In [47], 3/11 resistant specimens 

concurrently had ALK kinase domain mutations as well as EMT phenotypes, while 2/11 specimens 

exhibited EMT only. While it was not possible to assess the role of EMT in these patients, it is 

conceivable that EMT exhibits synergism with another driver of resistance to prevent response to 

ALK inhibition.  

Despite several publications researching the role of EMT in EML4-ALK lung cancer, it is still not 

clear whether its role is causative or correlative. The latest research addition showed that epithelial 

and mesenchymal cells can exist in independent populations in different tumour lesions [125]. 

While the examined patient acquired the L1196 gatekeeper mutation, it was shown that the 

mutation was predominantly detected in the epithelial lesion. While this suggests that this patient 

had 2 concurrent mechanisms of resistance to crizotinib, one caused by the gatekeeper mutation 

and one caused by EMT, the contribution of EMT to resistance was not experimentally addressed. 

A limitation of this study is that the different cell populations were detected in only one patient and 

that the rest of the functional studies came from a mouse cell line xenograft model which may not 

accurately reflect the human condition.  

4.1.3 Residual-persister cells 

It has been a long-standing observation that in vitro treatment of cells with a lethal dose of TKIs, 

does not result in the complete elimination of cancer cells. It has been repeatedly observed that 

after several days the remaining cells can recover and start proliferating again, or given more time, 

become resistant to this drug dose and start forming colonies [126]. There are several possible 

explanations for the lack of complete response to targeted therapies. Firstly, it is useful to 

differentiate between cytotoxic and cytostatic therapies. Highly cytotoxic therapies like targeted 

therapies, rapidly select for resistant clones. However, cytostatic therapies will allow most cells to 

remain and occupy space and resources, minimising the evolutionary potential of resistance. 

Moreover, by suppressing cell division, cytostatic drugs minimise the emergence of de novo 

mutations [127]. 
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One hypothesis is that there are always cancer stem cells that survive the treatment and after 

some time can differentiate and give rise to resistant clones. This state may be a plastic state, 

which can be initiated or ended depending upon extracellular signals. For example, in bladder 

cancer, chemotherapy-killed cells release prostaglandins which result in the increased survival of 

cancer stem cells [128]. However, the existence of cancer stem cells depends on the tumour 

context and it can’t be easily assessed [129]. 

There is significant work in a variety of oncogene-driven cell lines that has shed more light on the 

existence of persistent or drug-tolerant cells. Specifically, the cancer stem cell marker ALDH1A1 

was overexpressed in persister cells and was further shown to be strictly required for their survival. 

Pharmacological inhibition of ALDH1A1 led to preferential apoptosis of persister cells and its 

combination with the primary TKI led to a profound and durable response [130]. More 

vulnerabilities of drug-tolerant cells have been described, such as the histone demethylase KDM5 

[131]. Interestingly, in this study, it was shown that the drug-tolerant population was pre-existing 

and this vulnerability could successfully be targeted before the commencement of the primary TKI 

treatment. 

Lately, in EGFR-mutant NSCLC it was observed that the drug-tolerant state may not be clearly 

defined initially but is rather a transient state that cells can acquire upon strong selective pressure 

from TKI treatment. Furthermore, this transient population can provide a starting point for the 

emergence of incredibly diverse mutations that promote drug resistance, as observed from single-

cell derived pools [132]. It is therefore likely that resistance mutations both pre-exist and arise 

later in oncogene-driven cells. The fact that even the highest initial drug doses can leave a number 

of cells unharmed, suggests that there is always a subpopulation of cells with the intrinsic capacity 

to enter a quiescent state and give rise to a drug-resistant population eventually.  

Another ground-breaking finding in the battle against surviving persister cells came from studying 

HER2-amplified breast cancer. Through a large-scale small molecule inhibitor screening, it was 

discovered that persister cells are sensitive to the inhibition of the lipid hydroperoxidase GPX4 

[133]. This inhibition could eliminate persister cells in vitro by induction of ferroptotic cell death as 

well as prevent tumour relapse in mice, however, there is reasonable doubt that the RSL3 

compound that was used is not suitable for human testing. As a result, clinical testing of the 

combination of GPX4 inhibition with other TKIs has not been scheduled yet, at least to my 

knowledge.  

 

 

 

 



56 

 

4.1.4 Intrinsic resistance & tumour heterogeneity 

The previous discussion regarding persister cells suggests that in some oncogene-driven cancers, a 

subset of the tumour population may be resistant to the therapy used from the start. Being a non-

mutational mechanism, this would explain intrinsic or primary drug resistance instead of acquired. 

Another phenomenon that may mix up the distinction between primary and acquired resistance is 

tumour heterogeneity. Possibly, in an ALKmut tumour, the majority of cells are ALKmut, but a 

minority of them are ALKwt and driven by another oncogenic mutation. In this case, ALK-directed 

therapy will deplete the ALKmut fraction and allow the ALKwt population to dominate the tumour. 

This is arguably conceptually closer to intrinsic resistance. This is clearly relevant in lung cancer, as 

the TRACERx study showed that driver mutations in lung cancer specimens are almost always 

clonal when examined in samples from different areas of the same tumour [134]. 

At this stage, it may be useful to draw an analogy to blood malignancies. In acute myeloid 

leukaemia, it is well-known that the existence of cancer stem cells leads to relapses. As discussed 

before, cancer stem cells may represent a plastic state, with cells entering in and out of it freely, 

which greatly complicates their detection. Despite the fact that cancer stem cells are not generally 

accepted in lung cancer, the paradigm of phenotypic plasticity can lead to the hypothesis that 

there is a nuanced contribution of both adaptive and intrinsic drug resistance in solid tumours. 

Supporting this hypothesis, a recent analysis of the evolution of EGFRmut tumour volume in the 

clinic shows that the only mathematical model that fits the observed evolution is a combination of 

an intrinsically-resistant population and a slow-growing, resistant population through adaptation 

[135]. Also, in confirmation of such plastic phenotypic state, in EGFRmut tumours, persister cells 

clearly contribute to relapse and have been shown to be driven by a transcriptional program, which 

is largely adaptive [136].  

In an EML4-ALK-specific context, a way for drug-tolerant cells to survive ALK inhibition has been 

shown to slow their proliferation in the presence of the drug, which despite not being enough to 

support tumour re-population, can be easily augmented upon the acquisition of new mutations. 

Through the introduction of DNA barcodes and subsequent sequencing, the authors showed that 

these drug-tolerant populations are pre-existing, and the selective pressure applied by different 

ALK inhibitors leads to different adaptive drug resistance [137]. Lastly, focusing only on the tumour 

cells per se would discount the, increasingly identified as important, role of the tumour 

microenvironment. In ALK-driven lung cancer, in vitro experiments have shown that the presence 

or absence of fibroblasts can greatly affect the emergence of resistance to ALK inhibitors [138]. 

Thus, lung-cancer specific data collectively point to a greatly complex path towards the acquisition 

of drug resistance, with contribution from intrinsic cell properties, clonality of mutations, adaptive 

responses driven by different oncogene inhibitors and input from the tumour environment. 

4.1.5 Cell cycle in NSCLC 

Dysregulation of the cell cycle is an important hallmark of carcinogenesis [139] as it is a 

fundamental aspect of growth and proliferation. However, in different types of cancer, alterations 
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in cell cycle genes do not have the same significance. Cell cycle progression relies on the kinase 

activity of Cyclin-Dependent Kinases (Figure 5). A great review of their individual roles can be 

found in [140]. In humans, 21 genes have been discovered which code for serine/threonine 

kinases and comprise the CDK family [141].  
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Figure 5: The role of CDKs in each phase of the cell cycle 

Cell cycle progression is dependent upon the activity of CDKs and their partner cyclins. Generally, proliferative 

signals stimulate CDK4 and CDK6 to initiate cell cycle entry. Later, transcription of type A and type E cyclins 

lead CDK2 to initiate DNA replication.  After the association of CDK1 with cyclin B or cyclin A, CDK1 

phosphorylates protein targets necessary for G2/M progression. Lastly, the degradation of cyclin B is 

necessary for anaphase to occur. Other CDKs such as CDK7 seem to have less of a stage-specific role but are 

overarching activators of cyclins and transcription. Checkpoints are in place to ensure inhibition of CDK/Cyclin 

activity upon errors in cell division or DNA replication. A more extensive review of the process can be found in 

[140]. Image adapted from [140]. 
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Mutations or copy number gains seem to preferentially accumulate in a subset of these CDK or 

cyclin genes, such as CDK4/6 and CCND1. A splicing event has been shown to be oncogenic for 

cyclin D1, even in the absence of other somatic mutations [142,143]. Furthermore, CCND1 appears 

altered in 6% of the TCGA pan-tumour cohort (http://cancergenome.nih.gov/). Cyclin E1 is 

similarly oncogenic. In high-grade serous ovarian cancer, overexpression of the CCNE1 gene 

through copy number alteration or post-transcriptional regulation is a determinant of malignant 

transformation of fallopian tube cells. Furthermore, cyclin E1 overexpression was enough to induce 

anchorage-independent growth of primary human fallopian tube cells, suggesting that cyclin E1 is 

a bona fide oncogene in this context [144].  

Given that CDK1 activity has to be reduced in order for cells to exit mitosis, it is not likely that 

direct CDK1 dysregulation will have oncogenic characteristics [145]. However, the expression of its 

partner cyclin, cyclin B1 has been shown to correlate with poor survival in breast cancer [146]. Of 

course, this does not guarantee a causal relationship, however to my knowledge artificial 

overexpression of cyclin B1 has not been functionally investigated for potential oncogenic action.  

While all these mutations are widely considered oncogenic, to my knowledge, there is no formal 

proof that they can initiate tumours in vivo. Rather, they act as aids in the tumourigenic process, 

accelerating cell proliferation. Also, an effort to induce the most common human CDK mutations in 

mice and evaluate the tumourigenic effects has not yet been undertaken. Ultimately, evidence for 

the functional role of CDK mutations in cancer comes from the recent clinical success and FDA 

approval of the CDK4/6 inhibitors palbociclib, ribociclib and abemaciclib for the treatment of a 

molecularly-defined subset of advanced breast cancer. It is worth noting that in NSCLC, palbociclib 

trials have shown no improvement in patient response or survival compared to chemotherapy 

[147]. It would be interesting to dissect whether the reduced efficacy of this inhibitor was due to a 

poorly defined molecular signature of the selected patients.  

4.1.6 CDK inhibitors 

A multitude of CDK inhibitors has been developed to date. The naturally-occurring flavones gave 

birth to the pan-CDK inhibitor flavopiridol [148]. Later, dinaciclib was discovered by Merck, with 

selectivity towards CDK1, CDK2, CDK5 and CDK9, while achieving tumour regression at 80% of the 

maximum tolerated dose in mice [149]. The need to develop a CDK7-specific inhibitor led to the 

discovery of THZ1 [150], a CDK7/12 inhibitor which exhibited anti-tumour activity in a broad 

spectrum of tumour cells. To achieve CDK4/6 inhibition in breast cancer, palbociclib [151] was 

developed and was later granted FDA approval.  In the clinic, none of the pan-CDK or CDK7 

inhibitors have shown enough activity to warrant market approval [145]. The reasons for this are 

likely poor patient selection that was not guided by biomarkers and a lack of therapeutic window in 

http://cancergenome.nih.gov/
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order to spare non-malignant cells and keep toxicity to a minimum. Of particular interest in ALK-

driven cancers, ceritinib has been shown to synergise with the CDK4/6 inhibitor ribociclib as an 

upfront combination treatment in ALK-driven neuroblastoma [152]. A subsequent clinical trial in 

EML4-ALK patients (trial no NCT02292550) is still on-going, however, an initial phase I 

announcement suggests that there is no additional benefit from ribociclib, though this remains to 

be established in phase II. 

4.1.7 Transcriptional addiction: An emerging pattern in tumours 

Lately, increased transcriptional output as a feature of various cancers has gained increased 

attention. The addiction to transcription factors as driver oncogenes has been thoroughly reviewed 

in [153]. It appears that a multitude of solid tumours rely on high levels of transcription to support 

the expression of their oncogenes [154–156]. In the context studied herein, in EGFR- and EML4-

ALK- mutant lung cancer cell lines, the authors showed that these cells rely on super enhancer-

driven transcription for their oncogenic signalling, which can be specifically perturbed with low 

levels of transcriptional inhibition [156]. This suggests that a therapeutic window may exist, in 

which tumour cells can have transcriptional inhibition at a level sufficient so that it induces 

apoptosis, whereas normal, non-transcriptionally addicted cells are spared.  Until a time comes that 

transcription factors are easily druggable, it appears that the best solution is to influence the 

transcriptional machinery indirectly, by targeting Cyclin-Dependent Kinases which control the RNA 

polymerase II. Specifically, CDK7 and CDK9 are known to control the elongation step of 

transcription by RNA pol II [157,158].  

4.1.8 Transcription-associated CDKs 

Phosphorylation of the RNA polymerase II C-terminal domain (CTD) is a crucial step for 

transcription initiation [159]. CDK7 along with cyclin H are parts of the transcription factor II (TFII) 

complex and phosphorylate the RNA pol II at the Ser5 and Ser7 sites [160]. CDK7 phosphorylates 

CDK9, which then phosphorylates the Ser2 site of the RNA pol II [161]. Thus, CDK7, directly and 

indirectly, affects the CTD of the RNA pol II. CDK9 along with cyclin T form the P-TEFb complex 

and control transcriptional elongation, phosphorylating Ser2 primarily, but also Ser5 and Ser7 

[162]. By virtue of these facts, it has been shown that CDK7 inhibition with a covalent inhibitor 

affected RNA pol II occupancy at both promoters and gene bodies [150] while CDK9 inhibition 

increased occupancy at the promoters and decreased it at gene bodies, consistent with a role in 

transcriptional elongation. Very recently, it was discovered that modifications in the RNA pol II CTD 

are not CDK7 specific since there is a requirement for CDK12/13 activity in combination with CDK7 

activity for Ser5 phosphorylation [163]. Interestingly, both CDK7 and CDK9 have been linked to 

epigenetic modifications [158,164], which raises concerns for cancer treatment. Specifically, 

prolonged CDK7 or CDK9 inhibition in cancer patients, may result in epigenetic changes that will 

have dire consequences after their therapy is completed, therefore these effects need to be taken 

into account and be better studied. 
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4.1.9 Apoptosis 

It is evident that in terms of reducing tumour size in the clinic, a compound that eliminates tumour 

cells is preferable over one that simply inhibits their proliferation. While several forms of regulated 

cell death have been identified [excellently reviewed in 165], apoptosis is the most common form 

induced by anti-cancer cytotoxic therapies. Focusing on TKIs, different compounds seem to 

promote variable levels of apoptosis. In both HER2- driven breast cancer and EGFR-driven NSCLC, 

HER2 inhibition with lorlatinib or EGFR inhibition with erlotinib resulted in robust induction of 

apoptosis through the intrinsic mitochondrial pathway. The authors showed that BIM and Puma 

were essential to this process [166]. Similarly, in EML4-ALK NSCLC, knockdown of ALK with siRNA 

resulted in robust induction of apoptosis and BIM upregulation [38], suggesting that all ALK 

inhibitors will have the same effect. 

4.1.9.1 The intrinsic apoptotic pathway 

The intrinsic apoptotic pathway is initiated in response to various stimuli such as DNA damage or 

deprivation of growth factors. A key downstream event is the permeabilization of the outer 

mitochondrial membrane [167], followed by the release of cytochrome C and SMAC/DIABLO [168]. 

These and other molecules form the apoptosome, which leads to Caspase-9 activation [169]. 

Caspase-9 then cleaves and activates Caspase-3 and Caspase-7, the activation of which culminates 

in widespread protein degradation and eventual breakdown of the cytoplasmic membrane [170]. 

Another role for SMAC is to bind and sequester the Inhibitors of apoptosis-family (IAPs) proteins, 

which directly bind caspases and prevent the apoptotic cascade, such as the X-linked IAP (XIAP) 

[171].  

Our current knowledge of the intrinsic pathway suggests a multi-levelled regulation of the initiation 

of apoptosis. Specifically, anti-apoptotic proteins are in balance with pro-apoptotic proteins and 

disruption of this balance is a necessary event for the induction of apoptosis. The final step 

required for permeabilization of the mitochondrial membrane is the activation of BAX and BAK, 

which form homo- or hetero-dimers [172], cause a further release of the BCL2 family anti-

apoptotic proteins and result in conformational changes of the mitochondrial outer membrane 

[173]. This is supported by the finding that deletion of BAX and BAK simultaneously, results in 

profound insensitivity to apoptotic stimuli in a wide variety of cells [174]. 

BH3-domain proteins such as PUMA, NOXA, BIM and BID are pro-apoptotic proteins that have a 

single BH3 domain and are known to activate BAX and BAK to achieve mitochondrial 

permeabilization. Notably, these are induced both transcriptionally (mainly BIM, PUMA and NOXA) 

and post-translationally (Bid) [175]. The action of the BH3-domain proteins is counterbalanced by 

members of the BCL2-family such as BCL-XL, BCL-W and MCL-1 [176]. These are anti-apoptotic 

proteins that antagonise BH3 domain pro-apoptotic proteins, but also bind to the mitochondria and 

sequester the membrane preventing BAX and BAK from forming oligomers [177]. 

4.1.9.2 Evasion of apoptosis as a tumour-promoting mechanism 

The importance of individual apoptotic proteins in cancer treatment is well established. Related to 

oncogene-driven tumours and targeted therapies, the mRNA levels of BIM have been shown to be 
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particularly important for targeted therapies. Specifically, high BIM expression correlates with high 

levels of apoptosis upon oncogene disruption, in EGFR- and HER2-mutant cells [178]. The role of 

BIM is also clinically relevant since a genetic polymorphism of BIM has been shown to diminish the 

response to EGFR inhibition in NSCLC [74]. Also in EGFR-mutant NSCLC, an upregulation of MCL-1 

in response to EGFR inhibition dampens the treatment effect and results in drug resistance, which 

can be overcome by MCL1 inhibition through siRNA or treatment with dinaciclib [179]. 

4.2 Results  

4.2.1 Generation of drug-resistant ALK-rearranged cell lines 

In order to investigate the mechanisms of resistance to ALK inhibition and to recapitulate the 

alterations which take place in tumours refractory to ALK inhibitors in vitro, drug-resistant cell lines 

were utilised. Crizotinib is the first FDA-approved inhibitor for the treatment of ALK-rearranged 

lung cancer. Using H3122 EML4-ALK cells [2] as the parental cell line, 3 clones were generated 

after long term exposure to crizotinib, namely CrizR1, CrizR4 and CrizR5 which were maintained in 

1 μM crizotinib. Ceritinib (LDK378) is a second-generation ALK inhibitor [180] with activity against 

crizotinib-resistant ALK kinase domain mutations. After exposing H3122 cells to ceritinib, a clone 

named CeritR was generated and was maintained in 500nM ceritinib. The NCI-H2228 cell line was 

used in parallel as a model of primary resistance to ALK inhibitors. Indeed, CrizR1, CrizR4, CrizR5 

and H2228 cells are more resistant to crizotinib treatment (Figure 6A) and CeritR and H2228 are 

more resistant to ceritinib treatment (Figure 6B) compared to H3122 cells. As a model of 

resistance to the new standard of care, alectinib, an additional EML4-ALKmut cell line, STE-1 [3] was 

utilised, which were made resistant to alectinib, named AlecR and maintained in 500nΜ alectinib 

(Figure 6C). In all cell lines with acquired resistance, the ALK kinase domain was sequenced and 

found to be wild-type (data not shown). 

In addition, some of the described findings were corroborated in EGFR-mutant lung cancer as well. 

To model this context, the PC-9 [181] and H1975 [182] cell lines have been used. PC-9 cells were 

exposed to increasing concentrations of osimertinib and afatinib, until they were resistant to 1μΜ 

dose of both drugs, generating the PC-9 OsimR clone (Figure 6D). PC-9 cells were exposed to 

increasing concentrations of erlotinib, until they were resistant to a dose of 1μΜ, generating the 

PC-9 ErlotR clone (Figure 6E). Both clones carry the T790M kinase domain mutation that makes 

them resistant to first-generation EGFR inhibitors. H1975 cells were exposed to increasing 

concentrations of osimertinib, until they were resistant to 1μM, generating the H1975 OsimR clone 

(Figure 6F). This clone has been reported to harbour SRC-family kinase amplification that 

compensates for EGFR inhibition [75]. 

As described in the methods, some of these cell lines presented with clinically relevant kinase 

domain mutations which promote drug resistance, such as F1174L for ALK and T790M for EGFR. 

However, due to the purpose of this study to unravel off-target mechanisms of resistance in EML4-

ALK, only clones with ALKwt kinase domain were used herein.  
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Figure 6: Cell line models of acquired resistance to TKIs 

The indicated cell lines were treated with the indicated concentrations of: 

A) crizotinib, an ALK inhibitor 

B) ceritinib, an ALK inhibitor 

C) alectinib, an ALK inhibitor 

D) osimertinib, an EGFR inhibitor 

E) erlotinib, an EGFR inhibitor 

F) osimertinib, an EGFR inhibitor 

72h later, cell viability was assessed with the use of the MTS proliferation assay. For each cell line, the vehicle 

control was transformed to 100% and the absorbance of other drug concentrations was normalized relative to 

this control.  Data are presented as means ± SD from 2 (A, C, E) or 3 (B, D, F) biological replicates. 
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4.2.2 The expression of EML4-ALK and EGFR is dysregulated  in drug-resistant clones 

A multitude of studies regarding targeted therapies in lung cancer have proven that the 

mechanisms of resistance to TKIs are highly heterogeneous even within the same cellular clone 

[132,183]. Firstly, the expression of the driver oncogene was interrogated and ALK was found 

downregulated in crizotinib-resistant cells, most prominently in the CrizR1 clone (Figure 7A).  

Arguably the most common ALK-independent mechanism of resistance is an over-activation of 

EGFR, either at the receptor or the ligand (EGF) level [46]. To confirm the relevance of these cell 

line models, protein extracts were probed for the expression levels of EGFR. An over-activation of 

EGFR was then found in the CrizR1 and CrizR4 clones (Figure 7B and C) as well as increased 

phosphorylation of its downstream target AKT in CrizR1 cells. However, in this system, no evidence 

was found of EGFR compensating for EML4-ALK inhibition since knocking down EGFR with an 

siRNA (Figure 7D) combined with crizotinib resulted in no induction of apoptosis in CrizR1 cells 

(Figure 7E).  
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Figure 7: EGFR activation does not mediate resistance to crizotinib 

A) Protein extracts from H3122 parental and crizotinib-resistant cells were subjected to western blotting 

for the indicated proteins. ALK was downregulated in all drug-resistant cell lines. Shown is a 

representative blot of 2 independent experiments. 

B) As in A), activation of EGFR was detected at the protein level in crizotinib-resistant cells but 

particularly in the CrizR1 clone as evidenced by AKT phosphorylation. 

C) Quantification of the protein bands presented in B). Non-saturated ECL images were digitally 

quantified for signal intensity, which was subsequently normalised to the signal intensity of the 

loading control used (β-actin). 

D) CrizR1 cells were transfected with siEGFR and scrambled control for 48h. Then protein extracts were 

analysed by western blotting for EGFR expression. Shown is the western blot of one experiment.  

E) CrizR1 and HCC827 (EGFR-driven cells, as transfection control) cells were transfected with scrambled 

control and siEGFR for 72h in total. 24h post-transfection cells were treated with DMSO/1μΜ 

crizotinib. STE-1 parental cells were treated with crizotinib in parallel as drug control. 72h post-

transfection apoptotic induction was assessed with the use of Annexin V/PI PI flow cytometry. EGFR 

knockdown in EGFR-driven cells increased apoptosis, whereas it did not increase apoptosis in 

crizotinib-resistant cells. Data are presented as means ± SD (n = 3 biological replicates). 
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4.2.3 Investigating the role of apoptotic genes identified from RNA-seq 

In order to find genes whose up- or down-modulation is responsible for the resistance to crizotinib,  

poly-A RNA-seq was employed. Specifically, H3122 parental cells were cultured untreated and 

CrizR1 crizotinib-resistant cells were cultured in the presence of crizotinib and total RNA was 

extracted from 3 different passages. Then, a poly-A library was constructed to isolate mRNAs and 

this library was run on an Illumina sequencer as described in the methods. The reads were 

mapped to the human genome, quality checked and a bioinformatics pipeline (described in the 

methods) was run for statistical comparison. After a differential expression analysis, I considered 

genes differentially expressed only at an adjusted p-value < 0.05 and foldchange > 2, which led to 

3,259 differentially expressed genes being found compared with the H3122 parental (dataset can 

be accessed at https://rebrand.ly/paliouras4 ). The long-term treatment of these cells with 

crizotinib would have resulted in a large transcriptomic diversity, only a minority of which would 

most likely contribute to drug resistance. Looking at individual genes from the RNA-seq and using 

the literature as a guide, several upregulated mRNAs that have the potential to mediate the 

resistance to crizotinib were identified.  

