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Abstract		

Mantle	 cell	 lymphoma	 (MCL)	 is	 a	 B-cell	 malignancy	 and	 often	 an	 incurable	
disease.	 Novel	 targeted	 therapeutics	 are	 poised	 to	 significantly	 change	 the	
natural	 history	 of	 this	 disease.	 The	 combination	 of	 ibrutinib	 and	 venetoclax	
targets	 two	 critical	 oncogenic	 pathways	 in	 MCL	 and	 has	 recently	 shown	
promising	 results	 in	 the	 treatment	 of	 high	 grade	 MCL.	 The	 AIM	 clinical	 trial	
combining	ibrutinib	and	venetoclax	in	patients	with	relapsed	and	refractory	MCL	
has	 demonstrated	 a	 complete	 response	 rate	 of	 71%.	 Despite	 this	 important	
success,	 over	 20%	 of	 patients	 in	 the	 study	 were	 primary	 refractory	 to	 the	
combination	therapy	and	a	further	10%	relapsed	following	initial	response.	Key	
to	the	future	clinical	success	of	this	approach	will	be	the	real-time	assessment	of	
therapeutic	 response	 and	 the	 identification	 of	 molecular	 determinants	 of	
therapeutic	resistance.		
	
To	understand	 the	molecular	 factors	 that	 influence	response	 to	venetoclax	and	
ibrutinib	 in	 MCL	 we	 performed	 exome	 and	 low	 coverage	 whole	 genome	
sequencing	 of	 tumor	 tissue	 at	 enrolment	 for	 all	 patients	 on	 the	 AIM	 study.	
Remarkably,	 the	genomic	profile	clearly	dichotomized	patients	 into	responders	
and	 non-responders	 with	 mutations	 in	 ATM	 present	 in	 12/18	 patients	 who	
achieved	 a	 complete	 response,	 and	 loss	 of	 chromosome	 9p21.1-p24.3	 and/or	
mutations	 in	 components	 of	 the	 SWI/SNF	 chromatin	 remodeling	 complex	
present	 in	all	patients	with	primary	resistance	 (5/5).	Moreover,	 these	genomic	
determinants	of	resistance	also	emerged	in	2/3	patients	with	relapsed	disease.		
	
All	patients	were	prospectively	monitored	using	circulating	tumor	DNA	(ctDNA),	
multi-parameter	 flow	 cytometry	 and	 allele-specific	 oligonucleotide	 PCR.	 This	
prospective	 analysis	 showed	 that	 ctDNA	 was	 an	 effective	 strategy	 for	 disease	
monitoring	 that	 provided	 additional	 prognostic	 information	 and	 enabled	 real-
time	assessment	of	therapeutic	response	and	emerging	resistance.		
	
Modeling	of	primary	resistance	demonstrated	that	functional	compromise	of	the	
SWI/SNF	 complex	 facilitated	 transcriptional	 upregulation	 of	 BCL-xL	 and	
provided	a	 selective	advantage	against	 ibrutinib	and	venetoclax.	We	show	 that	
this	 therapeutic	 escape	mechanism	 can	 be	 effectively	 overcome	 by	 concurrent	
inhibition	of	BCL-xL.		
	
Together	 these	 data	 reveal	 important	 insights	 into	 the	 molecular	 elements	 of	
response	 to	 ibrutinib	 and	 venetoclax	 in	MCL	 and	 provides	 a	 paradigm	 for	 the	
assessment	of	novel	biomarkers	and	 resistance	mechanisms,	 concurrent	 to	 the	
clinical	evaluation	of	innovative-targeted	therapies.		
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cfDNA																																	Cell	Free	DNA	

ctDNA																																	Circulating	tumor	DNA	
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CHAPTER	1	–	Introduction	