A mechanism of resistance common to RTK inhibitors is a modulation of either pro- or anti-

apoptotic proteins [179]. Interrogating the RNA-seq dataset for apoptotic genes, it was intriguing 

to find two members of the “Inhibitors of Apoptosis” protein family (IAP) to be dysregulated. The 

product of the anti-apoptotic BIRC5 gene, Survivin [171] was strikingly upregulated at the protein 

level in CrizR1 cells (Figure 8A),  however, it was not feasible to knock down Survivin and 

investigate whether it can drive the resistance to crizotinib. The product of the BIRC3 gene, C-

IAP2, [184] was upregulated in all the crizotinib-resistant cell lines (Figure 8B). However, 

silencing of c-IAP2 (Figure 8C) did not result in an increase in apoptosis in combination with 

crizotinib (Figure 8D) indicating that c-IAP2 does not have the potential to compensate for EML4-

ALK inhibition in this clone.  

 

 

  

https://rebrand.ly/paliouras4
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Figure 8: Survivin and c-IAP2 are dysregulated in crizotinib resistance 

A) Protein extracts from H3122 parental and crizotinib/ceritinib-resistant cells were subjected to western 

blotting for Survivin expression. Survivin is strikingly increased in CrizR1 cells. Shown is a 

representative blot of 2 independent experiments. 

B) As in A), cells were analysed for c-IAP2 expression which was found upregulated in all crizotinib-

resistant clones. (right panel) Quantification of the protein bands presented on the left panel. Non-

saturated ECL images were digitally quantified for signal intensity, which was subsequently 

normalised to the signal intensity of the loading control used (β-actin). 

C) CrizR1 cells were transfected with sic-IAP2 or scrambled oligos for 48h and protein extracts were 

then analysed for c-IAP2 expression by western blotting. Shown is a representative blot of 2 

independent experiments. (right panel) Quantification of the protein bands presented on the left 

panel. Non-saturated ECL images were digitally quantified for signal intensity, which was 

subsequently normalised to the signal intensity of the loading control used (β-actin). 

D) As in C), cells were analysed for apoptosis by flow cytometry after siC-IAP2 transfection and no 

increase in apoptosis was observed. As transfection control, siPLK1 was used in CrizR1 cells which 

did lead to rapid induction of apoptosis. Data are presented as means ± SD (n = 3 biological 

replicates). P values were calculated by two-tailed student’s t-test (*p < 0.05, **p<0.01, 

***p<0.001). 
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4.2.4 The effect of TGFβ signalling on crizotinib resistance 

Upon interrogation of the RNA-seq data, an upregulation of the TGFβ receptors 1 and 2 was also 

noticed, which was also observed at the protein level in CrizR1 and CrizR4 cells (Figure 9A). 

TGFβ-R2 has been shown before to be able to induce resistance to crizotinib [185]. These data are 

in agreement with this finding since treatment of CrizR1 cells with the TGFβ-R inhibitor galunisertib 

resulted in a decrease in proliferation in combination with crizotinib in CrizR1 cells (Figure 9B). 

However, this decrease was modest, which led us to hypothesise that different mechanisms of 

resistance may co-exist in the CrizR1 clone. Also, the requirement for a high concentration of 

galunisertib may mean an off-target effect rather than TGFβ-R inhibition. 
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Figure 9: TGFβ-R1/2 inhibition can partially restore crizotinib sensitivity 

A) Protein extracts from H3122 parental and crizotinib/ceritinib-resistant cells were subjected to western 

blotting for TGFβ-R1/2 expression. The expression of TGFβ-R1 was noticeably increased in CrizR1 

and CrizR4 cells whereas TGFβ-R2 was only marginally increased. Shown is a representative blot of 2 

independent experiments. (right panel) Quantification of the protein bands presented on the left 

panel. Non-saturated ECL images were digitally quantified for signal intensity, which was 

subsequently normalised to the signal intensity of the loading control used (β-actin). 

B) CrizR1 cells were treated with vehicle control/1μΜ galunisertib/10μΜ galunisertib in the presence or 

absence of 1μΜ crizotinib. 72h post-transfection, cell proliferation was assessed by MTS. The 

absorbance of the vehicle control wells was transformed to 100% and the absorbance of other drug 

concentrations normalised to this control. Data points are presented as normalised means ± SD (n=3 

biological replicates). P values were calculated by two-tailed student’s t-test (*p < 0.05, **p<0.01, 

***p<0.001). 
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4.2.5 The role of the transcription factors c-FOS and NF-κB 

The transcription factor c-FOS was also found upregulated in the RNA-seq data. This observation 

was followed up on because, in a high-throughput screening, c-FOS overexpression was one of the 

hits that could render H3122 cells more resistant to crizotinib [1]. Western blot analysis confirmed 

the upregulation of c-FOS (Figure 10A). However, after knocking down c-FOS with siRNA (Figure 

10B), there was no decrease in proliferation with or without crizotinib (Figure 10C). Again, a 

potentially oncogenic alteration was just a passenger rather than a driver in the resistance to 

crizotinib. 

Data from EGFR-mutant lung cancer suggest that activation of the NF-κB pathway results in 

residual oncogenic signalling and resistance to EGFR inhibitors [117]. It was then hypothesised 

that this is the case for EML4-ALK lung cancer too. Western blot analysis of phosphorylated NF-κB 

identified an overactivation of the NF-κB p65 subunit in 2 clones, CrizR4 and CrizR5 (Figure 10D). 

In order to assess whether this activation was responsible for the differential drug response, p65 

was silenced (Figure 10E) and cells were treated with crizotinib. After a proliferation assay, there 

was no synergism with p65 knockdown and crizotinib treatment (Figure 10F), therefore an NF-κB 

activation was not driving the resistance to crizotinib in this clone.  
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Figure 10: FOS and NF-κB upregulation is not oncogenic in this context 

A) Protein extracts from H3122 parental and crizotinib/ceritinib resistant cells were subjected to western 

blotting for c-FOS expression. Shown is a representative blot of 2 independent experiments. 

B) CrizR1 cells were transfected with siC-FOS and scrambled control for 72h. Then protein extracts were 

analysed by western blotting for c-FOS expression. Shown is a representative blot of 2 independent 

experiments.  

C) CrizR1 cells were transfected with a scrambled control, siC-FOS and siPLK1 (as viability transfection 

control) for 72h in total. 24h post-transfection cells were treated with DMSO/1μΜ crizotinib. H3122 

parental cells were treated with crizotinib in parallel as drug control. 72h post-transfection cell 

viability was assessed with the use of the MTS proliferation assay. The absorbance of the vehicle 

control wells was transformed to 100% and the absorbance of other drug concentrations normalised 

to this control. Data are presented as normalised means ± SD (n = 3 biological replicates). 

D) Protein extracts from H3122 parental and crizotinib/ceritinib resistant cells were subjected to western 

blotting for NF-κB p65. Shown is a representative blot of 2 independent experiments. 

E) CrizR4 cells were transfected with sip65 and scrambled control for 48h. Then protein extracts were 

analysed by western blotting for p65 expression. Shown is the western blot of one experiment. 

CrizR4 cells were transfected with a scrambled control, sip65, siPLK1 (as viability transfection 

control) for 72h in total. 24h post-transfection cells were treated with DMSO/1μΜ crizotinib. H3122 

parental cells were treated with crizotinib in parallel as drug control. 72h post-transfection cell 

viability was analysed with the MTS proliferation assay. The absorbance of the vehicle control wells 

was transformed to 100% and the absorbance of other drug concentrations normalised to this 

control. Data are presented as normalised means ± SD (n = 2 biological replicates). P values were 

calculated by two-tailed student’s t-test (*p < 0.05, **p<0.01, ***p<0.001). 
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4.2.6 Gene set enrichment data 

After not being able to detect a single driving mechanism of resistance looking at individual genes 

it became apparent that a global overview of the transcriptome was needed. In order to find sets 

of genes that were significantly enriched in the drug-resistant condition, Gene-Set Enrichment 

Analysis (GSEA-described in the methods) was performed in the RNA-seq data. Briefly, this 

algorithm queries the overrepresentation of genes in a dataset based on pre-determined gene 

collections (corresponding to different pathways or experimental perturbations) [15].  I used the 

HALLMARK and KEGG gene collections which are manually curated for the most fundamental 

signalling and phenotypic gene collections based on published data. With the HALLMARK collection 

identified 12 significantly enriched pathways in up- or down-regulated genes (Figure 11A). The 

KEGG-based analysis is discussed in 4.2.8. It was interesting that EMT was the 2nd most enriched 

pathway in up-regulated genes (Figure 11B).   
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Figure 11: EMT-related genes are significantly enriched in crizotinib-resistant cells  

A) H3122 parental and CrizR1 cells were subjected to poly-A RNA seq followed by differential expression 

analysis as described in 4.2.3. Using the Hallmark gene collection, gene-set enrichment analysis 

identified the plotted 12 significantly enriched pathways. An epithelial-to-mesenchymal transition 

signature was prioritised for follow-up studies.  

B) As in A), a plot of EMT enrichment. NES stands for normalised enrichment score. Over 70 

permutations are represented on the x-axis with clear enrichment in both positive (red-upregulation) 

and negative correlation (blue-downregulation). 
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4.2.7 Epithelial-to-mesenchymal transition as a mechanism of resistance 

Recently in the literature, the epithelial-to-mesenchymal transition (EMT) has been described as a 

hallmark of resistance to crizotinib [125]. Except for the identified GSEA signature which shows 

>70 dysregulated genes involved in EMT, the crizotinib-resistant clones CrizR1, CrizR4 and CrizR5 

exhibit a more mesenchymal-like morphology, while ceritinib-resistant cells remain epithelial-like 

(Figure 12).   
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Figure 12: EML4-ALK cell crizotinib-resistant cell lines exhibit a mesenchymal morphology. 

Cells were photographed at 20x magnification using an EVOS light microscope. H3122 and CeritR look 

distinctly like densely-packed, epithelial cells (at the bottom is a magnified example of H3122 cluster of cells 

compared to an example from the literature). CrizR1, CrizR4 and to a lesser degree CrizR5 cells look 

elongated-like, mesenchymal cells (at the bottom is a magnified example of 2 CrizR1 elongated cells 

compared to an example from the literature). EMT example adapted from [186]. 
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The role of EMT in the resistance to crizotinib has been debated [124,187], raising the possibility 

that in some cases EMT has a causal role in crizotinib resistance, while in other cases it is just a 

marker of cells going through the process of acquiring resistance. I asked which was the case in 

this dataset and aimed to validate the results of the RNA-seq data via RT-qPCR. Four well-known 

EMT-related genes were selected and it was found that AXL, LOX, SNAI2 and Vimentin were 

upregulated in the crizotinib-resistant clones CrizR1 and CrizR4 (CrizR5 only for LOX and SNAI2) at 

the mRNA level, while they were not upregulated in ceritinib-resistant cells, consistent with 

observed morphology (Figure 13A). AXL was particularly interesting since it is an RTK and RTKs 

are likely to mediate crizotinib resistance. Also, AXL-mediated activation of EMT has been described 

before [187]. Thus, upregulation of AXL was detected at the protein level in CrizR1 and CrizR4 cells 

(Figure 13B). Then, the small molecule inhibitor bemcentinib (R428) was used [188] to inhibit 

AXL and perform functional experiments. While other groups have shown that AXL inhibition does 

not restore sensitivity to crizotinib [124,187], in the data presented herein, AXL inhibition 

synergised with crizotinib and hindered the proliferation of crizotinib-resistant cells (Figure 13C). 

Furthermore, AXL inhibition resulted in the downregulation of LOX, SNAI2 and Vimentin at the 

mRNA level (Figure 13D), suggesting that AXL may be the driving force behind their upregulation. 

It was observed that bemcentinib treatment resulted in CrizR1 and CrizR4 acquiring a more 

epithelial-like morphology, however, a more carefully controlled experiment would be required to 

ascertain this. However, the combination of bemcentinib plus crizotinib did not result in an 

induction of apoptosis (Figure 13E) and I reasoned that further therapeutic interest in the 

combination may be limited because of this. 
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Figure 13: AXL upregulation contributes to EMT and to the resistance to crizotinib  

A) RNA was extracted from H3122 parental and crizotinib/ceritinib resistant cells. The expression of the 

indicated genes was analysed via RT-qPCR. Data are presented as 2-ΔΔCT normalised means ± SD. 

(n = 4 biological replicates). P values were calculated by two-tailed student’s t-test (*p < 0.05, 

**p<0.01, ***p<0.001). 

B) Western blot for AXL protein expression in EML4-ALK cells, which was found increasingly expressed 

in CrizR1 and CrizR4 cells. Shown is a representative blot of 3 independent experiments.  

C) CrizR1 and CrizR4 were treated with the indicated concentrations of bemcentinib ± 1μΜ crizotinib for 

72h and cell proliferation was assessed by MTS. The absorbance of the vehicle control wells was 

transformed to 100% and the absorbance of other drug concentrations was normalized to this 

control. Data are presented as normalised means ± SD. (n = 3 biological replicates). P values were 

calculated for IC50 shift (*p < 0.05, **p<0.01, ***p<0.001). 

D) CrizR1 cells were treated with 1μΜ bemcentinib or vehicle control for 24h. Then, RNA was extracted 

and the expression of the indicated genes was quantified by RT-qPCR. Data are presented as 2-ΔΔCT 

normalised means ± SD. (n = 3 biological replicates). P values were calculated by two-tailed 

student’s t-test (*p < 0.05, **p<0.01, ***p<0.001). 

E) CrizR1 cells were treated with 1μΜ crizotinib, 2.5μΜ bemcentinib, or combination for 72h. Then, 

apoptotic cells were quantified by Annexin V staining and flow cytometry. STE-1 parental cells were 

treated in parallel with crizotinib as drug control. Shown are means ± SD (n = 3 biological 

replicates). 
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4.2.8 The role of the cell cycle in the resistance to ALK inhibitors 

In the previous RNA-seq data comparing crizotinib-resistant versus sensitive cells, an additional 

pathway analysis by GSEA using the KEGG collection aimed at more comprehensive coverage of 

biological pathways and revealed 9 pathways enriched in dysregulated genes (Figure 14A). 

Notably, among them, there was a significant enrichment in cell cycle-related genes (Figure 

14B). To corroborate this finding, a previous dataset of EML4-ALKmut STE-1 cells treated with 

500nM crizotinib for 24 hours, followed by polyA-RNA-sequencing was interrogated. Specifically, 

parental STE-1 cells were cultured for 24 hrs in the presence of DMSO or crizotinib and RNA was 

extracted from 3 independent experiments. After the previously described sequencing and 

bioinformatics pipeline, differential expression analysis at adjusted p < 0.05 and foldchange > 2 

identified 2,574 dysregulated genes (https://rebrand.ly/paliouras2 ). GSEA identified 9 

pathways enriched in dysregulated genes, the most prominent of which featured a cell cycle 

dysregulation (Figure 14C). This suggests that cell cycle genes are essential for ALK-driven cell 

proliferation, are lost upon ALK inhibition and may be restored if another driver oncogene 

substitutes for ALK loss in drug resistance, 

  

https://rebrand.ly/paliouras2
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Figure 14: RNA-seq identifies a cell cycle dysregulation upon ALK inhibition 

A) H3122 parental and CrizR1 cells were subjected to poly-A RNA seq followed by differential 

expression analysis as described in 4.2.3. Using the KEGG gene collection, gene set enrichment 

analysis identified the plotted 12 significantly enriched pathways.  

B) Cell cycle enrichment plot from A). NES stands for normalised enrichment score. Nine permutations 

are represented on the x-axis with clear enrichment in only positive (red-upregulation) but not 

negative correlation (blue-downregulation). 

C) STE-1 cells were treated with vehicle control/crizotinib for 24h and RNA was extracted from 3 

biological replicates. A poly-A cDNA library was constructed and sequenced, followed by differential 

expression analysis as described in 4.2.8. Using the KEGG gene collection, gene set enrichment 

analysis identified the plotted 9 significantly enriched pathways with cell cycle being the most 

significantly enriched.   
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The list of enriched genes highlighted important components of cell division, such as CCNB1, 

CCNE1, CDK1 and CDK2 (Figure 15A). The downregulation of cyclin B1, CDK1 and CDK2 was 

confirmed upon crizotinib treatment, but not of cyclin E1 at the protein level after 24h or 48h of 

crizotinib treatment (Figure 15B).  
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Figure 15: Cyclin-dependent kinases are downregulated upon crizotinib treatment 

A) Expanded gene list from the GSEA analysis shown in (Figure 14C). NES stands for normalised 

enrichment score. Over 20 permutations are represented on the x-axis with clear enrichment in only 

negative correlation (blue-downregulation) but not positive (red-upregulation). 

B) STE-1 cells were treated with vehicle control/crizotinib for 24h then protein extracts were subjected 

to western blotting for the indicated proteins. CCNB1, CDK1 and CDK2 are robustly downregulated 

after crizotinib treatment. Shown is a representative blot of 2 independent experiments.  (right 

panel) Quantification of the protein bands presented on the left panel. Non-saturated ECL images 

were digitally quantified for signal intensity, which was subsequently normalised to the signal 

intensity of the loading control used (GAPDH). 
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This similarity of the response to crizotinib with the crizotinib-resistant cells raised the possibility 

that cell cycle genes may escape the initial crizotinib-induced downregulation and thus contribute 

to drug resistance. In crizotinib-resistant cells, the upregulation of several cell cycle proteins was 

confirmed by western blotting, such as CDK1, cyclin B1, cyclin E1 and CDK6 (Figure 16A). As 

expected, these genes are upregulated at different degrees in different drug-resistant clones. I 

asked whether the same was true for EGFR-mutant cells resistant to EGFR inhibitors. PC-9 and 

H1975 cells resistant to osimertinib had increased levels of cyclin E1 only (Figure 16B). The most 

common upregulation was of CDK6, in CrizR1, CrizR4 and CrizR5 cells. CDK6 mutations and copy-

number alterations are occurring in patients who acquire resistance to EGFR inhibitors [78] even 

though there has not been experimental evidence that these mutations have a functional role (that 

is, in an EML4-ALK/EGFR context). Given the recent regulatory approval of cell cycle inhibitors for 

breast cancer treatment [189], I asked whether combined CDK4/6 inhibition can re-sensitise CrizR1 

cells to crizotinib. Treatment of CrizR1 cells with the specific CDK4/6 inhibitor palbociclib resulted in 

only partial re-sensitisation to crizotinib, but only in clinically irrelevant [147] concentrations 

(Figure 16C).  
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Figure 16: Cell cycle genes are dysregulated in EML4-ALK drug-resistant cells  

A) Protein extracts from EML4-ALKmut cells were analysed by western blotting for the expression of the 

indicated proteins. Shown is a representative blot from 3 independent experiments. (right panel) 

Quantification of the protein bands presented on the left panel. Non-saturated ECL images were 

digitally quantified for signal intensity, which was subsequently normalised to the signal intensity of 

the loading control used (β-actin). 

B) As in A), for EGFRmut cells, which present an upregulation of CCNE1 only. Shown is a representative 

blot from 3 independent experiments. (right panel) Quantification as in A). 

C) (left panel) CrizR1 cells were treated with the indicated concentrations of palbociclib ± 1μΜ crizotinib 

for 72h. Then, cell proliferation was assessed by MTS. Data are presented as normalised means ± 

SD. (n = 3 biological replicates). P values were calculated by a two-tailed student’s t-test (*p < 0.05, 

**p<0.01, ***p<0.001). 

(Right panel) H3122 and CrizR1 cells were treated in parallel with 1μΜ crizotinib or vehicle control.  
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4.2.9 Pan-CDK inhibition is detrimental to the proliferation of drug-resistant EML4-ALK cells 

The results from the palbociclib experiment leave open the possibility of several cell cycle genes 

cooperating to induce resistance to crizotinib. To test this, the pan-CDK inhibitor alvocidib was 

used, which by inhibiting the majority of human CDKs [190], also affects the action of their partner 

cyclins, allowing for the interrogation of this potential mechanism. While the combination of 

alvocidib and crizotinib did not synergise in decreasing cell proliferation in CrizR1 cells (Figure 

17A), a particular sensitivity to alvocidib as a single agent was observed, previously seen only in 

haematological malignancies [191]. This finding was expanded in all the drug-resistant cell lines 

(Figure 17B, C), including the H2228 (EML4-ALK variant 3) cells (Figure 17D), all of which 

showed decreased proliferation with low nanomolar concentrations of alvocidib. Of note, the 

parental cells responded similarly as the drug-resistant clones, suggesting that CDK inhibition is not 

addressing a mechanism of resistance to ALK inhibition, but perhaps affects all EML4-ALKmut cells. 
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Figure 17: EML4-ALKmut cells are sensitive to alvocidib treatment 

A) CrizR1 cells were treated with the indicated concentrations of alvocidib ± 1μΜ crizotinib for 72h. 

Then, cell proliferation was assessed by MTS. Data are presented as normalised means ± SD. (n = 3 

biological replicates).  H3122 cells were treated with crizotinib in parallel as drug control (not 

shown).  P values were calculated for IC50
 shift (*p < 0.05, **p<0.01, ***p<0.001). 

B) H3122 parental and drug-resistant cells were treated with the indicated concentrations of alvocidib 

for 72h. Then, cell proliferation was assessed by MTS. Data are presented as normalised means ± 

SD. (n = 3 biological replicates).  P values were calculated for IC50 shift (*p < 0.05, **p<0.01, 

***p<0.001). 

C) As in B), for STE-1 parental and alectinib-resistant cells. 

D) H2228 cells were treated with vehicle control, 100nM alvocidib or 200nM alvocidib for 72h. Then, cell 

proliferation was assessed by MTS. Data are presented as normalised means ± SD. (n = 3 biological 

replicates). P values were calculated by two-tailed student’s t-test (*p < 0.05, **p<0.01, 

***p<0.001). 

The absorbance of the vehicle control wells was transformed to 100% and the absorbance of other 

drug concentrations was normalised to this control. 
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To follow up on the observed sensitivity to CDK inhibition I decided to test dinaciclib, a newer 

CDK1, CDK2, CDK5 and CDK9 inhibitor with better pharmacological properties [149]. Dinaciclib, like 

alvocidib, is not considered a selective probe, as it has activity against several members of the CDK 

family. Also, the recent discovery of the CDK7/12 inhibitor THZ1 has shown very promising anti-

tumour activity [150] and in the context of EML4-ALK cancer, THZ1 has been shown to prevent the 

development of resistance to ALK inhibitors by suppressing adaptive transcriptional responses 

[156]. I was interested to see whether this inhibitor is also potently active against cells that have 

already acquired resistance to ALK inhibitors. After testing all these compounds, the proliferation of 

EML4-ALK cells resistant to crizotinib/ceritinib (Figure 18A) and alectinib (Figure 18B) was 

potently suppressed by low nanomolar concentrations of dinaciclib and similarly, of THZ1 (Figure 

18C, D). This observation was expanded in EGFR-mutant cells, where the combination of 

erlotinib/osimertinib with CDK inhibitors was likewise not synergistic (data not shown), however, a 

marked sensitivity to alvocidib on its own was observed (Figure 18E, F, G).  
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Figure 18: CDK inhibition effective suppresses cell proliferation of oncogene-driven NSCLC cells 

A) H3122 parental and crizotinib-resistant cells were treated with the indicated concentrations of 

dinaciclib, a CDK1, CDK2, CDK5 and CDK9 inhibitor for 72h. Then, cell proliferation was assessed by 

MTS. Data are presented as normalised means ± SD. (n = 3 biological replicates).  P values were 

calculated for IC50
 shift (*p < 0.05, **p<0.01, ***p<0.001). 

B) As above, for STE-1 parental and alectinib-resistant cells. 

C) As in A), for THZ1, a CDK7/12 inhibitor. 

D) As in C), for STE-1 parental and alectinib-resistant cells. 

E) PC-9 parental, erlotinib-resistant and osimertinib-resistant cells were treated with the indicated 

concentrations of alvocidib for 72h. Then, cell proliferation was assessed by MTS. Data are presented 

as normalised means ± SD. (n = 3 biological replicates).  P values were calculated for IC50
 shift (*p 

< 0.05, **p<0.01, ***p<0.001). 

F) As in A), for dinaciclib. 

G) As in A), for THZ1. 

In all experiments, the absorbance of the vehicle control wells was transformed to 100% and the 

absorbance of other drug concentrations was normalised to this control.  
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4.2.10 Assessing the effect of CDKi on long-term survival 

The same potent effects were observed with a more prolonged CDK inhibitor treatment followed by 

crystal violet staining (Figure 19A) and it was apparent that STE-1 parental cells and cells 

resistant to the current standard of care, alectinib, did not respond to low doses of THZ1, however, 

they did respond to alvocidib or dinaciclib. Recently, it has been proven that after an in vitro initial 

high dose of TKIs, some cells survive the treatment and re-populate the culture dishes. These cells 

have been named ‘persisters’ [126] and recapitulate the context of primary, as opposed to 

acquired, resistance. To mimic this, H3122 sensitive cells were treated with high doses of crizotinib 

and alectinib, until the surviving cells repopulated the wells. At this point, cells were treated with 

alvocidib, and it was apparent that alvocidib is effective with persister cells as well (Figure 19B). 

Furthermore, I reasoned that as with any single agent molecule, resistance to alvocidib or 

dinaciclib would eventually appear. It was thus tested whether an upfront combination of ALK 

inhibition with low dose alvocidib or dinaciclib can prevent the emergence of resistant clones. In a 

crystal violet assay, single-agent alectinib, alvocidib or dinaciclib all led to a number of surviving 

cells and development of drug-resistant colonies. However, the combination of alectinib with low-

dose alvocidib or dinaciclib led to complete elimination of all cells, suggesting that such a 

combination may be highly effective, provided that the correct dose could be identified to minimise 

in vivo toxicity (Figure 19C). This experiment was only performed once, so additional repeats 

would be required for a confident conclusion.  
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Figure 19: Long-term treatment with CDKi suppresses persister cells 

A) All the indicated cell lines were treated with the indicated compounds until the vehicle control well 

reached confluence (7-10 days). Then, cells were fixed and stained with crystal violet to assess cell 

viability. Alvocidib treatment modestly inhibits the survival of EML4-ALKmut or EGFRmut cell at 100nM 

while completely inhibits it at 200nM for EML4-ALKmut cells. Dinaciclib treatment modestly inhibits the 

survival of EML4-ALKmut or EGFRmut cell at 50nM while completely inhibits it at 100nM. Lastly, THZ1 

has similar effects at 50 and 100nM but with STE-1 cells being more resistant to long-term THZ1 

treatment. Shown are representative wells of at least 2 independent experiments. 

B) As in A), H3122 cells were treated with 1μΜ crizotinib or alectinib until persister cells emerged and 

started to proliferate. Then cells were treated long-term with the indicated concentrations of 

alvocidib (~3 weeks). Clearly, upon the addition of 100nM alvocidib, persister cells show decreased 

survival over 3 weeks, while at 200nM they are largely eliminated. Shown are representative wells of 

2 independent experiments. 

C) STE-1 cells were treated with vehicle control, 100nM alvocidib or 20nM dinaciclib in the presence or 

absence of 1μΜ alectinib. After 10 days, cells were fixed and stained with crystal violet to assess cell 

viability. While single-agent alvocidib, dinaciclib or alectinib all result in residual cells that will lead to 

drug resistance, a combination of low-dose alvocidib or dinaciclib with maximum dose alectinib 

eliminates all cells. Shown are the wells of 1 experiment. 
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4.2.11 CDK inhibition results in a potent apoptotic response in EML4-ALK cells 

I then aimed to identify the reason for decreased proliferation upon alvocidib treatment. Cell cycle 

analysis was only possible at the 24h time point due to observed cell death and during that time 

point, an arrest at the G2/M phase of the cell cycle was observed in CrizR1 cells (Figure 20A). 

The marked cell death led us to question whether apoptosis was induced. Annexin/PI flow 

cytometry analysis uncovered a marked induction of apoptosis in all the crizotinib-resistant cell 

lines tested, with the CrizR1 clone showing the highest levels (Figure 20B). The high amount of 

apoptotic cells raised concerns for toxicity; however, it was found that this induction of apoptosis is 

preferential towards EML4-ALK cells, as the normal lung epithelial cells HBEC remained unaffected 

after alvocidib treatment (Figure 20C).  
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Figure 20: Alvocidib causes apoptosis with minimal cell cycle arrest 

A) CrizR1 cells were treated with vehicle control or 200nM alvocidib for 24h. Then, cells were fixed and 

stained with PI, followed by flow cytometry. Shown on the right are the DNA content peaks 

generated by the flow cytometer. 

B) The indicated cell lines were treated with vehicle control or 200nM alvocidib for 48h. Then, cells were 

stained with Annexin V/PI, followed by flow cytometry analysis. Before plotting the percentage of 

Annexin+ cells, the percentage of apoptosis induced by the vehicle control was subtracted to show 

the percentage of apoptotic cells purely due to drug treatment. Shown on the right are the gated 

flow cytometry graphs, gated after single stain, no-stain and double-stain controls. 

C) CrizR1 and HBEC cells were treated with vehicle control or 200nM alvocidib for 72h. Then, cells were 

stained with Annexin V/PI, followed by flow cytometry analysis. Shown on the right are the gated 

flow cytometry graphs, gated after single stain, no-stain and double-stain controls.  

Data are presented as means ± SD. (n = 3 biological replicates). P values were calculated by two-

tailed student’s t-test (*p < 0.05, **p<0.01, ***p<0.001). 

 



92 

 

I asked whether dinaciclib or THZ1 treatment also results in the induction of apoptosis. Dinaciclib 

at concentrations as low as 50nM and THZ1 at 100nM caused robust apoptotic cell death as 

assessed by Annexin V staining and flow cytometry in all EML4-ALK cells tested (Figure 21A). The 

drug-resistant EML4-ALK cells exhibit different degrees of apoptosis, suggesting that each clone is 

susceptible to a different degree to CDK inhibition.  
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Figure 21: Apoptotic induction by dinaciclib and THZ1 

A) The indicated cell lines were treated with vehicle control, 50nM dinaciclib, or 100nM THZ1 for 48h. 

Then, cells were stained with Annexin V/PI, followed by flow cytometry analysis. Data are presented 

as means of Annexin V+ cells ± SD. Before plotting the percentage of Annexin+ cells, the percentage 

of apoptosis induced by the vehicle control was subtracted to show the percentage of apoptotic cells 

purely due to drug treatment. (n = 3 biological replicates). P values were calculated by two-tailed 

student’s t-test (*p < 0.05, **p<0.01, ***p<0.001). Shown on the bottom are the gated flow 

cytometry graphs, gated after single stain, no-stain and double-stain controls for each cell line. 
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Lastly, the differential response to alvocidib and dinaciclib was examined in a panel of NSCLC cell 

lines with different genetic backgrounds. H3122 CrizR1 cells and STE-1 AlecR exhibited the highest 

levels of apoptosis with low dose alvocidib or dinaciclib (Figure 22), suggesting a selectivity of 

these compounds towards EML4-ALK drug-resistant cells. 
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Figure 22: Pan-CDK inhibition shows selectivity towards EML4-ALK drug-resistant cells 

A) The indicated cell lines were treated with vehicle control, 200nM alvocidib or 25nM dinaciclib for 48h. 

Then, cells were stained with Annexin V/PI, followed by flow cytometry analysis. Data are presented 

as means of Annexin V+ cells ± SD. Before plotting the percentage of Annexin+ cells, the 

percentage of apoptosis induced by the vehicle control was subtracted to show the percentage of 

apoptotic cells purely due to drug treatment (n = 3 biological replicates). P values were calculated by 

two-tailed student’s t-test (*p < 0.05, **p<0.01, ***p<0.001). Shown below are the gated flow 

cytometry graphs, gated after single stain, no-stain and double-stain controls for each cell line. 
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4.2.12 Mechanism of apoptosis following CDKi treatment 

I aimed to understand how pan-CDK inhibition results in cell death. The fact that there is minimal 

cell cycle arrest led me to hypothesise that the induction of apoptosis is largely cell cycle-

independent. Furthermore, H3122 cells carry a TP53 E285V mutation (COSMIC project, Sanger 

Institute) which renders p53 inactive [192]. Therefore, these cells should initiate p53-independent 

apoptosis. To approach this in an unbiased fashion, an apoptotic protein array which 

simultaneously profiles 43 apoptotic proteins was used (Figure 23A). After 24h of alvocidib 

treatment, several dysregulated proteins were detected, some of these changes, however, were 

not robust (Figure 23B). A significant upregulation was found for the pro-apoptotic proteins BIM, 

BID, SMAC and as expected Caspase 3 and Caspase 8 (Figure 23C). These findings suggest an 

induction of the mitochondrial apoptotic pathway.  
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Figure 23: The intrinsic mitochondrial apoptotic pathway is induced by alvocidib treatment 

A) CrizR1 cells were treated with vehicle control or 200nM alvocidib for 24h. Then, protein extracts were 

hybridised to an Abcam 43-protein apoptotic array and chemiluminescence was detected according 

to the manufacturer’s instructions and as detailed in 2.5.1. Increased or decreased signal upon 

alvocidib treatment indicates increased or decreased protein expression respectively, for this 

particular membrane spot. The luminescence signal was recorded and normalized to loading controls. 

Shown is a representative blot of 2 independent experiments. 

B) Quantification of the signal from A), with DMSO pixel values having been transformed to represent 

100%. Graphs show normalised means ± SD. (n = 3 biological replicates). P values were calculated 

by a two-tailed student’s t-test (*p < 0.05, **p<0.01, ***p<0.001). 

C) Plotted are only the significant changes from B). 
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Looking in the literature it was found that alvocidib caused a suppression of the anti-apoptotic 

protein MCL-1 in lung carcinoma cells [193]. The loss of MCL-1 was confirmed in all EML4-ALK 

drug-resistant cell lines after alvocidib and dinaciclib treatment (Figure 24A). The anti-apoptotic 

protein Survivin has also been linked to the response to alvocidib before [194]. A downregulation 

of Survivin was detected upon alvocidib and dinaciclib treatment at the protein level. In addition, 

alvocidib is known to decrease transcriptional output by inhibiting CDK9 and consequently, 

elongation by the RNA Polymerase II [195]. It was then reasoned that all three inhibitors affect 

transcriptional regulation and subsequently, the mRNA levels of pro- and anti-apoptotic proteins. 

Indeed, in this system, alvocidib and dinaciclib treatment decreased phosphorylation at the Ser2 

repeat of the RNA Polymerase II (Figure 24B). 
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Figure 24: MCL-1 and Survivin are downregulated upon alvocidib treatment 

A) The indicated cell lines were treated with vehicle control, 25nM dinaciclib or 200nM alvocidib, for 

6h, after which point protein extracts were analysed by western blotting for the expression of 

MCL-1/Survivin with β-Actin/GAPDH as housekeeping control. Both MCL-1 and Survivin are 

downregulated in response to alvocidib or dinaciclib treatment, in all drug-resistant EML4-ALK 

cells. Shown is a representative blot of 3 independent experiments. 

B) CrizR1 cells were treated with vehicle control, 25nM dinaciclib or 200nM alvocidib for 6h and 

24h, after which point protein extracts were analysed by western blotting for the expression of 

the indicated proteins. The phosphorylation of RNA polymerase II at the Ser2 repeat is 

decreased upon alvocidib or dinaciclib treatment, indicating a CDK9-specific effect. Shown is a 

representative blot of 2 independent experiments. (right panel) Quantification of the protein 

bands presented on the left panel. Non-saturated ECL images were digitally quantified for signal 

intensity, which was subsequently normalised to the signal intensity of the loading control used 

(GAPDH). 
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To test the specificity of these inhibitors, siRNA oligos for CDK7 and CDK9 were used (Figure 

25A). Only a modest knockdown of CDK9 was enough to induce apoptosis (Figure 25B), 

reinforcing the transcriptional hypothesis. Conversely, CDK7 knockdown on its own did not lead to 

apoptosis, suggesting a need for combined inhibition of CDK7/12/13.  This reinforces the likelihood 

of a CDK9-mediated RNA polymerase II inhibition that ultimately results in apoptosis. While it is 

possible that the effect of the CDK9 siRNA may be due to off-target activity, a mixed sequence of 4 

different oligos was used (Dharmacon), to minimise this possibility.  
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Figure 25: CDK9 knockdown induces apoptosis 

A) Western blot analysis of CrizR1 cells treated with scrambled or siRNA for CDK7 or CDK9 for 72h 

shows a modest knockdown with CDK9 and a more effective knockdown with CDK7. Shown are 

representative blots of 2 independent experiments. 

B) CrizR1 were treated as above, or with DMSO/100nM alvocidib/50nM THZ1 and cells were stained 

with Annexin V/PI and analysed by flow cytometry for Annexin V+ cells 72h post-transfection. (Gate 

plots are shown at the bottom, gated after no-stain, single-stain and double stain apoptotic controls). 

Before plotting the percentage of Annexin+ cells, the percentage of apoptosis induced by the vehicle 

control was subtracted to show the percentage of apoptotic cells purely due to drug treatment. Data 

are presented as normalised means ± SD. (n = 3 biological replicates). P values were calculated by a 

two-tailed student’s t-test (*p < 0.05, **p<0.01, ***p<0.001). 
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To add more confidence to the mechanistic basis of CDK7 or CDK9 inhibition, we performed Chip-

seq for RNA polymerase II after treating CrizR1 cells with alvocidib or THZ1. A global overview of 

RNA pol II peaks suggested that alvocidib treatment dramatically increased occupancy at the TSS, 

while THZ1 slightly decreased it (Figure 26A). We performed GSEA analysis with the HALLMARK 

gene collection based on the core enrichment of the mapped peaks and found 6 differentially 

enriched signatures with alvocidib (Figure 26B) and 11 with THZ1 (Figure 26C). Notably, both 

drugs induced different RNA pol II occupancy in the transcription start site (TSS) of MYC targets. 
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Figure 26: Alvocidib or THZ1 treatment is concordant with CDK7 or CDK9 inhibition based on 
RNA polymerase II Chip-seq 

A) CrizR1 cells were treated with vehicle control, 200nM alvocidib or 100nM THZ1 for 6 hrs, then chromatin 

was precipitated with an anti-RNA polymerase II antibody and sequenced. Plotted is the average number of 

peaks per condition, showing increased RNA pol II occupancy at the transcription start site (TSS) with 

alvocidib treatment and decreased occupancy with THZ1 treatment.  

B) GSEA analysis using the HALLMARK gene collection for the differentially enriched peaks around the TSS 

(±1kb) with alvocidib shows a significant change in MYC targets. Shown on the right are the plots of the “MYC 

targets”-enriched signatures. NES stands for normalised enrichment score. Over 100 permutations are 

represented on the x-axis with clear enrichment in both negative (blue-downregulation) and positive (red-

upregulation) correlation. 

C) As above, for THZ1 treatment, GSEA shows a significant change in MYC targets. Shown on the right are 

the plots of the “MYC targets”-enriched signatures. NES stands for normalised enrichment score. Over 30 

permutations are represented on the x-axis with enrichment in both negative (blue-downregulation) and 

positive (red-upregulation) correlation. 
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Lastly, we looked at the RNA pol II peaks of the previously examined genes MCL1 and Survivin and 

we also included MYC. From the gene tracks, it was evident that alvocidib treatment results in 

pausing of the RNA pol II at the Transcription Start Site (TSS) while reducing the occupancy across 

the gene body and THZ1 results in reduced binding of RNA pol II at the TSS (Figure 27A, B and 

C). This is highly concordant with previous findings which suggest that CDK7 mediates the binding 

of the RNA pol II at the promoters, while CDK9 regulates the release and elongation steps [150]. 
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Figure 27: Alvocidib reduces the RNA pol II occupancy across the gene body while THZ1 at 
promoter sites 

A) Background-subtracted gene tracks of RNA polymerase II occupancy at the MCL1 locus using the UCSC 

genome browser. 

B) As above, for the BIRC5 locus. 

C) As above, for the MYC locus. 

Evidently, for all the above loci, RNA polymerase II peak intensity is reduced across the gene body with 

alvocidib treatment, while it is increased around the TSS indicating an inhibition of the elongation step of 

transcription. THZ1 treatment on the other hand marginally reduces RNA polymerase II peak intensity around 

the TSS, indicating inhibition of RNA polymerase II recruitment at the promoter.  
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Subsequently, it was hypothesised that short-lived, anti-apoptotic mRNAs such as MCL-1 and 

Survivin are degraded after transcriptional inhibition. Consistently, MCL-1 and Survivin were 

downregulated at the mRNA level after treatment with all the compounds (Figure 28A). I asked 

whether MCL-1 downregulation is enough to induce apoptosis and to account for alvocidib-induced 

cell death. MCL-1 was silenced using two different siRNAs, (Figure 28B), however, there was no 

significant induction of apoptosis (Figure 28C), suggesting that there is a contribution of other 

apoptotic proteins to initiate alvocidib-induced cell death.   
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Figure 28: MCL-1 downregulation is not enough to initiate apoptosis 

A) CrizR1 cells were treated with 200nM alvocidib, 25nM dinaciclib, 100nM THZ1 or vehicle control for 

24h. Then, RNA was extracted and the expression of the indicated genes was quantified by RT-

qPCR. Data are presented as 2-ΔΔCT normalised means ± SD. (n = 3 biological replicates).  

B) Western blot analysis for MCL-1 expression of CrizR1 cells treated with scrambled (50nM) or siRNA 

for MCL-1 (50nM) for 72h. Shown is a representative blot of 2 independent experiments. 

C) CrizR1 were treated as above, for 72h and cells were stained with Annexin V/PI and analysed by flow 

cytometry for Annexin V+ cells 72h post-transfection. Data are presented as means ± SD (n = 3 

biological replicates). Shown on the right are the gated flow cytometry plots after single-stain, no-

stain and double-stain apoptotic controls. 

P values were calculated by a two-tailed student’s t-test (*p < 0.05, **p<0.01, ***p<0.001). 
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Furthermore, I was interested to see if the expression of cell cycle genes is affected by 

transcriptional inhibition. The mRNA levels of some of the previously examined cell-cycle related 

genes were upregulated in CrizR1 cells compared to the H3122 parental. Alvocidib treatment 

partially or completely restored their expression to the parental levels or lower (Figure 29). 

Additionally, in the same experiment, treatment with the transcriptional inhibitor actinomycin D had 

an almost identical effect on the cell cycle mRNAs, reinforcing the notion that alvocidib does indeed 

act through transcriptional inhibition. 
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Figure 29: Alvocidib treatment results in the loss of key cell cycle-related mRNAs 

H3122 parental and CrizR1 cells were treated with DMSO, 200nM alvocidib or 250ng/ml actinomycin D for 6 

hours. Then, RNA was extracted and the expression of the indicated genes was quantified by RT-qPCR. Data 

are presented as 2-ΔΔCT normalised means ± SD. The DCq values of H3122 parental cells were transformed 

to 100% and the rest of the treatment conditions were normalised to this, clearly indicating that CDK1, CDK2, 

CDK6 and CCNE1 are upregulated in CrizR1 compared with H3122 parental cells at the mRNA level. Alvocidib 

or actinomycin D treatment greatly reduces their mRNA levels (n = 4 biological replicates). P values were 

calculated by a two-tailed student’s t-test (*p < 0.05, **p<0.01, ***p<0.001). 
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4.2.13 EML4-ALK specificity 

While it was demonstrated that EML4-ALK cells are more sensitive to CDK inhibitors compared with 

other NSCLC cell lines, it was still not clear why. To shed light on this, data from a comprehensive 

RNA-seq effort of the Cancer Cell-Line Encyclopaedia were utilised (CCLE) [16]. The only EML4-ALK 

v1 cell line that was available in this cohort was the parental H3122 cells. The normalised RNA-seq 

expression data were downloaded for only the lung-adenocarcinoma cells (LUAD). Then, the 

HALLMARK apoptosis gene collection was used and the z-score of the apoptotic genes in all the 

LUAD cells was plotted (Figure 30).  
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Figure 30: Cluster analysis reveals high expression levels of MCL1 and CCND1 in H3122 cells 

Sequencing data from the CCLE project were utilised, specifically the RPKM (Reads Per Kilobase of transcript, 

per Million mapped reads) values which represent a uniform, normalized way of looking at transcript 

expression across cell lines [16]. Then, the gene expression data of only the lung adenocarcinoma cell lines 

were isolated. To visualise these data, the values were transformed to z-score, indicating how many standard 

deviations above the mean is the expression of a single gene. After isolating only the apoptosis-related genes 

using the HALLMARK gene collection, the z-score was plotted on a heatmap using Euclidian distance 

clustering. Looking at the cell line of interest, H3122 EML4-ALKmut cells, it is evident that there is a cluster of 

distinctly upregulated genes, highlighted with a green square. This blue colour intensity represents an 

expression of more than 6 standard deviations above the lung adenocarcinoma mean for the genes MCL1 and 

CCND1.  
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There was a distinct clustering of up-regulated apoptotic genes, which were MCL-1 and CCND1. 

Survivin was not part of the HALLMARK gene set, but when it was examined separately, it was 

found that H3122 cells also had the highest mRNA levels. The normalised RPKM values for these 

genes are plotted (Figure 31). These data raise the possibility that a collective dysregulation of 

these genes renders EML4-ALK cells particularly susceptible to transcriptional perturbation.  
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Figure 31: RPKM values from RNA-seq comparing H3122 with other LUAD cell lines 

As described in (Figure 30), the normalised RPKM values (Reads Per Kilobase of transcript, per Million 

mapped reads) values which represent a uniform, normalized way of looking at transcript expression across 

cell lines [16] were downloaded from CCLE. These normalized gene expression values are plotted in a graph 

comparing H3122 with the rest of the LUAD cell lines. Arrows indicate the highest expression levels for the 

mRNAs of MCL-1, Survivin and CCND1. 
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Lastly, in an effort to test whether there is a differentiating gene signature of H3122 cells, the 

RNA-seq data were ordered according to z-score. Then, only genes that were at least 1.5 standard 

deviations above or below the LUAD mean were isolated. Upon a GSEA analysis, a significant 

enrichment in STAT1 targets was uncovered (Figure 32A), as well as genes that have been 

previously described as amplified in lung cancer (Figure 32B). These data may suggest that an 

aberration related to STAT1 activity has rendered EML4-ALK cells distinctly sensitive to 

transcriptional perturbation. Interestingly, the previously identified candidate CCND1 is a STAT1 

target as indicated in the gene set list.  
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Figure 32: H3122 cells are significantly enriched in STAT1 targets and genes previously 
identified as amplified in lung cancer 

A) GSEA enrichment in H3122 transcripts expressed at least 1.5 standard deviation above the lung 

adenocarcinoma average shows enrichment in STAT1 targets. NES stands for normalised enrichment 

score. Over 15 permutations are represented on the x-axis with clear enrichment in positive (red-

upregulation) but not negative correlation (blue-downregulation). On the right is the expanded list of 

permutations. 

B) As in A), the Lockwood set of genes amplified in lung cancer was identified. NES stands for 

normalised enrichment score. Over 40 permutations are represented on the x-axis with clear 

enrichment in positive (red-upregulation) but not negative correlation (blue-downregulation). On the 

right is the expanded list of permutations. On the right is the expanded list of genes 
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4.2.14 In vivo studies & clinical modelling 

Given the impressive activity of alvocidib, dinaciclib and THZ1 in vitro, I decided to test whether 

they would be equally effective in a mouse xenograft model of these drug-resistant cell lines. 

Subsequently, CrizR4 cells resistant to crizotinib were injected in the right flank of nude mice. 

When tumours reached between 100-200 mm3, mice were randomised to different groups. Mice 

were treated with crizotinib daily at a dose of 50 mg/kg P.O. with the corresponding vehicle control 

group. As expected, crizotinib-resistant cells formed tumours that were not significantly delayed by 

crizotinib treatment (Figure 33A). THZ1 at a dose of 10mg/kg twice per day I.P. exhibited 

significant weight loss/toxicity (Figure 33B) which led to premature termination of the study 

according to the pre-defined humane endpoints. This is in contrast with previous studies, where 

this dose of THZ1 showed minor weight loss [150,156]. In this study, after 5 daily treatments, 

mice had lost more than 20% weight and became hunched and inactive. A similar observation took 

place for dinaciclib treatment, at 48mg/kg by I.P. injection twice a week, as per the published 

protocol [149]. In this study, after only one injection of dinaciclib, all mice lost weight (Figure 

33C), some of which at the 20% limit and were thus sacrificed and the study terminated. A 

protocol with lower drug doses was subsequently initiated.  
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Figure 33: Immunocompromised xenograft model of crizotinib-resistant cells 

A) CrizR4 cells were injected in the right flank of nude athymic mice, and mice were randomised in 

different groups, with 7 mice per group initially. When tumour average size reached 200mm3, mice 

were treated with vehicle control or crizotinib at 50mg/kg by oral gavage. Plotted are the tumour size 

means ± SD. Due to tumour ulceration or reaching the maximum allowed size, by the end of the 

experiment, there were n = 4 mice in the vehicle control group and n = 6 mice in the crizotinib 

group.  

B) As in A), mice were treated with vehicle control or THZ1 at 10mg/kg by 2x daily I.P. injection. 

Plotted are the mouse weight means ± SD, n = 10 mice per group. 

C) As in A), mice were treated with vehicle control or THZ1 at 10mg/kg by daily I.P. injection. Plotted 

are the individual mouse weight measurements, n = 7 mice for the control group, n = 9 mice for the 

treatment groups. 
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Alvocidib treatment at 10mg/kg, using daily I.P. injections resulted in a significant delay in tumour 

growth (Figure 34A). After 2 weeks weight loss was observed, at which point the treatment was 

interrupted and all mice but one, recovered fully. Interestingly, even with a week without 

treatment, tumours did not grow significantly, suggesting that there is room for improving the dose 

scheduling as daily injections may not be required. Unfortunately, this study could not be kept 

monitored for longer, as progressively more tumours in the control group became ulcerated and 

mice had to be sacrificed. Then, tumour sections were stained for cleaved caspase-3 in order to 

assess the levels of apoptosis. A trained pathologist quantified the expression levels of cleaved 

caspase-3 and concluded that there is a marginally significant increase in apoptosis (Figure 34B). 

These data were expanded with alectinib-resistant cells. Unlike CrizR4 cells, these cells despite 

remaining resistant in culture lost resistance to alectinib during the ~3 week inoculation period in 

mice (Figure 34C). Even though alectinib dramatically reduced tumour growth, alvocidib or 

dinaciclib treatment at 10mg/kg or 20mg/kg 3x/week also significantly reduced tumour growth. 

Alvocidib was more effective, highlighting again the translational relevance of these data and 

pointing to alvocidib testing in all EML4-ALK patients despite their prior use of ALK inhibitors. 

Subsequent staining for cleaved caspase 3 was initiated but was unfortunately beyond the time 

frame of this thesis.  
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Figure 34: Alvocidib or dinaciclib treatment delays tumour growth in vivo 

A) CrizR4 cells were injected in the right flank of nude athymic mice, and mice were randomised in 

different groups, n = 7 mice/group. When tumour average size reached 200mm3, mice were treated 

with vehicle control or alvocidib at 10mg/kg by I.P. injection. Plotted are the tumour size means ± 

SD.  Due to tumour ulceration or reaching the maximum allowed size, by the end of the experiment 

there were n = 5 mice in the vehicle control group and n = 7 mice in the alvocidib group. P values 

were calculated at the last time point by a two-tailed student’s t-test (*p < 0.05, **p<0.01, 

***p<0.001). 

B) Paraffin blocks of harvested tumours were stained with IHC for cleaved caspase-3. The quantification 

was kindly performed by Dr Matteo Fassan.  

C) AlecR cells were injected in the right flank of NOD-SCID mice and mice were randomised in different 

groups. When the average size of tumours reached 200mm3, mice were treated with vehicle control 

P.O. / I.P. at 10ml/kg 3x/week, 10mg/kg alectinib P.O. 3x/week, 10mg/kg alvocidib I.P. 3x/week or 

20mg/kg dinaciclib I.P. 3x/week. Plotted are the tumour size means ± SD, n = 5 for the alvocidib 

group, n =5 mice for the alectinib group, n = 6 mice for the dinaciclib group, n = 12 (6+6) mice for 

the control groups. P values were calculated at the last time point by a two-tailed student’s t-test (*p 

< 0.05, **p<0.01, ***p<0.001). 
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Taken together, these data suggest that alvocidib or dinaciclib may be viable therapeutic options in 

the clinic for patients with ALK-independent mechanisms of resistance. For this cohort of patients 

with only chemotherapy left as a treatment option, it could be argued that lorlatinib, the most 

recently approved ALK inhibitor [92] should be used. Therefore, I decided to test this kind of 

clinical sequencing in the in vitro models of acquired resistance. As expected, the H3122 parental 

cells were very sensitive to lorlatinib and equally sensitive to alvocidib or dinaciclib (Figure 35A). 

Crizotinib-resistant cells were completely resistant to lorlatinib but remained very sensitive to 

alvocidib or dinaciclib. Lastly, while ceritinib- or alectinib- resistant cells had a partial response to 

lorlatinib, they were significantly more sensitive to alvocidib or dinaciclib. The same was observed 

by long-term treatment and survival assay (Figure 35B). Should these data be translated in the 

clinic, lorlatinib would have no activity in patients with wild-type ALK kinase domain and it is 

possible that transcriptional inhibition would be beneficial to these patients. 
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Figure 35: CDKi may be effective in a lorlatinib-resistant context 

A) The indicated EML4-ALK cell lines were treated with 100nM lorlatinib, 200nM alvocidib, 25nM 

dinaciclib or vehicle control for 72h. Then, cell proliferation was assessed by an MTS proliferation 

assay. Plotted are normalised means ± SD (n = 3 biological replicates). P values were calculated by 

a two-tailed student’s t-test (*p < 0.05, **p<0.01, ***p<0.001). 

B) All the indicated cell lines were treated with 100nM lorlatinib, 200nM alvocidib, 25nM dinaciclib or 

vehicle control until the vehicle control well reached confluence (7-10 days). Then, cells were fixed 

and stained with crystal violet to assess cell viability. Shown are representative wells of 3 

independent experiments. 
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4.3 Discussion 

4.3.1 Selection of the model system used 

To study the development of drug resistance in a clinically-relevant fashion, systems that can be 

used are: Clinical specimens (either biopsy samples or blood samples), patient-derived xenograft 

(PDX) models, primary cultures generated from tumour biopsies or cell lines that were made drug-

resistant through exposure in culture. While clinical specimens provide direct proof for the clinical 

condition, they can only be used for the identification of potential mechanisms, which then need to 

be functionally interrogated with cell lines or mice. Thus, they are frequently used to confirm 

findings that were generated in vitro. In this study, the only clinical samples that could be obtained 

were blood samples and were used to confirm the relevance of miRNA-related findings, as 

discussed in the next chapter. PDX models are invaluable to monitor drug response. For example, 

as it relates to this thesis, CDK inhibition tested in a PDX model generated from a patient that 

acquired resistance to ALK inhibitors would provide additional confidence to the usefulness of CDKi 

in the clinic. Primary cultures generated from excised tumours have been used before to 

interrogate both mechanisms of acquired resistance to ALK inhibitors as well as functionally test 

ways to combat these [112,196]. While this is a very desirable model, the MGH series of cell lines 

referenced earlier were proprietary and thus I was not able to acquire them. Furthermore, through 

collaboration with clinicians, there was no clinical specimen that could be cultured in order to 

generate a new primary model.  

Thus, for the purpose of initiating this project, EML4-ALKmut cell lines that acquired resistance 

through long-term exposure were used. This system has the advantage of rapid growth which 

allows interrogation of all desired questions and also allows for rapid drug screening upon 

successful identification of mechanisms of resistance. An obvious disadvantage is that cells that 

have been cultured in plastic for several years may have drifted from the human condition as it 

presents in the clinic. Therefore, any discovery in this model should be validated with patient-

relevant material to increase confidence in the findings. Despite this disadvantage, cell line models 

of acquired resistance have been successfully used for over a decade in EGFR- and ALK-driven lung 

cancers and still produce very robust findings [132,197–199]. The relevance of the model used is 

also strengthened by the fact that we have detected alterations that recurrently appear in the 

literature, such as EGFR activation (despite not driving crizotinib resistance) [113], AXL 

upregulation and EML4-ALK loss [197]. 

4.3.2 Several genes contribute to crizotinib resistance 

Generally, it has been established that one way to avoid the induction of cell death in response to 

targeted therapies would be to modulate the levels of pro- or anti-apoptotic proteins. In fact, BIM 

deletion has been shown to affect the response to targeted therapies [74]. While the gene 

expression data set was interrogated for apoptotic proteins, an upregulation of c-IAP2 (BIRC3) was 

identified. It is an anti-apoptotic protein that has been shown to promote resistance to 

radiotherapy in oesophagal adenocarcinoma [184] and its deletion in mice is enough to induce 

caspase-8 driven apoptosis followed by embryonic death [200]. Moreover, the anti-apoptotic 
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protein Survivin was increased in the RNA-seq dataset. Survivin is typically induced by the EML4-

ALK-STAT3 axis [38], with the disruption being key for apoptotic cell death upon ALK inhibition. In 

a similar context, in EGFR-mutant NSCLC, co-targeting of Survivin along with EGFR leads to 

pronounced durable responses to erlotinib treatment in mice [201]. While a functional role for c-

IAP2 was ruled out in this context, it is not clear whether Survivin had such a role. In the future, I 

intend to knock out endogenous Survivin in H3122 cells and examine how this affects the 

development of resistance to crizotinib.  

Strikingly, while an EGFR over-activation is the most common mechanism of resistance to crizotinib 

in the clinic [115], EGFR did not mediate resistance to ALK inhibition in this system. Knocking down 

EGFR did not re-sensitise cells to crizotinib, which is consistent with a previous finding where EGFR 

and ERBB2/3 amplification co-existed in the same clone but only ERBB2/3 were functional [113]. 

In the diagnostic setting, the same finding would complicate treatment decisions, especially if other 

potential mechanisms of resistance were simultaneously present. 

The transcription factor c-FOS has been shown to confer resistance to crizotinib when 

overexpressed in H3122 EML4-ALK cells [1]. However, to my knowledge, no data that show the 

spontaneous emergence of c-FOS as a driver of acquired resistance to crizotinib exist. In the 

transcriptomic comparison of H3122 and CrizR1 cells, a prominent upregulation of c-FOS was 

detected and confirmed at the protein level. However, silencing of this gene had no impact on cell 

proliferation with or without crizotinib, ruling out that c-FOS had an oncogenic role in this instance. 

These questions were limited by the fact that the effects of c-FOS upregulation were not 

investigated in terms of cell motility, migration or invasion. Given a report which shows the 

importance of c-FOS in regulating EMT downstream of KRAS and YAP1 signalling [202], it is likely 

that the effects of c-FOS upregulation would only be evident in a metastatic context. 

Overexpression of TGFβ-R2 has been shown to make H3122 cells more resistant to crizotinib 

[185]. Thus, after observing an upregulation of the TGFβ-R1 and TGFβ-R2 in the described data 

set, I set out to investigate whether these receptors are mediating resistance to crizotinib. 

Inhibition of TGFβ-R1/2 led to only a modest re-sensitisation to crizotinib, making it unlikely that 

these receptors are a main driver of resistance in this clone. Future siRNA experiments targeting 

each receptor individually should shed more light on whether TGFβ-R1 or R2 are required. It was 

therefore clear that these cells had co-existing mechanisms of resistance, each contributing at 

various degrees. According to this hypothesis, several oncogenes were upregulated in the NGS 

which were not pursued further, like MYB, c-KIT, ERBB4 and FGFR. Furthermore, the ETV- family 

transcription factors, have already been associated with the resistance to crizotinib [1] and in this 

dataset, CrizR1 cells exhibited an upregulation of ETV2 at the mRNA level. 

In this work, the potential contribution by drug transporter proteins that may pump small molecule 

compounds out of the drug-resistant cells has not been thoroughly tested. Despite their rare 

contribution to ALK inhibition resistance, p-glycoproteins such as ABCB1 have been detected as 
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upregulated in the clinic [196]. While this gene was not upregulated in the RNA-seq data of CrizR1 

cells, a lack of investigation of other members of this family is a limitation of the current approach.  

4.3.3 The epithelial to mesenchymal transition promotes crizotinib resistance 

After RNA-seq, a GSEA enrichment analysis was also performed and enrichment of EMT-related 

genes became apparent. The involvement of EMT in the resistance to crizotinib has been studied 

before, with somewhat controversial findings. There are reports that show that EMT is not causal 

in making EML4-ALK cells resistant to ALK inhibition [124] but also reports which show that 

targeting EMT is detrimental to crizotinib-resistant cell proliferation [187]. In these findings, I 

focused on the overactivation of AXL and showed that its inhibition can partially restore crizotinib 

sensitivity. Recent work has shown that overexpressing AXL in crizotinib-sensitive cells can 

promote drug resistance [1], however, to my knowledge, this is the first time that spontaneous 

AXL activation has been shown to allow cell proliferation in the presence of crizotinib. Since the 

combination of bemcentinib and crizotinib did not result in apoptotic cell death, it is not clear that 

such combination would be clinically useful, particularly given the fact that the far more potent 

effects of alvocidib, dinaciclib or THZ1 were discovered later.  

Lastly, while I did not have access to patient samples to probe for potential AXL dysregulation, 

these findings build upon the results from melanoma patients, where AXL activation is evident 

upon tyrosine kinase inhibitor treatment [203]. Whether AXL is the master controller of EMT is not 

yet clear from these data, which are limited in the sense that examine only the proliferation- and 

apoptosis-related roles of EMT. However, EMT has been long associated with properties such as 

invasion, migration and ultimately, metastasis (Reviewed in : 187). I have set up a pre-requisite for 

further studies that could examine the implications of targeting AXL and other EMT proteins in an 

EML4-ALK mouse model of metastasis. This is particularly important in this context, where brain 

metastases are frequent and can be found in around 60% of patients [204]. 

4.3.4 Cell cycle-guided investigation 

Experimental data from the response to crizotinib but also from the resistance to crizotinib agree 

on the modulation of cell cycle genes. While it has been shown before that cell-cycle genes are 

dysregulated upon ALK inhibition [112], this finding was corroborated in the presented cell lines 

and a loss of CDK1, CDK2 and Cyclin B1 was further shown. It stands to reason that the disruption 

of proliferative signalling should result in the loss of cell cycle genes that would otherwise allow 

continued cellular replication. Furthermore, CDK1 and CDK2 are established targets of E2F1 and 

MYC, which are downregulated in response to ALK inhibition [34], which may explain their 

repression. 

Regarding the cell cycle dysregulation in the resistance to crizotinib, an upregulation of CDK1, 

CDK6, CCNB1 and CCNE1 was reported here. Whether these alterations arise from a genomic 

amplification or are a result of increased upstream signalling remains to be determined. Even 

though the effects of a knockdown for all the cell cycle genes that arose from the GSEA were 

tested, a limitation of the present study is that not every cyclin-dependent kinase and its partner 



125 

 

cyclin has been investigated. Driven by the prominent upregulation of CDK6 it was found that 

inhibition of CDK6 with the specific inhibitor palbociclib does not robustly decrease cell 

proliferation. Clearly, CDK6 upregulation is not a driver of resistance to crizotinib, as its inhibition 

(or knockdown) did not restore sensitivity to crizotinib. It cannot, however, be excluded that the 

striking upregulation of CDK6 primes drug-resistant cells for cell cycle progression upon some 

unidentified stimuli. Interestingly, in ALK-driven neuroblastoma, the combination of ceritinib and 

palbociclib was synergistic [152]. While this synergistic potential was not examined in H3122 drug-

sensitive cells, the disappointing activity of palbociclib led me to abandon this compound.  

While it cannot be excluded that these transcriptomic changes are present only in vitro, recent 

findings in a large cohort of patients who acquired resistance to ALK inhibitors show that mutations 

in cell cycle genes such as CDK4 and CDKN2A do arise in the clinic  [47]. Furthermore, similar 

findings have been observed in EGFR-mutant cancer [78]. In hepatocellular carcinoma, cyclin E1 

but not cyclin E2 correlates with resistance to sorafenib. Interestingly, alvocidib treatment re-

sensitised cells to sorafenib [205]. In addition, cyclin E1 copy number gain has been reported in a 

case of EGFR-mutant NSCLC patient following the development of resistance to osimertinib [79]. 

4.3.5 Transcriptional inhibition  

It does not appear that a cell cycle-related vulnerability renders crizotinib-resistant cells sensitive to 

CDK inhibitors since in these data H3122 parental cells are as sensitive as their drug-resistant 

isogenic clones. This raised the possibility that all EML4-ALK cells have an intrinsic vulnerability to 

CDK inhibitors. It was then proposed that this is due to inhibition of high levels of transcription by 

CDK inhibitors. Specifically, alvocidib and dinaciclib potently inhibit CDK9 which regulates the RNA 

polymerase II [149] while THZ1 inhibits CDK7/12/13 which also regulate the RNA polymerase II 

[163]. CDK7/12 and CDK9 regulate transcription by phosphorylating the RNA-Polymerase II [206]. 

While phosphorylation of RNA pol II at the Ser5 and Ser7 sites by CDK7 has been shown to be 

important for the recruitment of the complex at the TSS [207], phosphorylation at Ser2 by CDK9 is 

important for the release and the elongation step [208].  Indeed, through means of Chip-seq, we 

have shown that alvocidib results in high occupancy of TSS with RNA pol II while THZ1 in reduced 

occupancy. This suggests that in the described cellular context, CDK inhibition of CDK7 and CDK9 

has a widespread transcriptional effect. With siRNA experiments, we were able to induce apoptosis 

by partial CDK9 downregulation while as expected, CDK7 downregulation was not enough on its 

own, likely requiring synergism with CDK12/13 [163]. The fact that oncogene-driven cancers rely 

on high levels of transcription to accumulate genes necessary for their oncogenicity has recently 

been shown to occur through reliance on super-enhancers, whose activity can be inhibited with 

low levels of CDK7/12 inhibition [156]. 

4.3.6 Characteristics of individual CDK inhibitors 

A question can be raised why cell cycle inhibitors have not been identified as potent hits in 

previous, high throughput drug screens in EML4-ALK cancer. In the report by [112], alvocidib and 

palbociclib were included in the screen but did not qualify as hits. An explanation for this is that the 

authors were looking for synergistic drugs and only took into account a synergistic index with the 
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primary ALK inhibitors, while in the present findings alvocidib is active as a single agent and is not 

synergistic.  

4.3.6.1 Alvocidib 

In crizotinib-resistant cells, treatment with the pan-CDK inhibitor alvocidib resulted in a cell cycle 

arrest in the G2/M phase and a much more prominent induction of apoptosis. In terms of the 

mechanism, it has been corroborated that an E2F1-MCL-1 axis is downstream of alvocidib-induced 

cell death [193]. Furthermore, evidence was provided that there is a rapid activation of the 

mitochondrial apoptotic pathway. This is evident through an upregulation of BIM, Bid and SMAC. 

This model is entirely consistent with a recent report which suggests a requirement for RB-

proficiency for apoptotic induction upon cell cycle inhibition, mediated by an upregulation of SMAC 

and repression of FOXM1/Survivin [209]. In fact, repression of Survivin upon alvocidib treatment 

was detected in the present study. Furthermore, it has been shown before that overexpressing 

Survivin in H3122 cells can protect them from ALKi-induced apoptosis [38]. While it was shown 

that MCL-1 downregulation is not sufficient to induce apoptosis, a limitation of these data is that 

the same question was not asked for Survivin or a combination of MCL-1/Survivin knockdown. 

It is known that alvocidib is a promiscuous inhibitor with several off-target effects. In fact, at 1μM 

alvocidib inhibits at least 179 kinases (www.chemicalprobes.org). Alvocidib has also been shown to 

target SRC [149]. Interestingly, SRC inhibitors have been shown to be the most prominent re-

sensitisers to crizotinib [112], potentially because of a preferential re-activation of SRC upon 

parallel RTK activation. While the low concentrations used in my experiments make this unlikely, it 

is still possible that alvocidib may have off-target activity through SRC inhibition. Furthermore, the 

very similar data obtained with three different CDK inhibitors make the possibility of the same off-

target effect from all of them improbable. I do not view the previously reported off-target effects 

of this compound as a limitation, but rather as an opportunity to take advantage of a poly-

pharmacology based drug treatment, in line with other recent approaches [210]. This way, old 

drugs can be re-purposed for a different use than the one they were originally intended for.  

In terms of safety, it was shown that there is preferential induction of apoptosis in EML4-ALK-

mutant cells and no induction of apoptosis in non-transformed epithelial cells. This is in line with 

the original reports of alvocidib. Also, in human studies, alvocidib has almost universally shown a 

manageable safety profile. For example, in patients with late-stage NSCLC, it was deemed safe in 

phase I 2001 trial, however, there was no cytotoxic activity observed in patients and the trial was 

halted [211]. The authors note that there was prolonged non-progression, which may suggest a 

cytostatic instead of a cytotoxic effect. Since the trial cohort was not representative of patients 

with EML4-ALK or EGFR mutations, the activity of alvocidib in a more targeted, oncogene-driven 

cohort of patients cannot be predicted. Dosing regimen and scheduling appear to be determining 

factors in the efficacy of alvocidib, given that after the initial disappointing trials, a trial using a 

new schedule reported clinical efficacy with 45% partial responses in high-risk CLL [212]. Lastly, 

even though alvocidib has not seen approval for any cancer indication, there are still at the time of 

writing 6 active clinical trials with alvocidib, most of them in acute myeloid leukaemia.  

http://www.chemicalprobes.org/
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4.3.6.2 Dinaciclib 

After the failure of alvocidib in the clinic, newer CDK inhibitors with better pharmacological 

properties were developed. Dinaciclib was developed by Merck [149] and subsequently showed 

great activity in mouse models of NSCLC [179]. Specifically, dinaciclib seems to achieve potent 

target engagement, resulting in tumour growth suppression at 80% of the maximum tolerated 

dose, likely due to better pharmacokinetics in vivo. These data about the potency of dinaciclib have 

been corroborated in this thesis, as a potent block of cell proliferation was evidenced and induction 

of apoptosis with low nanomolar concentration of the drug. Similarly with alvocidib, it was 

hypothesised that the anti-tumour effects of this drug are due to perturbing the reliance of EML4-

ALK cells on high levels of transcription.  

A clinical trial of dinaciclib in NSCLC patients as second-line treatment after erlotinib failure was not 

successful [213].  However, this trial was run when EGFR or ALK mutation testing was not being 

used in the clinic, therefore, these patients had unknown ALK status. The data in this thesis 

propose testing of this inhibitor in a well-validated cohort of patients with ALK mutations after 

patients develop resistance to TKI inhibitors. Additionally, I have shown that upfront combination 

of dinaciclib with crizotinib can prevent the emergence of crizotinib resistance, supporting the case 

for a trial with upfront low-dose dinaciclib. At the time of writing, there are 5 active clinical trials 

with dinaciclib in various advanced solid tumours as well as in acute myeloid leukaemia. 

4.3.6.3 THZ1 

New findings regarding CDK7/12 inhibition suggest the potential for preferential anti-tumour 

activity. The THZ1 compound [150] showed broad anti-tumour effects in various cells which 

correlate with the expression levels of oncogenic transcription factors. Likely, in low nanomolar 

doses, transcriptional programs are inhibited just enough to block highly expressed oncogenes, but 

not enough to affect normal cellular functions. This was later shown to be through the preferential 

targeting of super-enhancers and their dependent genes [156]. Furthermore, I am not aware at 

this moment of any data examining the off-target effects of the THZ1 compound, but as with any 

kinase inhibitors, off-target effects likely exist. Therefore no claim should be made for the 

importance of CDK7/12 inhibition but rather for the potency of the compound itself in conferring 

anti-proliferative and apoptotic responses in oncogene-addicted NSCLC cells. The presented 

findings suggest an investigation of this compound as subsequent therapy in EML4-ALK- and EGFR-

mutant lung cancer, where ALK- and EGFR- inhibitors have failed. In terms of clinical efficacy, at 

the time of writing there is one clinical trial of a THZ1-modified compound, initially in ovarian 

cancer and later expanding to metastatic breast cancer (NCT03134638). However no Phase I/II 

data have been released in order to evaluate the safety profile.  

4.3.7 Selectivity of EML4-ALK cells/patients 

While it is apparent that EML4-ALK cells are more sensitive to CDKi compounds compared with 

other NSCLC cell lines, I am aware that this specificity window has not been clearly elucidated. The 

presented hypothesis regarding high levels of transcription is not likely to be conclusively 

demonstrated. However, it has been shown before that EML4-ALK cells are prone to high levels of 
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super enhancer-driven transcription [156]. Furthermore, other differentiating factors were 

uncovered that may actually result in dissimilar drug response. Specifically, the MCL-1 and cyclin 

D1 mRNAs in EML4-ALK cells were expressed at levels more than 5 standard deviations above the 

LUAD mean. As an anti-apoptotic protein, MCL-1 is well known to promote tumourigenic activity in 

oncogene-driven cancers [179] and is, for this reason, an established anti-cancer drug target 

[214]. Cyclin D1 is a critical modulator of proliferation, evident through cell cycle and 

transcriptional control [142]. It has also been shown to be downregulated in response to alvocidib 

[215]. Given the increased proliferative signals in tumours, it would be reasonable to hypothesise 

that increased levels of cyclin D1 in EML4-ALK cells are linked to their oncogenicity. It is therefore 

tempting to posit that reliance on the anti-apoptotic activity of MCL-1 and Survivin and the pro-

proliferative activity of cyclin D1 has rendered EML4-ALK cells sensitive to transcriptional inhibition 

by CDK inhibitors. Future experiments could look at the downregulation of cyclin D1 in response to 

CDKi, as well as the effect of combined knockdown of these genes in EML4-ALK-driven cancer cells 

and xenograft models. Lastly, a STAT1 transcriptional signature that may differentiate EML4-ALK 

from the rest of lung adenocarcinoma cells was identified and future experiments will look at the 

effects of STAT1 knockdown in this context.  

4.3.8 In vivo outcomes of CDKi treatment 

Alvocidib, dinaciclib and THZ1 have all been successfully tested in mouse xenograft models in 

previous publications. Specifically, alvocidib slowed tumour growth in a breast cancer xenograft 

mouse model [194], reversed sorafenib resistance in a hepatocellular carcinoma xenograft mouse 

model [205] and reversed venetoclax resistance in an acute myeloid leukaemia mouse model 

[216]. I am not aware of a study that has looked into the activity of alvocidib in lung cancer 

xenograft models.   

Dinaciclib was first tried in an ovarian carcinoma xenograft model, where it eliminated tumour 

growth at the maximum tolerated dose [149]. There is a plethora of data from various tumour 

types, in which dinaciclib showed complete or partial inhibition of tumour growth in mouse models 

of T-cell acute lymphoblastic leukaemia [217], MYCN-amplified neuroblastoma [218], KRAS-mutant 

pancreatic cancer [219] and BRAF-mutant colorectal cancer [220].  Lastly, in a recent study of 

EGFR-mutant NSCLC, dinaciclib delayed tumour growth and eliminated tumours in combination 

with gefitinib [179]. All these data suggest that dinaciclib has a favourable toxicity & activity profile 

relative to alvocidib in vivo. 

The most relevant data for EML4-ALK lung cancer come from THZ1. In a genetically engineered 

mouse model of EML4-ALK, the upfront combination of THZ1 with crizotinib resulted in the 

elimination of tumours, therefore preventing the emergence of resistance and the same was true 

for EGFR-mutant tumours and erlotinib treatment [156]. Prior to this, THZ1 was highly effective in 

a xenograft mouse model of T-cell acute lymphoblastic leukaemia [150] and of small-cell lung 

cancer [155]. 
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Given the impressive activity of the above compounds in vitro, I asked whether they are effective 

in a mouse model of crizotinib and alectinib resistance. Regarding alvocidib, a higher dose than 

previously published was safely used, which resulted in anti-tumour activity, strengthening the 

case for the use of alvocidib to target EML4-ALK drug-resistant cells. Notably, this anti-tumour 

activity was also evident in vivo with cells resistant to the current standard of care, alectinib. 

Dinaciclib was also effective in alectinib-resistant cells, even though the dosing protocol requires 

further optimization in the future.  

However, it was surprising to see that dosing of THZ1 was toxic to nude athymic mice. While the 

published dosage of 10 mg/kg twice per day by I.P. injection was safe in [150,156], in my study 

even 10 mg/kg once per day led to more than 20% weight loss and premature termination of the 

protocol. Since a toxicity protocol was not integrated with this study I did not have the data to 

assess why this happened. It is likely that the genetic background of the mice or the origin of the 

compound played a role in this. I, however, do not suggest that this necessarily negates the 

published well-established mouse safety profile of THZ1 and it is possible that some unidentified 

difference in the described protocol was what caused this toxicity. Therefore an argument in favour 

of or against using THZ1 in vivo cannot be made given the conflict between the mouse data. In the 

end, only safety data in humans can conclusively settle this discrepancy. 

4.3.9 Applicability of these findings in patients 

The ideal assay to determine mechanisms of resistance would be to compare biopsy samples from 

patients taken before treatment, and after the development of resistance to ALK inhibitors. There 

was severe difficulty in securing those samples, resulting in the use of the only publicly available 

dataset [1]. Differential expression analysis of these RNA-seq data (kindly performed by Dr 

Sudhakar Sahoo, data not shown), disappointingly showed very high differences in gene 

expression with few genes being robustly differentially expressed. This is because of the fact that 

this data set contains a mixed cohort of treatment-naïve and progression samples from different 

patients, without them being matched. For this approach to be beneficial, a larger cohort of 

patients would be needed to help minimise the variability in gene expression among individuals. 

The only material that could be obtained was plasma samples but it was only possible to look into 

circulating miRNAs and thus not possible to confirm or reject the in vitro results for this chapter.  

Regarding the clinical usefulness of CDK inhibitors, it is evident that pan-CDK inhibitors will always 

be associated with toxicity. CDK1 is the only essential mitotic kinase [221] therefore even off-

target CDK1 inhibition will likely be intolerable in the clinic. A case can be made for specific CDK2 

inhibitors, which could indirectly target malignancies with CCNE1 amplification [145]. It can be 

envisioned that specific CDK inhibition is one way to avoid toxicity. For example, in malignancies 

associated with transcriptional addiction, specific CDK7/12 or CDK9 inhibitors may provide enough 

of a therapeutic window to offer minimal toxicity. Until specific CDK9 inhibitors reach the clinic, it is 

suggested that dinaciclib should be tested as the next available option, with the hope that a 



130 

 

therapeutic window exists, where low-dose dinaciclib targets transcriptionally-addicted cancer cells 

while sparing normal cells.  

4.3.10 Conclusions 

ALK kinase domain mutations that cause resistance to ALK inhibitors are well studied and can be 

successfully treated with sequential use of different inhibitors. Complications arise when drug 

resistance is caused by parallel pathway alterations or new oncogenic mutations. Through an 

overwhelming amount of data, we now begin to realise that the heterogeneity in the potential 

mechanisms of resistance that can arise in response to TKIs is enormous. Simultaneous 

mechanisms of resistance in the same tumour do occur, as a recent study reported a patient who 

presented both the L1196M ALK domain mutation, as well as significant EMT markers, found only 

upon progression to crizotinib [125]. Moreover, these mechanisms of resistance cannot be 

predicted, nor do they correlate with other biomarkers, and can only be identified through 

laborious pathway screening. While in the research lab such screening can take place with cultured 

cells with ample material, in the clinic with little material this would be unrealistic. Resistance to 

TKIs can appear rapidly and patients need to be treated quickly, which limits the time for potential 

expansion of patient material and subsequent personalised screening.  

Again, I take this opportunity to reinforce that the appearance of a mutation or amplification 

typically classified as oncogenic does not always drive the resistance to ALK inhibition. Therefore, 

screening for rare, heterogeneous mechanisms of resistance can be inefficient and inconclusive. A 

conceivable solution to this would be to identify where all these parallel pathways converge and 

then inhibit this target. This led to the testing of the upfront combination of crizotinib and the MEK 

inhibitor trametinib [37] since the majority of resistance mechanisms converge on the MAPK 

pathway. While this solution may be successful for the upfront treatment of patients, I propose the 

potential to globally treat patients who are refractory to ALK inhibitors with the CDK inhibitors 

alvocidib, dinaciclib or THZ1, regardless of their (ALK-independent) mechanism of resistance. Along 

the same line of thinking, recently, the convergence of ALK-independent mechanisms of resistance 

on the MAPK pathway was exploited therapeutically. Specifically, the SHP2 protein phosphatase 

was found essential for MAPK pathway activity. By inhibiting SHP2 with a small molecule inhibitor, 

the authors were able to re-sensitise drug-resistant cells to ceritinib or crizotinib [119]. 

This idea of a central master regulator that can be the key to treatment has been proposed before 

for targeting transcription factors [70]. While targeting transcription factors themselves has proven 

challenging, new tools now allow us to indirectly interfere with transcriptional regulation. In the 

presented data set, the CDK7/12 inhibitor THZ1 can robustly inhibit the proliferation of EML4-ALK 

cells resistant to ALK inhibitors. The activity of alvocidib and dinaciclib against CDK9 also results in 

indirect transcriptional silencing. Taking into account the alvocidib data, it is suggested that it 

should be further investigated as second-line therapy where even third-generation ALK inhibitors 

have failed. I have provided experimental evidence to this fact since lorlatinib had no activity in 

crizotinib-resistant cells with wild-type ALK and very little activity in ceritinib- or alectinib-resistant 

cells. These patients are in dire need of immediate treatment upon disease progression and it is 
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hypothesised that the global activity of alvocidib or dinaciclib can be of benefit in this context. The 

ineffectiveness of chemotherapy, or of the recent addition of immunotherapy agents [57] upon 

failure of ALK inhibition suggests that any regimen with a sound rational basis should be tested as 

an alternative. It is evident that the use of an inhibitor which does not require testing for the 

particular mechanism of resistance can be enormously beneficial in the clinic, especially in a 

limited-resources context. 

4.3.11 Future work 

I have shown the dysregulation of a multitude of genes in an in vitro model of acquired resistance. 

Future work could address whether these alterations occur in patients who became resistant in the 

clinic. To this end, core biopsies should be obtained before treatment and upon progression. Likely, 

a new recruitment protocol would have to be made specifically for this purpose, since to my 

knowledge, in already established archives such matched samples are not available.  

Regarding the epithelial to mesenchymal transition, new data have been introduced that add to the 

conflicting arguments in the literature. A comprehensive way to study the contribution of EMT 

would be to take established EMT-related genes, such as AXL or ZEB1, introduce them to H3122 

crizotinib-sensitive cells and investigate whether these cells become resistant to crizotinib. This 

investigation should take into account the role of EMT in metastasis, therefore both proliferation, 

as well as metastatic capacity, should be interrogated. Two parallel mouse models would be 

effective, one simple xenograft model with crizotinib treatment to check tumour cell proliferation 

and one orthotopic model followed long enough to develop metastases. If this hypothesis holds 

true, then mice injected with H3122-EMT cells treated with crizotinib should develop more 

metastases. Alternatively, a crizotinib-resistant cell line with a stable knockdown of AXL can be 

injected orthotopically and metastases monitored compared to the non-knockdown control. 

To determine whether there is generalized drug resistance through increased drug efflux, future 

experiments should address the question whether the parental and drug-resistant cells respond 

similarly to standard chemotherapeutic agents. Lack of response of the drug-resistant cells would 

indicate the potential contribution of drug transporter proteins to crizotinib or alectinib resistance.  

In terms of the mechanistic results with CDK inhibitors, future experiments should address whether 

the induction of apoptosis follows the same pathway in vivo. Tumours from mice treated with CDKi 

could be harvested and protein extracts could be probed for induction of BIM/BID and 

downregulation of MCL-1/Survivin. The in vitro data are supportive of the notion that alvocidib, 

dinaciclib or THZ1 are highly potent in the context of acquired resistance in EML4-ALK lung cancer. 

To strengthen these conclusions future experiments may be performed in patient-derived 

xenografts (PDX), given that cell-line xenograft models are often known to not translate to 

humans. To this end, more than one patient samples should be obtained and transplanted to mice 

in parallel, since PDX models have a high failure rate prior to establishment. 

Finally, previous work with trametinib and THZ1 [37,156] suggests that the upfront drug 

combination with ALK inhibitors is the best approach to minimise or at least greatly delay the 
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emergence of resistance. It would be of immense interest to have a trial of low-dose alvocidib, 

dinaciclib or THZ1 in combination with alectinib upfront compared with these compounds used 

sequentially as single agents when patients become resistant to ALK inhibitors.  
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5 The role of ncRNAs in EML4-ALK cancer 

5.1 Introduction  

After the complete sequencing of the human genome, it became apparent that only a small 

fraction of the genome codes for proteins. As years went by, more and more evidence 

accumulated, showing that genomic regions are usually transcribed to RNA, irrespectively of their 

content in protein-coding genes. The ENCODE project concluded that probably more than 75% of 

the human genome can give rise to primary transcripts [222]. So initially thought of as ’’junk’’ DNA 

has now transformed into transcriptome-level thinking and indeed RNA has now a more central 

role in cell function than ever [223]. Always transcribed, but lacking open reading frames and thus 

not translated to polypeptides, ncRNAs can be subdivided according to their size in small ncRNAs 

(<200bp) and long ncRNAs. Long ncRNAs are generally poorly studied and their mechanism of 

action can be as diverse as it can be crucial to a cell’s fate [224]. In the nucleus, they typically 

guide protein complexes to specific chromatin sites, via nucleic acid interactions. In the cytoplasm, 

the function of lncRNAs is not as well defined yet but it has been demonstrated that they can 

modulate mRNA expression, the mechanisms of which are under intense investigation [225]. 

5.1.1 Biogenesis of microRNAs and mechanism of action 

MicroRNAs, members of the small ncRNA family, were first discovered in Caenorhabditis elegans 

[226]. After about a decade of that discovery, the field started to realise that miRNAs act to 

coordinate gene expression in large scale, each miRNA having the potential to control hundreds of 

genes. Specifically, they are oligonucleotides of ~22 bp length, which bind to the 3’ UTR of their 

target mRNA(s) and cause degradation of the target mRNA, or translational repression [227]. The 

traditional view is that miRNAs can only bind to the 3’ UTR of target mRNAs. A recent study proves 

that as far as mechanics are concerned, miRNAs can bind equally well to the 5’ UTR of target 

mRNAs [228], but this does not necessarily reflect the in vivo function. Furthermore, miRNA 

binding sites can also exist inside the coding region of an mRNA [229].  

High-throughput analysis of miRNA-mRNA interactions now challenges the pre-existing model even 

more, since it suggests that the majority of the interactions are non-canonical and can include 

bases outside the seed region of the miRNA [230]. Initial data suggested that the translational 

repression of mRNA targets, accounts only for a small fraction of the miRNA interactions, while 

mRNA decay represents the majority of interactions at a percentage of about 84%. This was 

shown utilising the method of ribosome profiling, which unlike other proteomics methods, is not 

biased towards highly expressed genes [231]. A limitation of this study is that it draws its 

conclusions from steady-state interactions. Accordingly, a more recent and dynamic approach, 

reports that the translational repression of targets takes place first and subsequently leads to 

mRNA de-adenylation and decay [232]. From these studies, it can be inferred that the depth of 

miRNA-mRNA interactions hasn’t allowed for a definite elucidation of the mechanisms as of yet. 

Most probably, mRNA decay and translational repression both account significantly for the 

downregulation of a target’s expression and the exact involvement of each may never be fully 
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understood. Adding to the ambiguity, conclusions about miRNA-mediated target suppression are 

largely based on experiments done on a limited number of transformed cell lines, therefore 

methods that substantiate these findings in vivo are always well-received. 

As far as their genomic location is concerned, miRNAs can be found in independent genome 

regions and they are usually regulated by their own promoter, in which case are classified as 

intergenic. They can also be located inside introns of coding genes, following the host gene’s 

regulation and are considered intronic. In some cases, there is evidence that even intronic miRNAs 

can be transcribed as independent units [233]. The RNA polymerase II  is typically carrying out the 

task of their transcription, as long primary miRNAs [234]. Then, DROSHA and DGCR8 cleave the 

primary transcript to free small, hairpin structured precursor miRNAs. It is worth noting that this 

function predisposes several miRNAs to accumulate in clusters [235]. The precursors are exported 

to the cytoplasm by exportin 5 and further processed by the RNAse DICER to form the mature 

miRNA strand, which associates with Argonaute proteins to form the RISC complex (the 

mechanism is reviewed in [236]) which, guided by the miRNA’s complementarity, attaches to the 

target. Degradation of mRNA targets usually happens after the mRNA is deadenylated and then 

decapped. Following decapping, an exoribonuclease can attack the mRNA molecule, in a classic 5’ -

> 3’ decay reaction [237]. A model for miRNA biogenesis can be found in (Figure 36). 

5.1.2 MicroRNAs in cancer 

Even though miRNAs’ roles in cancer were first unearthed in the case of chronic lymphocytic 

leukaemia [238], it is now accepted that they are dysregulated in virtually every cancer type. What 

is not always clear, is when a miRNA has a causative role in tumourigenesis, or is just a by-product 

of the malignant process. In the first case, a miRNA can be classified as either tumour suppressing 

or tumour promoting, albeit in a strict tissue-specific manner. A role as a bona fide driver oncogene 

was first established for the loci of miR-15/16, deletion of which in mice is enough to give rise to 

acute myeloid leukaemia [239]. 

It is very intriguing that early on, the total miRNA pool was shown to be down-regulated in many 

types of cancer, when compared to the healthy tissue profile, indicating that one or multiple 

biogenesis events are altered during carcinogenesis [240]. This is not surprising, granted that very 

frequently miRNAs are located in genomic sites that exhibit instability and as a result, are prone to 

undergo genetic loss, amplification or translocation [241]. Later it was established that perturbing 

the miRNA processing machinery can accelerate tumourigenesis [242], but to what extent this 

phenomenon occurs in each type of human cancer requires further investigation.   

MiRNAs do not always succeed in suppressing their targets; a very interesting phenomenon has 

been observed, where oncogenes seem to shorten their 3’ untranslated regions so as to avoid 

downregulation by miRNAs. This results in an increased expression of many oncogenes, without 

altering the transcription of the mRNA per se [243]. When it comes to oncogenicity, some miRNAs 

are now validated as oncogenes. A causative role in maintaining a malignant phenotype was first 

demonstrated for miR-21, overexpressed in vivo [244]. In this mouse model of pre-B cell 
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lymphoma, miR-21 overexpression was enough to initiate and maintain tumour growth. 

Conversely, its withdrawal resulted in reinstating the healthy state, in a context termed by the 

authors as ’’Oncomir addiction’’. 

 

Figure 36: The canonical miRNA biogenesis pathway.  

The RNA polymerase II transcribes miRNAs as long primary transcripts (pri-miRNA). While still in the nucleus, 

a complex of DROSHA with DGCR8 (microprocessor complex) cleaves the primary transcript into shorter, 

precursor miRNAs that form hairpins (pre-miRNA). Then, the precursors are exported to the cytoplasm, where 

the RNase Dicer cleaves the precursor further into a single-stranded RNA molecule of 19-25 nt (mature 

miRNA). The mature miRNAs can then associate with proteins of the Argonaute family to form the RNA-

induced silencing complex (RISC) which is guided to the 3’UTR of its target mRNA based on complementarity 

between the miRNA and a 7- or 8-mer in the 3’ UTR. Degradation of the mRNA or translation repression 

ensues. Image adapted from [245]. 

 
 
 



136 

 

 
 
 

5.1.3 MicroRNAs in lung cancer 

The roles of miRNAs in lung cancer are under intense investigation, both in vivo and in vitro. One 

of the best-characterized miRNAs, let-7, has been shown to act as a tumour suppressor in lung 

cancer, along with other miRNAs such as miR-34, miR-145, miR-200. On the other hand, equally 

well characterized; miR-21, miR-221/222 and the cluster miR-17-92 have all shown oncogenic 

properties [246]. Not lacking therapeutic potential, and having demonstrated such in preclinical 

models, miRNA-based therapeutics are currently in development. These strategies utilise either the 

replacement of depleted tumour-suppressing miRNAs or the inhibition of overexpressed tumour-

promoting ones. In a lung cancer context, concurrent administration of the powerful tumour 

suppressors let-7 and miR-34 using lipid-based nanoparticles led to increased survival in a NSCLC 

mouse model [247]. 

5.1.4 The miR-17-92 cluster 

The overexpression of the oncogenic miR-17-92 cluster in lung cancer was first described in 2005 

[248]. It was then established that this cluster can increase cell proliferation, but its mechanism of 

action was not discovered until later. The cluster has been shown to be under the control of C-MYC 

and it can target and regulate the levels of the transcription factor E2F1 [249]. All the evidence 

points to the cluster being oncogenic, both in solid tumour and in haematological malignancies 

[250]. An interesting exception to this is that only one member of this cluster, miR-92a is actually 

anti-angiogenic, therefore it has the potential to act as a tumour suppressor [251]. It was later 

shown that differential post-transcriptional processing results in the miR-92a antagonizing the 

stability of the rest of the members of the cluster [252]. To strengthen this, inhibition of miR-92a 

resulted in the upregulation of miR-18a and miR-20a [253], providing evidence that even though 

the cluster is transcribed as a single primary transcript, there are regulatory elements that result in 

different expression levels of this cluster. Since DROSHA cleaves individual pre-miRNAs that are 

afterwards processed by DICER, in theory, all the individual miRNAs may act independently [254]. 

Interestingly, despite the oncogenic cooperation between these miRNAs, some are more important 

than the others, depending on the context. In a mouse model of MYC-driven lymphoma, deletion 

of miR-19, but not of the other members of the cluster, actually impairs MYC-driven 

tumourigenesis [255]. 

5.1.5 MicroRNAs and drug resistance 

Being involved in all tumourigenic processes, miRNAs can also modulate aspects of the response to 

certain drugs. Microtubule-targeting agents, such as the taxanes paclitaxel and docetaxel are very 

frequent therapeutic options for advanced NSCLC. However, given time, both primary and 

secondary resistance has rendered taxane therapy ineffective. One of the first miRNAs that were 

found to affect the response to paclitaxel, miR-135a, was enough to confer resistance, partially 

acting through the downregulation of the known tumour suppressor APC [256].  Still extensively 

used as a first-line treatment for NSCLC, the platinum agent cisplatin prompts apoptosis after 
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causing extensive DNA damage through cross-linking. Resistance to this agent has been shown to 

be affected by miR-31 overexpression, which targets the drug transporter protein ABCB9, resulting 

in decreased uptake of the drug [257]. Given that the majority of the studies are done in vitro or in 

mouse models, whether they depict the interactions actually taking place in human malignancies 

will be further corroborated as more data from patient samples accumulate. 

Of particular interest to lung cancer therapy, miRNAs have been shown to modulate the response 

to RTK inhibitors. The small-molecule inhibitor gefitinib is used to treat EGFRmut NSCLC. In a 

comprehensive investigation, the inhibition of miR-221 and miR-30 was enough to re-sensitise 

drug-resistant cell lines and mouse models to gefitinib treatment. Furthermore, overexpression of 

MET-controlled miR-103 and miR-203 greatly improved sensitivity to gefitinib [258]. This provides 

an excellent example of how better drug response can be achieved by manipulating the levels of 

endogenous miRNAs.  Even more evidence that microRNAs can have important roles in acquired 

resistance is provided by a recent study [259], where miR-21, miR-30c and miR-100 were shown 

to enhance resistance to TRAIL (TNF-related apoptosis-inducing ligand) by strengthening the NF-

kB pro-survival pathway. Notably, these miRNAs are transcriptionally activated by NF-kB, which 

creates a positive feedback loop that affects tumour aggressiveness. This has obvious implications 

for improving NSCLC therapy, as shown by combination therapy with NF-kB inhibitors and TRAIL in 

mice. Many of the potential ways of involvement of miRNAs in chemoresistance are not listed in 

this manuscript, but these have been thoroughly reviewed elsewhere (Figure 37) [260,261]. 

 

Figure 37: Examples of miRNAs affecting drug response 

MiRNAs have been shown to affect all aspects of drug response. Tumour-suppressing miRNAs that are lost will 

typically promote chemoresistance, such as miR-31, the loss of which promotes SRC upregulation and 

cisplatin resistance [262]. On the other hand, upregulated tumour-suppressing miRNAs can lead to 

chemosensitivity, such as let-7b which suppresses the expression of the drug efflux protein CYPY12. In the 

case of oncogenic miRNAs, increased or decreased expression also affects drug response. For example, miR-

100 leads to TRAIL resistance when upregulated but to TRAIL sensitivity when it is downregulated. Image 

adapted from [260]. 
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5.1.6 MicroRNAs as biomarkers 

MiRNAs can be detected in all bodily fluids and are extremely stable, being able to withstand 

prolonged storage in room temperature as well as multiple freeze-thaw cycles [263]. In lung 

cancer, several miRNAs from lung tissue samples have been able to help initial diagnosis or even 

distinguish the tumour subtype [246]. However, the real value of miRNAs as biomarkers will likely 

be realised when extracellular circulating miRNAs will be routinely used for cancer screening. A 

scenario where with a minimally invasive procedure, such as blood sample screening, we will be 

able to identify patients, has been the goal of cancer researchers for decades. Promising in that 

aspect, miRNA-based classifiers for early detection in the plasma are already under testing, some 

of which are achieving impressive sensitivity of as much as 90% [264,265]. Furthermore, miRNAs 

in the sputum have been shown to be more sensitive than cytology for the diagnosis of lung 

malignancies [266].  

While at the moment miRNA-profiling tests are not routinely used for diagnosis in the clinic, we can 

envision that pending prospective validation and FDA approval, they can replace invasive biopsies. 

For initial diagnosis, a CT scan is not invasive and easy to perform. However, the challenge arises 

when the physician needs to genotype or extract more information about the tumour. There, a 

biopsy is an invasive procedure that carries risk. On the other hand, a blood sample can be taken 

frequently and with very limited risk. This highlights the opportunities for miRNAs circulating in the 

blood to be used as liquid biopsies.  

One additional feature of miRNA profiling would be to identify the driver oncogene if such an 

oncogene exists. It is likely that each driver oncogene affects signalling in a way that results in a 

very specific miRNA signature. A recent study has shown that the expression levels of miR-1253, 

miR-504, and miR-26a-5p are enough to accurately identify if a lung tumour is KRAS+, EGFR+ or 

ALK+ [267]. While this study was performed with RNA from core biopsies, it would be feasible to 

retrospectively test whether this holds true in circulating miRNAs as well. Also, this study started 

with only 67 patients. A big cohort of hundreds of patients accompanied by a machine learning 

algorithm would likely yield significantly more sensitivity and accuracy. 

  



139 

 

5.1.7 LncRNAs: Molecules with extremely diverse functions 

Until only recently, how lncRNAs exert their function, as well as their biological relevance, eluded 

us. In the past years though, ground-breaking research has shed light on the mechanistic action of 

lncRNAs and has uncovered novel functions in cancer development. LncRNAs can interact with 

mRNAs, with microRNAs, with other lncRNAs, as well as proteins. This plethora of interactions 

leads to a multitude of potential functions (examples given in Figure 38) that cannot be predicted 

by the sequence or structure of the lncRNA. Interestingly, a bioinformatics approach of RNA-seq 

data shows that analysis of co-expression data can often predict the function of lncRNAs [268]. 

This is predicated upon the assumption that tightly co-expressed transcripts often have very similar 

functions.  

 

 

Figure 38: Long non-coding RNAs interact with proteins and other RNA molecules 

Provided are six examples of the ways lncRNAs exert their biological effects. By interacting with transcription 

factors or other transcription-regulating proteins, they can activate or repress the transcription of specific 

genes. Similarly, by interacting with proteins at enhancer regions they can promote or decelerate the 

transcription of target genes. Acting as scaffolds, they can affect the way chromatin remodelling complexes 

change gene expression. Post-transcriptionally, they may interact with splicing factors or the mRNA itself to 

produce different splicing outcomes. Lastly, they may complementarily bind to miRNAs, sequestering them 

and preventing them from downregulating their target genes, indirectly influencing gene expression. Given 

the limitless interactions with proteins and other DNA or RNA molecules, there are almost certainly more 

unidentified lncRNA functions in a cell. Image adapted from [269]. 

 



140 

 

Similar to miRNAs, lncRNAs can affect virtually every aspect of cancer, including initiation, 

progression and metastasis [270]. The most compelling pre-clinical evidence regarding the 

necessity of a lncRNA for tumour initiation would be lncRNA depletion followed by tumour 

regression (or absence of growth) in a genetically engineered mouse model.  While to my 

knowledge this has not been demonstrated before, there is still compelling evidence for the 

importance of lncRNA dysregulation as a driving force of tumour growth. For example, in MYC-

driven cancers, it was shown that MYC relies at least in part, on the lncRNA PVT-1. Ablation of 

PVT-1 in a colon cancer MYC-driven cell line resulted in complete suppression of tumour growth in 

mice, highlighting the importance of this lncRNA for early stages of tumour establishment in vivo  

[271]. In hepatocellular carcinoma (HCC), the lncRNA-ATB was found to be up-regulated in a 

metastatic cohort of patients and to be induced by TGF-β signalling. Upon silencing of this lncRNA 

there was a significant decrease in metastatic nodules in a mouse model of HCC, suggesting that 

this lncRNA has a crucial role in the metastatic process [272].  

5.1.8 Examples of dysregulated lncRNAs in cancer 

Numerous sequencing efforts have discovered dysregulated lncRNAs that have an active role in 

cancer development, as well as several lncRNAs which are dysregulated as a by-product of disease. 

Initial observations claimed that the very low expression levels of most lncRNAs cannot possibly 

result in substantial functional relevance. However, this was later disproved by the discovery that 

the lncRNA VELUCT can modulate the proliferation of NSCLC cells despite its very low abundance 

[273]. Also highlighted in the same study, the differential localisation of lncRNAs (cytoplasmic vs 

nuclear) can have profound effects on cellular functions as well as make detection challenging.  

Specifically, while the total expression levels of this lncRNA were very low, upon cellular 

fractionation, the nuclear fraction was significantly enriched in VELUCT.  

Absence of a tumour-suppressing lncRNA may be enough to contribute to tumourigenesis. A 

single-nucleotide polymorphism in the LINC00673 lncRNA locus was found to be associated with 

pancreatic ductal adenocarcinoma (PDAC) in a genome-wide association study (GWAS) [274]. 

Intriguingly, a G > A mutation in this locus renders LINC00673 susceptible to binding by miR-1231 

(followed by downregulation). This prevents the interaction with PTPN11 and its regulation through 

ubiquitination, which results in subsequent increased SRC-ERK signalling which promotes tumour 

growth and proliferation. Finally, LINC00673 was a bona fide tumour suppressor, as its 

overexpression in xenograft mouse models could delay tumour growth, an effect which could be 

rescued by introducing the G>A mutation. This study provides another example of how a mutation 

in a silent area of the genome can still have important phenotypic consequences. One of the most 

well-studied lncRNAs, HOTAIR, has been found to be up-regulated in a variety of different tumour 

sites compared with their normal counterparts. As a regulator of chromatin dynamics, it utilises 

several different mechanisms of action, through which it contributes to tumour progression and 

these have been thoroughly reviewed in [275]. In melanoma, a powerful dependence on the 

lncRNA SAMMSON was demonstrated [276]. This lncRNA is co-expressed with the oncogenic 

transcription factor MITF in a subset of melanomas and treatment with an anti-sense RNA led to 

tumour regression in PDX mouse models.  
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Lastly, lncRNAs have been demonstrated to affect aspects of DNA damage and subsequently the 

response to radiotherapy. In triple-negative breast cancer (TNBC), a genetic screening led to the 

discovery that knockdown of the lncRNA LINP1 led to induction of apoptosis in TNBC cells. The 

authors found that LINP1 is recruited to double-strand breaks and stabilized DNA repair proteins. 

This functional relevance was confirmed in vivo, as upon silencing of LINP1 with shRNA, a mouse 

xenograft model treated with radiation showed prolonged tumour regression compared with shRNA 

control [277]. 

5.1.9 LncRNAs in drug resistance 

In cancer-related lncRNAs, an addiction that results in resistance to small-molecule inhibitors has 

been convincingly demonstrated. In head & neck squamous cell carcinomas gefitinib is often a 

treatment option. In a recent study,  exceptional responders to gefitinib revealed a single-

nucleotide polymorphism (SNP) that results in profound gefitinib sensitivity [278]. This silent SNP 

resulted in decreased levels of the lncRNA EGFR-AS1 which the authors convincingly demonstrate 

that causes addiction to EGFR signalling, both in vitro and in vivo. Therefore, patients with this 

silent SNP have low levels of EGFR-AS1, followed by increased EGFR signalling and are prone to 

respond well to EGFR inhibition. These results suggest that trying to predict protein function from 

the genomic sequence will often fail. Instead, robust assays that rely on protein readout could be 

utilised to detect increased EGFR signalling in the above example. 

LncRNAs can also affect the response to EGFR inhibition with the monoclonal antibody cetuximab 

in colorectal cancer. Whole-exome sequencing of cetuximab-resistant cells revealed an 

upregulation of the lncRNA miR-100HG and its intronic miRNAs miR-100 and miR-125b [279]. 

Combined inhibition of miR-100 and miR-125b greatly sensitised mice xenograft models to 

cetuximab treatment. Furthermore, it was shown that this particular miR-100/125b activity 

happens because of a downregulation of key components of the Wnt pathway such as DKK1 and 

DKK3.  

In an effort to discover mediators of resistance to sunitinib in renal cell carcinoma (RCC), [280] a 

study found that the lncRNA lncARSR can promote resistance to multiple-RTK inhibition. 

Knockdown of lncARSR was able to restore sensitivity to sunitinib in a mouse xenograft model of 

renal carcinoma. Mechanistically, the authors found that this lncRNA is normally a competing 

endogenous RNA (ceRNA) for the tumour suppressing miR-34 and miR-449a. These data suggest 

that high-throughput approaches to identify drivers of drug resistance should incorporate ncRNA-

examining methods as well. Clearly, whole-exome sequencing misses information from the 

majority of the genome and should well be replaced by whole-genome sequencing. Furthermore, 

in the absence of RNA-seq data, the functional impact of detected mutations is harder to assess.  
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5.2 Results  

5.2.1 The response of transcriptional networks to ALK inhibition 

MiRNAs downstream of ALK signalling have the potential to mediate cell death in response to 

crizotinib. Oncogenic miRNAs induced by EML4-ALK would be expected to contribute to EML4-ALK 

carcinogenesis and therefore be downregulated or lost upon EML4-ALK inhibition. On the other 

hand, tumour-suppressing miRNAs should be repressed by EML4-ALK and thus, loss of EML4-ALK 

signalling should restore the expression of such miRNAs.  

Therefore, I aimed to identify any miRNAs that might be modulated by ALK and which accordingly 

might affect the response to ALK inhibition. The drug-responsive EML4-ALK cell line H3122 (variant 

1, E13;A20) was used as the initial screening model for dysregulated miRNAs, with the aim to 

check for generalisable dysregulation in the drug-responsive STE-1 (variant 1, E13;A20) cell line. 

This experiment would culminate in the identification of the most robustly-changing miRNAs and 

subsequent analysis for their potential targets followed by functional assays (pipeline in Figure 

39A). 

Thus, H3122 cells were treated with DMSO or 100nM crizotinib for 24 hrs and high-throughput 

miRNA profiling performed in collaboration with the Ohio State University core facility revealed over 

100 differentially expressed miRNAs upon ALK inhibition, the top 20 of which can be found in 

(Figure 39B). The whole dataset can be accessed in (https://rebrand.ly/paliouras1 ).  

  

https://rebrand.ly/paliouras1
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Figure 39: Pipeline for miRNA identification and top 20 differentially expressed miRNAs upon 

ALK inhibition 

A) H3122 EML4-ALK cells were used as the basis to identify differentially expressed miRNAs upon crizotinib 

treatment. To this end, cells were treated with DMSO /100nM crizotinib for 24hrs. Then, RNA was extracted 

and small RNA libraries were prepared, size-selected and sequenced. After a differential expression analysis, 

.candidates from the top 20 up/down regulated miRNAs would be confirmed via qPCR in another EML4-ALK-

driven cell line (STE-1). Given the identification of robustly dysregulated miRs, target prediction and 

confirmation would follow.  

B) H3122 parental cells were RNA extracted and were sequenced for small RNAs as described in A). The 

differential expression analysis was kindly performed by Dr Gianpiero Di Leva. Cut-off p adj < 0.01. n = 4 

biological replicates. The top20 up/down modulated miRNAs are plotted in the heatmap shown comparing the 

different replicates. Members of the oncogenic miR-17-92 cluster and miR-221/222 cluster can be observed 

among the top-20 up/down modulated miRs. 
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Two major miRNA clusters were found to be down-regulated upon crizotinib treatment: The miR-

17-92 cluster which is comprised of miR-17, miR-18a, miR-19a, miR-19b, miR-20a and miR-92a 

[248], and the miR-221/222 cluster comprised of miR-221 and miR-222 [281]. Given the potential 

inaccuracies of small-RNA seq [282], I aimed to confirm the dysregulation of these miRNAs with 

the more accurate method of RT-qPCR. A downregulation of members of the miR-17-92 cluster 

was confirmed in H3122 (Figure 40A) and STE-1 (Figure 40B) cells upon treatment with 

crizotinib. The same was true for miR-221 and miR-222, which comprise the miR-221/222 cluster 

(Figure 40C). Interestingly, the miR-221/222 cluster has been shown to target the pro-apoptotic 

protein PUMA [283] and PUMA is a known mediator of the response to crizotinib [284]. This 

suggests that downregulation of the miR-221/222 cluster may allow the activation of PUMA and 

the induction of cell death in this context.  
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Figure 40: The miR-17-92 and miR-221/222 clusters are repressed upon ALK inhibition 

A) H3122 cells were treated with crizotinib and vehicle control for 24h and RNA was extracted. RT-qPCR 

for miR-18a, miR-19a, miR-19b and miR-20a. Data are presented as 2-ΔΔCT-normalised means ± SD 

(n=3 biological replicates) 

B) As in A), reproduced in STE-1 cells. 

C) In the same samples, qPCR for miR-221 and miR-222 was performed in H3122 and STE-1 cells. Data 

are presented as 2-ΔΔCT-normalised means ± SD (n=3 biological replicates) and p values were 

calculated by two-tailed student’s t-test (*p < 0.05, **p<0.01, ***p<0.001). 
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5.2.1.1 MiR-19b targets BIM 

To identify mRNAs that are regulated by the miR-17-92 cluster, Targetscan target prediction 

analysis was performed. The pro-apoptotic protein BIM was a recurrently predicted 3’UTR as a 

target for miR-18a, 19b and miR-20a. In lymphoblastic leukaemia, BIM is a confirmed target of the 

miR-17-92 cluster [285]. Given the special importance of the induction of BIM and PUMA as a 

response to oncogene inhibition in oncogene-driven cancers [166], it was then decided to test 

miRNAs that target BIM, the loss of which might explain its upregulation. First, the induction of 

BIM in an EML4-ALK system after crizotinib treatment was confirmed (Figure 41A). Then miR-

18a, miR-19b and miR-20a synthetic mimics were transfected (Figure 41B), but a downregulation 

of BIM was observed only after miR-19b overexpression (Figure 41C). MiR-19b also resulted in a 

partial rescue of the overexpression of BIM after crizotinib, (Figure 41D) suggesting that the 

downregulation of miR-19b has a functional role in the induction of BIM followed by cell death 

upon crizotinib treatment. These data indicated that BIM is either a direct or an indirect target of 

miR-19b.  
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Figure 41: BIM is a miR-19b target downstream of ALK signalling 

A) H3122/STE-1 cells were treated with vehicle control/crizotinib for 24h then protein extracts were 

subjected to western blotting for the 3 major isoforms of BIM. Shown is a representative blot of 2 

independent experiments.  

B) STE-1 cells were transfected with miRNA mimics for 48h and RNA-extracted. RT-qPCR for the 

indicated miRNAs was performed and data are presented as 2-ΔΔCT-normalised means ± SD (n=2 

biological replicates). 

C) STE-1 cells were transfected with the specified miRNA mimics for 72h then protein extracts were 

subjected to western blotting for the 3 major isoforms of BIM. Shown is a representative blot of 2 

independent experiments. (right panel) Quantification of the protein bands presented on the left 

panel. Non-saturated ECL images were digitally quantified for signal intensity, which was 

subsequently normalised to the signal intensity of the loading control used (β-actin). 

D) STE-1 cells were transfected with the specified miRNA mimics. 48h post-transfection cells were 

additionally treated with vehicle control/crizotinib. 72h post-transfection, protein extracts were 

harvested and subjected to western blotting for the 3 major isoforms of BIM. Shown is a 

representative blot of 2 independent experiments. (right panel) Quantification as in C). 
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To clarify this, the part of the 3’ UTR that contains the miR-19b binding site was cloned (Figure 

42A) in a luciferase reporter vector. Co-transfection of a miR-19b mimic along with the luciferase 

reporter vector led to a decrease in luciferase activity. This decrease was rescued upon deletion of 

the miR-19b binding site, confirming that the interaction between miR-19b and the BIM 3’ UTR is 

indeed direct (Figure 42B). Thus, I identified a new miR-19b target in EML4-ALKmut cells.  
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Figure 42: MiR-19b directly targets the BIM 3' UTR 

A) Representation of the position of a miR-19b binding site in the BIM 3’ UTR (position no. 4092). The binding 

site was deleted with the use of site-directed mutagenesis to interrogate the specificity of the interaction with 

miR-19b. 

B) STE-1 and HEK293T cells were transfected with pGL3 control 3’ UTR BIM plasmid (WT/MUT for the miR-

19b predicted binding site) and co-transfected with control or miR-19b mimic. 24h post-transfection, 

luminescence was recorded and normalised according to the Firefly: Renilla ratio. Error bars indicate mean ± 

SD (n=3 biological replicates) and p values were calculated by a two-tailed student’s t-test (*p < 0.05, 

**p<0.01, ***p<0.001). 
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5.2.1.2 The role of STAT3 signalling in the response to crizotinib 

I sought to further investigate the signalling changes that might contribute to miR-17-92 

downregulation in response to crizotinib treatment. There is evidence that activation of STAT3 and 

the subsequent expression of downstream targets may lead to increased proliferation upon ALK 

inhibition [37].  Interestingly, there has been evidence of STAT3 signalling regulating the miR-17-

92 cluster in the context of ALCL [286]. A loss of STAT3 phosphorylation was indeed confirmed 

upon ALK inhibition in two cell lines (Figure 43A-B), as observed before [38]. In addition, using a 

STAT3 siRNA (Figure 43C) it was observed that downregulation of STAT3 results in reduced 

expression of the miR-17-92 cluster and of miR-221 (Figure 43D). Thus, STAT3 regulates the 

miR-17-92 cluster and miR-221, however, miR-222 does not appear to be regulated by STAT3. It 

should be noted that more prolonged STAT3 inhibition may have more pronounced effects on 

miRNAs, due to their stable nature.  
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Figure 43: STAT3 is downstream of ALK signalling and partially regulated the miR-17-92 cluster 

A) H3122 cells were treated with vehicle control/crizotinib for 24h then protein extracts were subjected 

to western blotting for the indicated proteins, evidencing reduced phosphorylation of STAT3 upon 

crizotinib treatment. Shown is a representative blot of 2 independent experiments. 

B) As in A), reproduced in STE-1 cells.  

C) STE-1 cells were transfected with scrambled control or siSTAT3 for 48h. Then protein extracts were 

analysed by western blotting for the expression levels of STAT3. Shown is a representative blot of 2 

independent experiments.  

D) STE-1 cells were transfected with scrambled control or siSTAT3 for 48h. Then, RNA was extracted and 

the expression of the indicated miRNAs was assessed by RT-qPCR. Error bars indicate mean ± SD 

(n=3 biological replicates) and p values were calculated by a two-tailed student’s t-test (*p < 0.05, 

**p<0.01, ***p<0.001). 
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5.2.1.3 Contribution of miR-18a to STAT3 signalling 

The fact that the total STAT3 levels do not change after crizotinib, led to the hypothesis that the 

reduction in phosphorylated STAT3 might be due to an interaction with one of the negative 

regulators of the JAK-STAT pathway. One of the most common proteins that negatively regulate 

this pathway is PIAS3 [287], which was found to be slightly increased after crizotinib treatment 

(Figure 44A). It was reasoned that the upregulation of PIAS3 could be due to the loss of a miRNA 

that would normally suppress its expression. After bioinformatics analysis, a binding site for miR-

18a was identified in the PIAS3 3’ UTR. To investigate whether miR-18a has the capacity to 

decrease the PIAS3 protein levels, a synthetic mimic of miR-18a was overexpressed in STE-1 cells 

and downregulation of PIAS3 was observed at the protein level (Figure 44B). With a luciferase 

reporter system, the direct binding of miR-18a to the PIAS3 3’ UTR was measured and was 

partially rescued upon deletion of the miR-18a binding site, proving the specificity of the 

interaction (Figure 44C). However, after knocking down PIAS3, no changes in STAT3 

phosphorylation were observed (Figure 44D) and the hypothesis that the loss of STAT3 

phosphorylation comes from an interaction with PIAS3 was rejected.  
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Figure 44: PIAS3 does not contribute to loss of STAT3 phosphorylation 

A) STE-1 cells were treated with vehicle control/crizotinib for 24h or 48h then protein extracts were 

subjected to western blotting for the indicated proteins. Shown is a representative blot of 2 

independent experiments. (right panel) Quantification of the protein bands presented on the left 

panel. Non-saturated ECL images were digitally quantified for signal intensity, which was 

subsequently normalised to the signal intensity of the loading control used (β-actin). 

B) STE-1 cells were transfected control mimic/miR-18a mimic for 72h then protein extracts were 

subjected to western blotting for the indicated proteins. Shown is a representative blot of 2 

independent experiments. (right panel) Quantification as in A). 

C) HEK293T cells were transfected with pGL3 control 3’ UTR PIAS3 plasmid (WT/MUT for the miR-18a 

binding site) and co-transfected with control/ miR-18a mimic. 24h post-transfection, luminescence 

was recorded and normalised according to the Firefly: Renilla ratio. Plotted are the normalised 

means ± SD (n=3 biological replicates). P values were calculated by two-tailed student’s t-test (*p 

< 0.05, **p<0.01, ***p<0.001). 

D) STE-1 or H3122 cells were transfected with the scrambled siRNA/ siRNA STAT3 for 48h then protein 

extracts were subjected to western blotting for the indicated proteins. Shown is a representative 

blot of 2 independent experiments. 
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5.2.2 Potential role of miRNAs in drug resistance 

The next hypothesis was that during the process of developing resistance to ALK inhibitors, a cell 

may undergo a reprogramming of its miRNA signalling network. Therefore, miRNA deregulation 

might form a mechanism of resistance to ALK inhibitors. To test this, the miRNA expression of 

H3122 and CrizR1 cells was profiled using small RNA Next Generation Sequencing (NGS) ( the 

dataset can be accessed on https://rebrand.ly/paliouras3 ).  

After small-RNA sequencing and differential expression analysis, a pronounced miRNA 

dysregulation was found in the CrizR1 clone (Figure 45A). Then, the NGS data were verified or 

rejected by RT-qPCR. MiR-381 was reported as the most up-regulated miRNA in the NGS data. 

This, however, was not confirmed after RT-qPCR and its expression was undetectable (data not 

shown).  

Initially, several potentially up-regulated miRNAs were selected to be screened by RT-qPCR. MiR-

30c was robustly up-regulated in all drug-resistant clones, while miR-25 was up-regulated in CrizR1 

and CrizR5 cells (Figure 45B). Surprisingly, another miRNA member of the miR-25 cluster, miR-

106b, was not robustly dysregulated (Figure 45C), indicating differential processing of the 

primary miRNA transcript.  

https://rebrand.ly/paliouras3
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Figure 45: MiR-25 and miR-30c are robustly upregulated in drug-resistant EML4-ALK cells 

A) RNA was extracted from H3122 and CrizR1 cells and small RNA libraries were prepared and size 

selected. The libraries were then sequenced and the data processed to map human miRNAs, 

followed by differential expression analysis. Z-score is depicted, cut-off p adj < 0.05. n = 3 biological 

replicates. MiRNAs such as the oncogenic miR-25 and miR-30c are upregulated in CrizR1 cells 

compared with their H3122 parental.  

B) RNA was extracted from H3122 and CrizR1 cells. RT-qPCR for the indicated miRNAs was performed 

and data are presented as 2-ΔΔCT-normalised means ± SD (n=3 biological replicates). The H3122 

parental values were transformed to 1 and the values of the drug-resistant cell lines were normalised 

to this. Compared with the parental, miR-30c is upregulated in all drug-resistant clones whereas miR-

25 only in CrizR1 and CrizR5. P values were calculated by two-tailed student’s t-test (*p < 0.05, 

**p<0.01, ***p<0.001). 

C) As in B), RT-qPCR analysis for miR-106b expression in CrizR1 cells which did not differ significantly 

from its expression in H3122 parental cells, n = 2 biological replicates. 
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In this data set, the most down-regulated miRNA in CrizR1 cells is miR-205. This was confirmed by 

RT-qPCR (Figure 46A), where miR-205 was down-regulated almost to the limit of non-detection 

in CrizR1 cells. Moreover, the downregulation of the well-studied tumour suppressing miR-23b 

cluster was confirmed (Figure 46B) [288], as well as the downregulation of miR-103, miR-149,  

miR-345 and miR-3065, with the exception of the ceritinib-resistant clone, in which only miR-149 

was down-regulated (Figure 46C). 
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Figure 46: QPCR confirmation of the downregulation of potential tumour suppressing miRNAs 

A) RNA was extracted from H3122 and CrizR1 cells. RT-qPCR for miR-205 was performed and data are 

presented as 2-ΔΔCT-normalised means ± SD (n=3 biological replicates).  

B) As in A), RT-qPCR for miR-23b, miR-24 and miR-27b (n=3 biological replicates). 

C) RNA from the indicated cell lines was analysed for the expression of the indicated miRNAs. Data are 

presented as 2-ΔΔCT-normalised means ± SD (n=3 biological replicates). 

The H3122 parental values were transformed to 1 and the values of the drug-resistant cell lines were 

normalised to this. P values were calculated by two-tailed student’s t-test (*p < 0.05, **p<0.01, 

***p<0.001). 
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5.2.2.1 MiR-149 induces apoptosis while miR-25 and miR-30c inhibition affect the cell cycle 

Dysregulated miRNAs in crizotinib-resistant cells may form a mechanism of resistance, or they may 

simply reflect signalling changes due to parallel pathway alterations. To shed light on this, 

functional studies with these miRNAs were performed. For the down-regulated miRNAs, re-

introduction of miR-205 in the form of a synthetic mimic (Figure 47A) did not result in a robust 

re-sensitisation to crizotinib, therefore this miRNA was rejected as a potential mediator of 

resistance (Figure 47B). The only down-regulated miRNA from this screen which had a functional 

effect was miR-149. Upon re-introduction of miR-149 in CrizR1 cells, (Figure 47C), a decrease in 

proliferation was observed (Figure 47D), as well as apoptotic induction (Figure 47E). However, 

there was no synergism with crizotinib, suggesting that this miRNA is indeed a tumour suppressing 

one, albeit not mediating the resistance to crizotinib.  
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Figure 47: MiR-149 promotes apoptosis in EML4-ALK cells 

A) CrizR1 cells were transfected with non-targeting control and miR-205 mimic for 72h and RNA-

extracted. RT-qPCR for miR-205 was performed and data are presented as 2-ΔΔCT-normalised 

means ± SD (n=2 biological replicates). 

B) CrizR1 cells were transfected with non-targeting control and miR-205 mimic for 72h, in the presence 

or absence of the indicated concentrations of crizotinib. 72h post-transfection, cell proliferation was 

assessed by MTS. H3122 cells were used in parallel as crizotinib control. Data are presented as 

normalised means ± SD (n=3 biological replicates). 

C) CrizR1 cells were transfected with non-targeting control and miR-149 mimic for 72h and RNA-

extracted. RT-qPCR for miR-149 was performed and data are presented as 2-ΔΔCT-normalised 

means ± SD (n=2 biological replicates).  

D) CrizR1 cells were transfected with non-targeting control and miR-149 mimic for 72h, in the presence 

or absence of 1μM crizotinib. 72h post-transfection, cell proliferation was assessed by MTS. H3122 

cells were used in parallel as crizotinib control. Data points are presented as normalised means ± SD 

(n=3 biological replicates). 

E) CrizR1 cells were transfected with non-targeting control and miR-149 mimic for 72h. Then, cells were 

stained with Annexin V and PI and analysed by flow cytometry. Annexin V+ cells are depicted (left) 

and quantified (right). N = 3 biological replicates. P values were calculated by two-tailed student’s t-

test (*p < 0.05, **p<0.01, ***p<0.001). 
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To investigate the role of the up-regulated miRNAs, hairpin inhibitors were used that resulted in 

partial knockdown of miR-25 and miR-30c (Figure 48A). It became apparent that the 

downregulation of miR-25 and 30c led to a G2/M cell cycle arrest in CrizR1 cells (Figure 48B), 

while miR-30c knockdown had the additional effect of inducing cell death in combination with 

crizotinib (Figure 48C).  
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Figure 48: MiR-25/30c inhibition has functional consequences in CrizR1 cells 

A) CrizR1 cells were transfected with non-targeting hairpin inhibitor, miR-25 hairpin and miR-30c hairpin 

for 72h and RNA-extracted. RT-qPCR for the indicated miRNAs was performed and data are 

presented as 2-ΔΔCT-normalised means ± SD (n=3 biological replicates). The control hairpin values 

were transformed to 1 and the values of the miR-25 and miR-30c inhibitors were normalised to this. 

B) CrizR1 cells were transfected with non-targeting hairpin inhibitor, miR-25 hairpin and miR-30c hairpin 

for 72h. Then, cells were fixed and stained with PI. The cells were analysed by flow cytometry for 

DNA content and cell cycle phase. Data points are presented as means ± SD (n=3 biological 

replicates). 

C) As in B), subG0 cells were quantified for cell death in the presence or absence of 1μM crizotinib.  

P values were calculated by two-tailed student’s t-test (*p < 0.05, **p<0.01, ***p<0.001). 
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5.2.2.2 Analysis of potential transcription factors regulating miR-149, miR-25 and miR-30c 

To identify whether the changes in miRNA expression levels are a result of regulation at the 

transcriptional level, the publicly available database JASPAR was used [289]. The promoters of 

miR-25, miR-30c and miR-149 all shared motifs that could be recognised by the transcription 

factors NF-κB, C-FOS and STAT5A. Then, siRNA oligos were used to knock down NF-κB (Figure 

49A), C-FOS (Figure 49B) and STAT5A (Figure 49C) but no robust changes in miRNA levels 

were detected by qPCR. It was thus concluded that these miRNAs are not subject to regulation by 

these transcription factors.  
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Figure 49: Analysis of transcription factor interactions with validated miRNAs 

A) CrizR1 cells were transfected with scrambled oligo or sip65. After 72h, protein and RNA were 

extracted. Protein extracts were analysed for the indicated proteins (left, n=2 independent 

experiments), while RNA was analysed via RT-qPCR for miR-25, miR-30c and miR-149 (n=3 

biological replicates). The scrambled control values for each experiment were transformed to 1 and 

the values of the other treatment conditions were normalised to this. 

B) As in A), siRNA for C-FOS. 

C) As in A), siRNA for STAT5A. 
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5.2.2.3 Binding prediction analysis for potential targets of miR-25, miR-30c and miR-149 

Given the prominent dysregulation of cell cycle-related genes in the previous chapter, I decided to 

investigate whether the increased levels of these genes were due to a loss of regulation by 

miRNAs.  Then, 3’ UTR prediction analysis for the identified miRNAs was performed using a cell 

cycle gene set as input for potential targets. Regarding the up-regulated miRNAs, the CDKN1A 

gene (p21) was identified as a potential target of miR-25, while no other cell cycle-related genes 

were identified as potential targets of miR-30c. Accordingly, miR-25 inhibition in CrizR1 cells 

resulted in an upregulation of p21 (Figure 50A), which may account for the cell cycle arrest 

observed in (Figure 48B). However, after careful analysis of the 3’ UTR (data not shown), a 

strong binding site for miR-25 was not identified and the interaction was concluded to be indirect. 

Regarding the down-regulated miRNAs, bioinformatics analysis identified 2x and 1x potential 

binding sites for miR-103 and miR-149 in the CDK6 3’ UTR respectively and one binding site for 

miR-103 in the CCNE1 3’ UTR.  Furthermore, the CDK6 3’UTR contains 1x binding site for miR-345 

and miR-3065. Functional studies were then performed, initially with miR-149. Overexpression of 

miR-149 in the CrizR1, CrizR4 and CrizR5 cells resulted in a downregulation of CDK6 (Figure 50B). 

Except for CDK6, CDK1 also has a binding site for miR-3065 in its 3’ UTR. However, after 

overexpressing miR-345 (Figure 51A) and miR-3065 (Figure 51B) no downregulation of CDK6 or 

CDK1 was observed. On the contrary, overexpression of miR-103 potently down-regulated CDK6 at 

the protein level (Figure 51C). 

 

Figure 50: P21 is an indirect target of miR-25 and CDK6 of miR-149 

A) CrizR1 cells were transfected with control or miR-25 hairpin inhibitor for 72h. Then, protein extracts 

were analysed for the indicated proteins. Shown is a representative blot from 2 independent 

experiments. 

B) As in A), the indicated cell lines were transfected with miR-149 mimic. While CrizR1, CrizR4 and 

CrizR5 cells have high expression levels compared with the H3122 parental as shown in 4.3.4, 

transfection of miR-149 reduces such expression.  
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Figure 51: CDK6 is a target of miR-103 but not of miR-345 or miR-3065 

A) CrizR1 cells were transfected with control or miR-345 mimic for 72h and then protein and RNA was 

extracted. RT-qPCR analysis for miR-345 presented as 2-ΔΔCT normalised means ± SD (left, n =2 

biological replicates). On the right side, protein extracts were analysed for the indicated proteins 

(miR-149 as positive control). Shown is a representative blot of 2 independent experiments. 

B) As in A), cells were transfected with miR-3065 mimic. 

C) As in A), cells were transfected with miR-103 mimic. 
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To determine if CDK6 or CCNE1 were direct targets of these miRNAs, their 3’ UTRs (Figure 52A) 

were cloned in a luciferase reporter vector. Co-transfection of the CDK6 3’ UTR with miR-149 and 

CCNE1 3’ UTR with miR-103 did not result in decreased luminescence (Figure 52B) suggesting 

that the interaction is indirect. However, co-transfection of miR-103 revealed a decrease in 

luminescence for the CDK6 3’ UTR, suggesting that CKD6 is a direct target (Figure 52C). Upon 

mutating the 2 different miR-103 binding sites in the CDK6 3’ UTR it became apparent that the 1st 

binding site is the main mediator of the interaction, as its mutation partially restored luminescence. 
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Figure 52: CDK6 is a direct target of miR-103 

A) Schematic representation of the CDK6 and CCNE1 3’ UTRs with the corresponding miRNA binding 

sites. 

B) HEK293T cells were transfected with pGL3 control 3’ UTR CDK6 and CCNE1 plasmid (WT for the miR-

103/149 predicted binding sites) and co-transfected with control, miR-103 and miR-149 mimic. 24h 

post-transfection, luminescence was recorded and normalised according to the Firefly: Renilla ratio.  

C) HEK293T cells were transfected with pGL3 control 3’ UTR CDK6 plasmid (WT/MUT for the miR-103 

predicted binding sites) and co-transfected with control or miR-103. 24h post-transfection, 

luminescence was recorded and normalised according to the Firefly: Renilla ratio.  

Data are presented as normalised means ± SD (n=3 biological replicates) and p values were 

calculated by a two-tailed student’s t test (*p < 0.05, **p<0.01, ***p<0.001). 
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5.2.2.4 MiRNAs in response to CDK inhibition 

In the previous chapter, a potent downregulation of oncogenic transcripts was identified in 

response to CDK inhibition. I asked whether oncogenic miRNAs are similarly affected by the same 

drug treatment. Treatment of CrizR1 cells with alvocidib for 6h or 24h resulted in the 

downregulation of miR-25 and miR-30c, to levels comparable to those of the H3122 parental cells 

(Figure 53). These data, taken together with the previous chapter, suggest a transcriptional 

sensitivity of EML4-ALK cells that is also evident through, among other oncogenic transcripts, a 

miRNA dysregulation. 
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Figure 53: MiR-25 and miR-30c are down-regulated upon CDK inhibition 

H3122 and CrizR1 cells were treated with the indicated compounds for 6 or 24h and then RNA was extracted 

and subjected to RT-qPCR analysis for miR-25 and miR-30c, presented as 2-ΔΔCT normalised means ± SD (n 

=3 biological replicates). The H3122 parental values were transformed to 1 and the values of the drug-

resistant cell lines treated with DMSO or alvocidib were normalised to this. While miR-25 and miR-30c were 

overexpressed in CrizR1 cells, alvocidib treatment restores their expression to the H3122 parental levels. P 

values were calculated by a two-tailed student’s t-test (*p < 0.05, **p<0.01, ***p<0.001). 
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5.2.2.5 MiRNA expression levels in patient samples refractory to ALK inhibitors 

While experimental data were obtained from EML4-ALKmut cell lines, it is not necessary that the 

same findings should apply to patients who developed resistance to ALK inhibitors in the clinic. 

Unfortunately, it was not feasible to obtain matched core biopsies. MiRNAs are inherently stable in 

the plasma, thus in collaboration with Professor Fiona Blackhall, we obtained plasma samples from 

8 ALK+ NSCLC patients, 1 EGFR+ NSCLC patient and 2 NSCLC patients with an unidentified driver 

mutation. Samples were obtained at baseline, and upon progression on one or more ALK inhibitors. 

Then, the expression of these miRNAs in the plasma was analysed by RT-qPCR for miR-25 and 

miR-30c. Setting a threshold of 2-fold upregulation compared to baseline, it was evident that 5 

patients had increased levels of miR-25 or miR-30c on progression with various ALK inhibitors 

(Figure 54). Furthermore, control patient 2, upon acquired resistance to gefitinib treatment, also 

had elevated levels of miR-30c in the plasma sample, which is in line with previous findings [258]. 

These data confirm the existence of the studied miRNA dysregulation in vivo. Given the 

heterogeneity in the mechanisms of resistance, it is not surprising that such upregulation is 

detected only in a subset of patients.  
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Figure 54: MiR-25 and miR-30c are repeatedly dysregulated in the plasma of patients upon 
progression on TKIs 

Patient plasma was separated in 3 aliquots. After performing 3 different RNA extractions with the addition of 

miRNA spike-in, RT-qPCR for miR-25 and miR-30c was performed. Graphs represent the mean of the 3 

independent RNA extractions followed by RT-qPCR normalised to the individual baseline sample.  
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5.2.3 LncRNAs as a mechanism of resistance 

5.2.3.1 Identification and validation of dysregulated lncRNAs 

The unexplored landscape of lncRNAs in EML4-ALK lung cancer led us to interrogate the dataset 

that was obtained from total RNA-seq of H3122 parental versus CrizR1 cells for dysregulated 

lncRNAs. It was found that 171 lncRNAs change their expression levels in crizotinib resistance 

(Figure 55A). This list was narrowed down by asking which lncRNAs are also dysregulated after 

crizotinib treatment, and could, therefore, be downstream of ALK signalling. This way, the switch 

from ALK-dependence to another oncogene-dependence in CrizR1 cells may have restored or 

suppressed the expression levels of these lncRNAs in resistant cells. In the data set of crizotinib-

naïve STE-1 cells treated with vehicle control versus treated with crizotinib, 143 lncRNAs were 

found to be dysregulated after crizotinib treatment (Figure 55A). Looking at the overlap between 

these 2 data sets, 12 lncRNAs were common (Figure 55B). I decided to validate these candidates 

and see if their expression levels by RT-qPCR reflect the expression levels by NGS.  

To this end, RT-qPCR primers were designed in exonic regions visualised through the UCSC 

Genome Browser, validated for specificity (data not shown), and RNA from H3122 and CrizR1 cells 

was used as input. It became evident that 8/12 lncRNAs were robustly dysregulated in 

independent experiments (Figure 55C) and should be subsequently investigated. Only one 

lncRNA, LINC00704 was up-regulated in CrizR1 cells, while the other 7 lncRNAs were suppressed in 

CrizR1 cells. Interestingly, LINC00704  was the only lncRNA at the time of writing that has been 

studied in the literature [290]. The next step was to ask whether these lncRNAs have a functional 

role in crizotinib resistance.  
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Figure 55: A subset of lncRNAs may be involved in the resistance to crizotinib 

A) RNA-seq data were analysed from previously described sequencing experiments. to identify lncRNAs 

that are significantly dysregulated after ALK inhibition in STE-1 parental cells and lncRNA significantly 

dysregulated in crizotinib-resistant cells compared with H3122 parental. Pie chart representing the 

common lncRNAs that are dysregulated upon crizotinib treatment in STE-1 parental cells, but also in 

crizotinib-resistant cells. This overlap narrows down to lncRNAs downstream of EML4-ALK signalling, 

that may also functionally affect the resistance to ALK inhibition.  

B) Heatmaps representing the expression levels of the indicated lncRNAs in CrizR1 vs H3122 parental 

(left) or STE-1 treated with crizotinib versus vehicle control (right). 

C) H3122 and CrizR1 cells were RNA-extracted. Custom primers were designed for the indicated 

lncRNAs and used in an RT-qPCR assay to determine the lncRNA expression levels. Data are 

presented as 2-ΔΔCT normalised (using the H3122 parental expression levels as baseline 

transformed to 1) means ± SD (n = 3 biological replicates). P values were calculated with a two-

tailed student’s t-test (*p < 0.05, **p<0.01, ***p<0.001). 
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5.2.3.2 Knockdown experiments of chosen lncRNAs 

Investigating the only up-regulated lncRNA that was shortlisted, LINC00704, I asked whether it is 

also up-regulated in the rest of these cell lines resistant to ALK inhibitors. Then, an upregulation of 

MANCR (LINC00704) was detected in CrizR1, CrizR5 and CeritR cells (Figure 56A). I decided to 

knock down this lncRNA with custom-designed Gapmers [291] and 2 Gapmers were designed, 

targeting 2 different exons. After transfecting these Gapmers in CrizR1 cells, Gapmer #2 led to a 

robust knockdown of LINC00704, at 24 or 48h, as detected by RT-qPCR (Figure 56B). It was 

hypothesised that knockdown of LINC00704 in combination with crizotinib treatment would re-

sensitise CrizR1 cells to crizotinib. However, after Annexin V/PI staining and flow cytometry 

analysis there was no difference in cell death or apoptosis with this combination (Figure 56C). 

Therefore this hypothesis was rejected and it was concluded that the LINC00704 dysregulation 

does not reflect a functional role in these cells.  
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Figure 56: MANCR is not functional in CrizR1 cells 

A) RNA from the indicated cell lines was extracted. The expression levels of LINC00704 were analysed 

by RT-qPCR. Data are presented as 2-ΔΔCT normalised (to ACTB) means ± SD (n = 3 biological 

replicates).  

B) CrizR1 cells were transfected with non-targeting Gapmer control / Gapmer #1 / Gapmer #2 for 24h 

or 48h. Then, RNA was extracted and the expression levels of LINC00704 were analysed by RT-

qPCR. Data are presented as 2-ΔΔCT normalised (to ACTB) means ± SD (n = 3 biological replicates). 

C) CrizR1 cells were transfected with Gapmer control and Gapmer #2 for 48h, in the presence or 

absence of 1 μM crizotinib. Then, apoptosis was assessed by an Annexin V/PI assay and flow 

cytometry. H3122 cells were used in parallel as crizotinib control. SiPLK1 was used as a positive 

transfection control (apoptosis-inducing). Data points are presented as normalised means ± SD (n=3 

biological replicates for Gapmers, n =1 for controls). 

P values were calculated with a two-tailed student’s t test (*p < 0.05, **p<0.01, ***p<0.001). 
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5.2.3.3 Overexpression experiments of down-regulated lncRNAs 

To study the 7 down-regulated lncRNAs, I decided to clone and overexpress them in CrizR1 cells, 

investigating a possible tumour-suppressing role. However, 3/7 are tens of thousands of base pairs 

long and thus not feasible to be cloned in an expression vector, so only 4/7 lncRNAs were taken 

forward. Their downregulation was tested in the rest of the cell lines resistant to ALK inhibitors and 

lncRNA CTD-2292M16.8 was excluded from further analysis, as it was only lost in CrizR1 cells but 

not the other clones (Figure 57A). The 3 remaining lncRNAs were then cloned in a pCDH-CMV-

MCS-EF1-copGFP vector. The RP11-367H1.1 (Figure 57B), AC144831.1 and RP11-1275H24.1 

(Figure 57C) lncRNAs were successfully cloned and overexpressed in CrizR1 cells. However, 

after a proliferation assay, it became apparent that restoration of these lncRNAs had no effect on 

the proliferation of crizotinib-resistant cells, with- or without crizotinib (Figure 57D). A potential 

role for these lncRNAs in the resistance to ALK inhibitors was therefore rejected.  
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Figure 57: Overexpression of selected lncRNAs does not restore sensitivity to crizotinib 

A) RNA from the indicated cell lines was extracted. The expression levels of the indicated lncRNAs were 

analysed by RT-qPCR. Data are presented as 2-ΔΔCT normalised (to ACTB) means ± SD (n = 3 

biological replicates).  

B) CrizR1 cells were transfected with pCDH empty vector (EV) or pCDH containing the indicated lncRNA 

inserts. 48h post-transfection, RNA was extracted. The expression levels of the indicated lncRNAs 

were analysed by RT-qPCR. Data are presented as 2-ΔΔCT normalised (to ACTB) means ± SD (n = 2 

biological replicates).  

C) As in A). CrizR1 cells were transfected with pCDH empty vector (EV) or pCDH containing the 

indicated lncRNA inserts, in the presence or absence of 1μM crizotinib. Then, cell proliferation was 

assessed by the MTS proliferation assay. H3122 cells were used in parallel as crizotinib control. 

SiPLK1 was used as a positive transfection control (apoptosis-inducing). Data points are presented as 

normalised means ± SD (n=2 biological replicates). P values were calculated with a two-tailed 

student’s t-test (*p < 0.05, **p<0.01, ***p<0.001). 
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5.3 Discussion  

5.3.1 Oncogene-driven miRNA regulation 

A recurrent theme in oncogene-driven cancers is the downstream engagement of miRNAs in 

signalling. Oncogenic miRNAs that potentiate the oncogene’s action are often directly controlled by 

it. In cases where tumour-suppressing miRNAs antagonise the oncogene’s action, they are often 

repressed by it. We have previously reviewed the relationship between some of the most common 

oncogenes and miRNAs in [292]. The discovery of signalling downstream of driver oncogenes 

benefits our understanding of the malignant transformation process. For example, very frequently, 

changes in response to RTK inhibition feedback negatively and are the cause of acquired resistance 

[113,114]. It is therefore reasonable that the discovery of such feedback signalling can be used to 

create combinational inhibition strategies to restrict tumour adaptation.  

5.3.1.1 Signalling changes upon oncogene interruption 

The mechanisms of cell death in response to oncogene inhibition are incompletely understood and 

knowledge in this area can offer new rational drug combinations. It is known that in response to 

oncogene inhibition with gefitinib or crizotinib in lung cancer, the result is a combination of cell 

cycle arrest [53,293] and apoptotic induction [166]. While it can be presumed that the deprivation 

of growth/proliferative signalling triggers this response, the exact process remains unknown. 

Recently, loss of CDK2 upon ALK inhibition has been shown to occur due to enhancer remodelling 

and loss of H3K27 acetylation in the proximal promoter [198]. 

Except for constitutively active proliferative signalling, oncogenes also tend to suppress pro-

apoptotic pathways. For example, cell death after crizotinib treatment is a combination of BIM 

induction caused by repression of ERK and a loss of STAT3-induced expression of the anti-

apoptotic protein Survivin [38]. The functional role of these is evident in studies such as [178], 

where low levels of the pro-apoptotic protein BIM are enough to cause a poor response to EGFR 

inhibition. Expanding these findings, we and others have observed that the H2228 cell line, which 

carries the EML4-ALK 3a/b variant, is much more resistant to ALK inhibition compared to the 

variant 1-carrying cell lines H3122 and STE-1 [37,294]. A reason for this differential drug sensitivity 

may be that even though ALK phosphorylation is inhibited in H2228, these cells do not up-regulate 

BIM or induce apoptosis (evidenced by lack of PARP cleavage) like the H3122 [59].  

5.3.1.2 MiRNAs downstream of oncogene-driven cancers 

The relationship between ALK-driven cancers and miRNAs has been investigated before, albeit in 

different contexts. Firstly, in patient samples, a subset of miRNAs were able to distinguish EML4-

ALK lung cancer from EGFR- and KRAS- mutant patients [267]. Interestingly, there is an overlap 

between these dysregulated miRNAs, rendering the common miR-1253, miR-504 and miR-26a-5p 

indicators of an oncogene mutation. 

Furthermore, in ALK+ Anaplastic Large Cell Lymphoma (ALCL), 14 miRNAs were commonly 

regulated by an ALK knockdown as well as STAT3 knockdown, identifying the miRNAs that are 

downstream of the ALK-STAT3 signalling node. The miR-17-92 cluster was a prominent hit in this 
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assay and was demonstrated to have a functional role in mediating ALCL cell proliferation [286]. 

Thereafter, I aimed to characterise the signalling changes that involve miRNAs upon ALK inhibition. 

A combination of RNA-seq in STE-1 cells and miRNA-seq in H3122 cells produced an overlap of 

genes that could be downregulated in response to miRNA upregulation and vice versa, which I 

explored further. However, a clear limitation is that the use of 2 different cell lines introduced 

heterogeneity and limited the pool of potential targets that could be investigated. Still, the findings 

described in this thesis recapitulate the literature since a marked dysregulation of the miRnome 

was detected in response to ALK inhibition. Hypothesising that some of these miRNAs should be 

downstream of ALK signalling, the miR-17-92 cluster was then validated as a downstream effector 

of ALK activity.  

5.3.1.3 Regulation of BIM by the miR-17-92 cluster 

In EML4-ALKmut cells, there is a modest targeting of BIM by miR-19b. It can be reasoned that there 

are several miRNAs whose combined loss results in the upregulation of BIM and which were not 

detected. Therefore the loss of miR-19b is partially responsible for the upregulation of BIM and the 

induction of apoptosis. It can be deduced then that BIM downregulation after crizotinib treatment 

should rescue the induction of apoptosis, at least in part, and this has been confirmed before [38]. 

It is thus possible that a compound which would result in the overexpression of BIM in combination 

with crizotinib may lead to more potent initial responses. In fact, this has been recently 

demonstrated in EGFR-mutant lung cancer, where a combination of a BIM-mimetic with erlotinib, 

overcame the deletion of BIM as a resistance mechanism [74]. Future experiments will investigate 

whether the miR-17-92 cluster is necessary for the oncogenicity of EML4-ALK and whether other 

miRNAs are responsible for targeting BIM. 

5.3.1.4 EML4-ALK-STAT3 signalling 

The JAK-STAT3 pathway has been ubiquitously shown to be a major component of ALK signalling. 

However, its importance for cell proliferation has been debated in the literature. In a study of 

genetic activation of STAT3 [37], it modestly protected H3122 cells from crizotinib-induced cell 

death. However, in earlier work, pharmacological inhibition of STAT3 did not affect H3122 cell 

proliferation [54], rendering the evidence for the STAT3 importance inconclusive. In EML4-ALKmut 

cells, STAT3 knockdown with siRNA had no effect on cell proliferation. My hypothesis that the loss 

of STA3 phosphorylation is due to a negative interactor of STAT3 was incorrect since STAT3 was 

shown directly to form a complex with ALK [295].  Thus ALK directly phosphorylates STAT3 and 

this interaction is abrogated by crizotinib. Then, PIAS3 was confirmed as a direct target of miR-18a 

in EML4-ALKmut cells, however, this interaction in response to ALK inhibition is probably biologically 

inconsequential in terms of STAT3 regulation. It cannot be excluded that in physiological 

conditions, the ALK-STAT3 axis up-regulates the miR-17-92 cluster in order to suppress negative 

interactors of STAT3, such as PIAS3.  
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5.3.2 Findings of miRNAs affecting drug resistance 

Relevant findings regarding miRNAs and the resistance to targeted therapies mainly come from 

different types of cancer since at the beginning of my thesis this had not been studied in EML4-ALK 

NSCLC. Later, however, a report examined crizotinib- and ceritinib-resistant cells and identified a 

loss of miR-34a and miR-449a through enhancer remodelling, which contributes to AXL 

upregulation and drug resistance [198]. These findings were recapitulated in samples from patients 

who acquired resistance to ceritinib or crizotinib in the clinic.  

In data obtained from crizotinib-resistant cells after a global miRNA profiling, a striking loss of miR-

205 was observed in these cells which exhibited the most mesenchymal-like characteristics. 

Previously in the literature, miR-205 downregulation was shown to be an early event upon the 

malignant transformation of lung epithelial cells, which allows EMT as well as stem cell-related 

properties [296]. While in these cells restoring miR-205 did not functionally affect the resistance to 

crizotinib, it is tempting to posit that the striking AXL-induced EMT characteristics are in part 

mediated by miR-205 and future experiments could examine the impact of the re-introduction of 

miR-205 on SNAI2 and Vimentin. Also, the expression levels of miR-205 in other drug-resistant cell 

lines were not examined and I intend to perform these experiments in the future. 

5.3.2.1 Tumour-promoting miRNAs 

In the small-RNA sequencing data, some of the miRNAs were expressed at a very low level, which 

makes them unlikely to be functional candidates as mediators of resistance. Several of these 

miRNAs turned out to be by-products of dysregulated signalling, while others showed a functional 

role, with the capacity to affect the response to crizotinib. Specifically, the inhibition of miR-25/30c 

could partially re-sensitise cells to crizotinib. The literature is supportive of these findings, as 

explained below. 

MiR-25 arises from the miR-106b~25 polycistron, along with miR-93 and miR-106b. These 

clustered miRNAs would be expected to be concomitantly regulated, but this was not the case. 

While upregulation of miR-25 was detected in crizotinib-resistant cells, the levels of miR-106b did 

not change. A similar phenomenon has been observed before [233], where miR-106b and miR-25 

were up-regulated after hypoxia in MCF-7 cells but miR-93 was not, highlighting once more the 

potential for differential regulation of clustered miRNAs. In gastric cancer, this polycistron was 

shown to affect the proliferation of cells in vitro and in vivo. MiR-93 and miR-106b targeted p21, 

while miR-25 targeted BIM [297]. In prostate cancer, the miR-106b~25 cluster can cooperate with 

its host gene MCM7 in the transformation of cells, by targeting PTEN [298]. In a drug-treatment 

context, doxorubicin-induced senescence in breast cancer can be overcome by upregulation of the 

miR-106b~25 cluster. Specifically, all three clustered miRNAs can cause drug resistance by 

targeting the regulator of E-Cadherin, EP300 [299].  

MiR-30c has been implicated in the resistance to gefitinib in EGFR-mutant lung cancer [258] by 

targeting BIM. Given the similarities with EML4-ALKMUT cancer, this is not surprising. In the same 

dataset, miR-103 was shown to be tumour-suppressing in NSCLC by targeting PKC-ε. Uncovering 

the biological mechanism of the increased expression of miR-25 and miR-30c was not possible. 
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Even though transcription factor binding analysis showed several potential transcription factors, 

functional experiments did not conclusively show an upregulation through increased transcription 

factor activity.  Future experiments looking at the methylation profile of these promoters could help 

clarify whether this is an epigenetic phenomenon. 

Lastly, the described findings were not a cell culture artefact, as it was possible to detect elevated 

levels of circulating-free miR-25 and miR-30c in plasma samples of ALKMUT patients upon 

progression on ALK inhibitors. Also, in one patient treated with gefitinib, there were increased 

levels of circulating miR-30c, which supports a previous study [258]. This analysis was 

retrospective, from archived samples, therefore to estimate the clinical usefulness of these 

miRNAs, a prospective analysis would be needed.  

5.3.2.2 Tumour-suppressing miRNAs 

MiR-149 is a known tumour-suppressing miRNA. It has been reported to act by targeting ZBTB2 in 

order to suppress the proliferation of gastric cancer cells [300] and by targeting GIT1 to prevent 

metastasis in breast cancer [301]. In NSCLC, to my knowledge, there are no data of high 

confidence that prove a tumour suppressing role for this miRNA. It was shown in the previous 

‘Results’ section that the downregulation of miR-149 in CrizR1 is functional as re-introduction of 

this miRNA induces apoptosis in these cells. No direct targets for this miRNA were identified, and it 

would be useful to elucidate this in the future, possibly by a combination of miR-149 

overexpression and RNA-seq. Furthermore, its mechanism of downregulation was not examined in 

this context. However, a previous report in breast cancer suggested that the miR-149 is prone to 

CpG island-methylation proximal to its promoter, which may also account for its downregulation in 

CrizR1 cells [302]. 

MiR-103 is known to be a tumour-suppressing miRNA in NSCLC, examined in a gefitinib-resistance 

context [258]. It can also greatly affect metastatic breast cancer cells by targeting Dicer [303]. As 

examined in the previous chapter in crizotinib-resistant cells CDK6 was amplified. The presented 

data point to a novel regulation of CDK6 by miRNAs. MiR-149 indirectly targets CDK6 and its 

restoration has a suppressive role in CrizR1 cells, whereas miR-103 targets CDK6 directly but is not 

relevant to cell viability. Other miRNAs that were investigated were not involved with the 

modulation of cell cycle genes.  

5.3.2.3 MiRNAs acting in unity 

While the mechanism through which these miRNAs are dysregulated was not uncovered, it can be 

speculated that a genomic event which results in aberrant transcriptional output could be the 

reason. As mentioned earlier, enhancer remodelling has been shown to promote the dysregulation 

of several miRNAs in this context [198]. While in other drug-resistant contexts, a single miRNA can 

be the sole driver of resistance, this was not the case in the drug-resistant cell lines, or if it was, it 

was not detected with the methods used. Driven by the effectiveness of cell-cycle inhibitors in 

crizotinib-resistant cells, it is tempting to speculate that a collective loss/downregulation of cell-

cycle targeting miRNAs is what allows the amplification of cyclins and cyclin-dependent kinases. 

This was further augmented by the large overlap observed between miRNAs down-regulated in 
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CrizR1 cells and miRNAs that potentially target CDK1, CDK6, CCNB1 and CCNE1. However, only a 

pooled miRNA overexpression screen would give the answer to this hypothesis. In a recent paper 

[304], a large cohort of CDK-targeting miRNAs was identified, and this could be used to guide a 

selection of miRNAs whose expression would be restored in CrizR1 cells.  

5.3.3 Long non-coding RNAs 

LncRNAs mediating resistance to targeted therapies have been identified before, as was the case 

for the MIR100HG lncRNA (which acts by regulating miR-100 and miR-125b), whose upregulation 

is a cause of resistance to cetuximab in squamous cells carcinomas [279]. In the presented data 

set, lncRNAs with the potential to affect resistance to ALK inhibitors were chosen on the basis of 

their dysregulation in crizotinib-resistant cells. Some of them were not robustly dysregulated, 

suggesting a temporary nature of changes in their expression. Nevertheless, the majority of them 

were robustly down-regulated in CrizR1 cells.  Since functional experiments with the identified 

lncRNAs did not show differences in cell proliferation and lead to the conclusion that these lncRNAs 

were not responsible for the resistance to ALK inhibition. It is still likely that lncRNAs which were 

not studied in this thesis play a role in terms of ALKi sensitivity and that is a clear limitation of this 

approach.  The differential expression data from in vitro experiments should be confirmed in 

samples from patients with EML4-ALK-driven lung cancer. However, while trying to utilise a publicly 

available dataset from crizotinib-naïve and crizotinib-resistant patients there was a significant 

challenge. This cohort did not have matched patients, but rather a mix of samples from different 

patients, which resulted in significant heterogeneity in the expression of all RNA transcripts [1, 

kindly analysed by Dr Sudhakar Sahoo]. Therefore it could not be conclusively assessed whether 

the differentially expressed lncRNAs did appear in the clinical setting.  

5.3.3.1 Translational aspects of lncRNA findings 

While mechanistically, the involvement of lncRNAs in the resistance to oncogene inhibitors can be 

of immense interest, biomarker-based applications are closer to routine clinical use at the moment. 

From a biomarker point of view, lncRNA detection requires sophisticated equipment as well as 

highly trained personnel. Thus, global detection of lncRNA alterations would be inefficient in the 

clinical setting as it requires high-depth RNA sequencing. However, a few lncRNAs the 

dysregulation of which would be detected in a high enough number of patients who are refractory 

to ALK inhibitors could lead to the development of a diagnostic kit, likely PCR-based. High 

frequency of a particular permutation is a prerequisite to justify the screening of patients.  

From a therapeutic point of view, clinically meaningful in vivo modulation of lncRNAs has not been 

achieved to date even though several products are under development. For oncogenic lncRNAs, 

anti-sense RNA technologies promise efficient knockdown of any RNA, but their preferential 

localisation to the liver and the elicitation of immune responses has limited their use to date [305]. 

The field is in dire need of a formulation that will allow the efficient packaging of RNA 

oligonucleotides and will guarantee their delivery to the desired tissue and ideally, desired cell 

population. The existence of lncRNAs who are primarily nuclear, complicates their modulation, as 

knockdown of nuclear RNA has traditionally been much more challenging.  
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For tumour-suppressing lncRNAs, the technologies to reverse their loss also exist. Frequent 

delivery of synthetic lncRNAs is not the optimal approach for a lot of lncRNAs as their size is 

prohibitive. Instead, in vivo genome engineering has the capacity to re-introduce lost lncRNAs or to 

alter regulatory elements that will allow for higher expression levels. CRISPR, in particular, is the 

most promising technology in that regard, and the results of the first in vivo uses of CRISPR will 

instruct whether or not it should be used for lncRNA modulation in vivo.  

Ultimately, the strengths of lncRNAs for cancer treatment may well lie in the characteristics that 

make them tough to study and experiment with. Since lncRNA levels are exquisitely balanced 

within a cell, one would have to achieve a minimal level of perturbation to observe a phenotypic 

change. The wealth of data curated over the years from sequencing thousands of tumours 

provides a unique opportunity for functional biology to uncover the underlying mechanisms of 

action for all these RNA molecules. As more research starts to yield relevant data, hopefully, 

patterns will start to emerge which will make studying lncRNAs easier and allow us to more readily 

reach the ones that truly matter in a disease context. 

5.3.4 Conclusions 

In the present study, miRNAs are up- or down-regulated in most of the crizotinib/ceritinib resistant 

cell lines but not in all of them. This should come as no surprise as different clones will acquire 

different mechanisms of resistance. In particular, DUSP6 loss was detected only in some of the 

resistant clones examined [37] and EGFR inhibitor-resistant cells acquire entirely unique 

mechanisms of resistance even after limiting single-cell dilution [132]. Despite this, even if a 

particular protein dysregulation is detected in only one cell line, this finding can still be clinically 

relevant, as patients will be equally divergent in their underlying causes of resistance to the 

inhibitor used. While this complicates diagnosis and interpretation in the clinical setting, it also 

highlights the importance of continuing research in this context, in order to have as complete an 

understanding of the reasons of failure of ALK inhibitors as possible.  

A global change in crizotinib-resistant cells, which could be detected and warn for the emergence 

of resistance, would be invaluable as a biomarker. However, this is unlikely to happen as after all 

these years of research something as profound would have been picked up on from the existing 

EML4-ALK-focused studies. However, given that most efforts focus on transcriptomic approaches, it 

could be conceived that there is an epigenetic or non-transcribed modification that unequivocally 

happens when EML4-ALK cells acquire resistance to ALK inhibitors. These findings raise the 

possibility that a collective dysregulation of the miRNome in combination with several oncogenes is 

the driving force behind resistance to ALK inhibition. This cannot be conclusively tested due to the 

number of potential alterations involved, but even if it could, would be translationally impractical.  

Thereby, I propose a model where miRNAs are key downstream players of parallel pathway 

alterations that lead to the resistance to ALK inhibitors. Following up on my experiments, a miRNA 

mimic/inhibitor high-throughput screen should be performed, taking into account which miRNAs 

are either up- or down-regulated. MiRNAs whose experimental perturbation results in re-
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sensitisation to crizotinib should be explored further. In a similar context in other cancer types such 

as melanoma, miRNA manipulation has been effective in suppressing resistance to targeted 

therapies, at least in vitro [306].  

Given that different mechanisms of resistance can modulate different miRNAs, it would be clinically 

impractical to screen for all the potential mechanisms of resistance and intervene by modulating 

miRNAs. This study’s findings have value as mechanistic insights regarding the way cancer cells 

alternate pathways to modulate their response to targeted therapies. While of little therapeutic 

value, it is possible that the described data set can still have translational value. Specifically, a 

targeted miRNA panel that could inform about the emergence of resistance (due to parallel 

pathway alterations) would be highly beneficial to these patients. The detection of miR-25 and 30c 

overexpression was associated with ALK-independent mechanisms of resistance and could be 

valuable to identify the patients that will not benefit from switching ALK inhibitors. We and others 

have shown the power of miRNAs in stratifying patients [307] and predicting the response to EGFR 

inhibition [308]. This would allow rapid treatment without the need for repeat biopsies. Eventually, 

this would be paired excellently with the discovery of a small molecule inhibitor that can effectively 

address all mechanisms of resistance.  

5.3.5 Future work  

While individual miRNAs that are associated with the resistance to crizotinib were successfully 

identified, a more comprehensive approach could identify many more such miRNAs. Specifically, a 

high-throughput miRNA overexpression library would have the advantage of identifying potential 

powerful tumour suppressing miRNAs. A tumour suppressing miRNA can have the advantage of 

potently suppressing cell proliferation upon artificial overexpression, without a requirement for it 

being differentially expressed in the original cell (such as the well-studied miR-34).  

It was shown that miR-25 and miR-30c circulate more in the plasma of some patients who became 

refractory to ALK inhibitors. While for oncogenic miRNAs such testing is feasible, for tumour-

suppressing ones it is not recommended, as these miRNAs may not circulate in the plasma even at 

baseline and therefore can’t be detected. More complexity is introduced by the fact that exosomes 

in the blood seem to contain different miRNA species compared to free miRNAs in the plasma 

[309]. While my approach was deterministic, a no-hypothesis screening in a large number of 

patient samples could be highly beneficial to diagnosis. Specifically, a trial should be designed to 

obtain patient blood sample before treatment, after the first treatment and on several time points 

after progression. Then, RNA would be extracted from the plasma of these samples and subjected 

to deep RNA-sequencing. Comparing matched samples before treatment and after treatment 

would yield valuable information on early signalling events that may lead to compensatory 

feedback mechanisms that result in early, primary resistance, or later contribute to ALK inhibition 

resistance. Furthermore, comparing matched samples at baseline and on progression could lead to 

the development of a non-coding RNA biomarker panel that could inform clinicians about the 

emergence of resistance before it manifests with clinical symptoms. This would have the 
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advantage of switching treatment regimen early before tumours grow again significantly, which 

presumably could lead to more durable responses.  

Evidently, the presented work regarding lncRNAs in EML4-ALK lung cancer requires several 

subsequent experiments in order to be complete. Specifically, I have looked at the intersection 

between dysregulated RNAs after crizotinib treatment and in crizotinib resistance. While this was to 

ensure that there were more chances of confidently identifying an oncogenic or tumour-

suppressing lncRNA, it also meant that some potentially interesting lncRNAs that were not present 

in one of the two RNA-seq experiments would be missed. Furthermore, the high attrition rate in 

the validation phase of lncRNAs means that it would be better to utilise a global approach instead 

of validating individual lncRNAs. Of course this will be limited by the fact that high-throughput 

libraries cannot be as easily designed for lncRNAs, however, one can envision that the top-50 or 

even top-100 lncRNAs could be screened in an efficient fashion. To better inform this approach, 

any patient-derived data should be taken into account to minimise cell culture artefacts. 

Specifically, RNA-seq from even one patient, before ALK inhibitor treatment and after the 

appearance of resistance, would be invaluable in identifying lncRNAs that may have a driving role 

in this context. Lastly, I have shown that the lncRNA MANCR is up-regulated and several lncRNAs 

are down-regulated in more than one drug-resistant cell lines. Future work would address the 

potential of these lncRNAs as biomarkers by interrogating patient material via qPCR.  
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6 Final discussion 

The field of EML4-ALK-mutant lung cancer advances rapidly and it is nowadays common to see 

patients that surpass the 5-year survival mark by cycling through different ALK inhibitors [310]. 

However, despite the latest impressive evidence for alectinib activity, which has shown an average 

progression-free survival of 35 months [311], patients do develop resistance to alectinib and 

progress, resulting in no difference in overall long-term survival compared with other ALK 

inhibitors. Due to the heterogeneity of the mechanisms of resistance, which can be both on-target 

(ALK) or off-target, new therapeutics are needed that do not require extensive screening to 

identify this mechanism.  Specifically, if at the time of progression a core (or liquid) biopsy is 

negative for ALK kinase domain mutations, clinicians are left with few treatment options. If enough 

biopsy material is present, then clinicians can pursue a potential identification of the mechanism of 

resistance, mainly through whole-exome or RNA sequencing. However, this will rarely be fruitful. 

Indeed, there are several recent attempts in the field to target a global mediator of drug resistance 

in oncogene-driven lung cancer, such as Aurora Kinase A inhibition or SHP2 inhibition [76,119] or 

the repurposing of metformin [312], which was recently shown to increase survival in combination 

with EGFR inhibitors in a clinical trial [313]. This is a necessary effort, as ALK+ patients represent 

the only NSCLC cohort that categorically does not benefit from immunotherapy at all and are in 

dire need of other options [314]. 

The lack of a single driver of ALK inhibition resistance is a recurrent finding in the literature. This 

was evident in the cell culture models of acquired resistance described herein, where oncogenes 

such as EGFR, TGFβ-R1/2, c-FOS, NF-κB and Survivin were just passengers and not drivers of 

acquired resistance. Furthermore, in a previous evolutionary-guided approach to determine the 

origin of resistance, the authors described their cell models as presenting a "complex, multifactorial 

nature of resistance" [137]. This thesis echoes the above finding, utilising a multitude of cell line 

models that recapitulate the emergence of resistance to ALK inhibitors. While ideally, I should like 

to perform this analysis starting with patient-derived drug-resistant cell lines, specifically the MGH-

series [112], I was not able to obtain these proprietary cells. Nevertheless, resistance to ALK 

inhibitors was effectively suppressed by CDK inhibition. Equally important, an upfront combination 

of low-dose CDK inhibitors with ALK inhibitors may greatly delay the emergence of resistance. The 

potential for upfront combinations of different compounds has generated a lot of interest in 

oncogene-driven lung adenocarcinomas lately [37,156,315] and has started to be tested in the 

clinic. This is predicated upon the conclusion that it is better to prevent the development of 

resistance to a single drug, rather than try to predict one of the myriads of mechanisms of 

resistance that can potentially appear.  

AXL-mediated EMT as a mechanism of resistance to targeted therapies is well demonstrated in the 

literature. In melanoma, targeting EMT via an anti-AXL antibody could effectively suppress tumour 

subpopulations that were high in AXL expression in mice, resulting in re-sensitisation to MAPK 

pathway inhibitors [203]. In this thesis, data that show the importance of AXL activation in drug 

resistance were presented. The combination of crizotinib and bemcentinib, while only cytostatic 
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and not cytotoxic, could be further studied in order to find a meaningful combination that could be 

used in the clinic to target EMT. Specifically, a potential benefit in a metastatic context is likely. 

Bemcentinib has been shown before to diminish metastatic properties of breast cancer cells in vitro 

and in vivo [188]. 

In the context of EML4-ALK drug resistance, transcriptional sensitivity is a previously unappreciated 

way to induce apoptosis. This method is not toxic to normal epithelial cells and also exhibits a 

degree of selectivity towards EML4-ALK cells among other NSCLC cells. Not only do EML4-ALK cells 

express disproportionately high levels of the anti-apoptotic proteins MCL-1 and Survivin, but these 

proteins are also severely downregulated upon treatment with alvocidib, dinaciclib or THZ1. 

Through Chip-seq, it was demonstrated that transcriptional inhibition is indeed the outcome of 

treatment with alvocidib or THZ1, as expected due to their hypothesised inhibition of CDK9 and 

CDK7/12 respectively.  

The role of the non-coding genome has been examined in multiple ways in this thesis. MiR-19b 

was shown to be part of the response to ALK inhibition, allowing an apoptotic induction through 

BIM upregulation. In the resistance to ALK inhibitors, miR-25 and miR-30c were upregulated and 

partly contributing to crizotinib resistance, whereas a miR-103 and miR-149 downregulation 

contributed to the observed upregulation of CDK6. Most importantly, miR-25 and miR-30c appear 

to circulate in higher levels in plasma samples from patients who progressed after treatment with 

ALK inhibitors in the clinic. While several future studies are needed, these data pave the way for a 

multi-miRNA biomarker panel that can notify the physician for an upcoming clinical progression. 

The last examined non-coding element in drug resistance were lncRNAs, even though none of the 

ones I tested were functional in this context.  

Using a different paradigm, a critique of the approach described herein would be that trying to 

combat mechanisms of resistance after they arise is, due to their enormous complexity, counter-

productive. Thus, a more impactful approach would have been to perform a drug screen for FDA-

approved compounds which may in low dose, in combination with crizotinib, delay the emergence 

of resistance. In parallel, I could have asked what differentiates persister cells that survive initial 

ALK inhibition from the responding cells. The same transcriptomic approach used in drug-resistant 

clones could have been used in persister cells, in order to identify a vulnerability that may be 

actionable. This could have led to the use of another small molecule inhibitor in combination with 

ALK inhibition to suppress persister cells, an approach which has been fruitful in other contexts 

[133].  

Despite remaining unanswered questions in the described sensitivity of EML4-ALK cells to CDK 

inhibitors, I was able to demonstrate that crizotinib- and alectinib-resistant lung cancer cells grow 

significantly less in mice when treated with alvocidib. Not only is this the first time that this has 

been shown in a model of lung adenocarcinoma, but it is also directly relevant to the clinic. 

Alectinib is currently the standard of care, and ALK-independent alectinib resistance will leave only 

chemotherapy available as a treatment option, as it was demonstrated here that newer inhibitors 
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such as lorlatinib would be ineffective in this context. Thus, I have presented a potential new 

alternative to chemotherapy for a defined cohort of patients, which may be clinically tested 

promptly.  

 

 

 

 

6.1 Main points  

 Several oncogenic markers may appear as drivers of resistance to ALK inhibitors, some of 

them falsely. 

 AXL activation is a bona fide driver of crizotinib resistance and may be therapeutically 

exploited upon future studies. 

 Re-purposing older compounds can be effective as a fall-back solution upon the inevitable 

resistance to RTK inhibition. 

 MicroRNAs are an integral part of acquired resistance and careful selection of them can 

lead to useful biomarker panels. 

 The first time that alvocidib has been demonstrated to be effective in a mouse model of 

lung adenocarcinoma. 

 The CDK inhibitors alvocidib and THZ1 exhibit primarily anti-transcriptional activity in 

EML4-ALK cells, likely due to an inherent sensitivity of this oncogene-driven cancer. 
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