Mantle	cell	lymphoma	(MCL)	is	a	B-cell	malignancy	and	often	an	incurable	disease.	
Novel	targeted	therapeutics	are	poised	to	significantly	change	the	natural	history	
of	this	disease.	Critical	to	achieving	this	goal	is	the	ability	to	identify	biomarkers	to	
characterize	 disease	 response	 and	 accurately	 monitor	 minimal	 residual	 disease	
(MRD)	 and	 detect	 emergence	 of	 resistant	 clones.	 Ibrutinib	 and	 ABT-199	 are	 the	
most	 effective	 novel	 agents	 in	 MCL	 and	 the	 combination	 has	 high	 potential	 to	
result	in	MRD	negative	complete	remissions.	We	have	performed	a	comprehensive	
genomic	analysis	 in	a	 clinical	 cohort	of	24	MCL	patients	enrolled	 in	a	 single-arm	
phase	 two	 study	 of	 ibrutinib	 and	 ABT-199	 for	 relapsed	 /	 refractory	 MCL.	 We	
hypothesized	that	the	genomic	features	of	the	disease	may	predict	responsiveness	
to	 therapy	 and	 that	 cell	 free	 circulating	 tumor	 DNA	 (ctDNA)	would	 be	 an	 ideal	
biomarker	for	disease	monitoring	in	MCL.	The	specific	aims	of	the	project	were:		
	
1)	To	characterise	the	genomic	landscape	of	relapsed/refractory	MCL	patients.	
2)	 To	 identify	 molecular	 biomarkers	 for	 disease	 response	 in	 MCL	 patients	 on	
ibrutinib	and	venetoclax	therapy.		
3)	To	establish	the	role	of	ctDNA	for	molecular	monitoring	of	treatment	response,	
minimal	residual	disease	and	emergence	of	treatment	resistance	in	MCL.	

1.1.1	Background	and	Diagnosis	of	Mantle	Cell	Lymphoma	

Mantle	cell	 lymphoma	is	a	relatively	rare	B-cell	 lymphoma	subtypes,	constituting	
6-8%	of	 all	Non-Hodgkin’s	 lymphomas.	 B-cell	 lymphomas	 tend	 to	mimic	 various	
stages	of	normal	B-cell	differentiation,	and	this	resemblance	to	normal	cell	stages	
is	a	major	basis	 for	 their	classification	and	nomenclature.	The	postulated	normal	
counterpart	of	MCL	is	a	peripheral	B-cell	of	the	inner	mantle	zone;	this	postulate	is	
based	 in	part	on	the	growth	pattern,	with	early	 involvement	of	 lymphoid	organs.	
Most	cases	of	MCL	are	of	pre-germinal	centre	origin,	but	some	are	of	post-germinal	
centre	origin.	
	
MCL	 patients	 usually	 present	 at	 a	 median	 age	 of	 65	 years	 with	 a	 male	
predominance	(2:1).	Patients	generally	have	advanced	stage	disease	at	the	time	of	
presentation	with	 involvement	of	blood,	bone	marrow,	 lymph	nodes	and	spleen1.	
MCL	is	genomically	characterized	by	the	translocation	t	(11;	14)	that	causes	fusion	
of	 IgH-CCND1	 (cyclin	D1).	This	 fusion	 results	 in	overexpression	of	CCND1	 that	 is	
believed	 to	 facilitate	 tumor	 formation	 by	 deregulating	 the	 cell	 cycle.	 This	 initial	
fusion	event	tends	to	occur	in	pre-B	cells	of	the	bone	marrow	and	seems	to	follow	
different	molecular	 trajectories	 that	 results	 in	 two	 subtypes	 of	MCL2,3.	 The	most	
common	subtype	of	MCL-	classical	subtype	originates	from	mature	B	cells	that	do	
not	traverse	through	germinal	centre	and	does	not	express	immunoglobulin	gene	
mutations.	These	classical	subtype	also	express	the	transcription	factor	SOX11,	are	
genomically	unstable,	 and	 tend	 to	accumulate	 further	molecular	aberrations	 that	
results	in	a	more	aggressive	phenotype.	The	other	subtype	of	MCL	is	defined	by	the	
cells	that	are	exposed	to	germinal	centre	and	carry	IgHV	somatic	hypermutations.	
These	 tumor	 cells	 also	 have	 t	 (11;	 14)	 and	 CCND1	 overexpression	 but	 are	
genetically	 stable	 with	 low	 to	 negative	 SOX11	 expression.	 The	 disease	 tend	 to	
remains	 stable	 for	 longer	 durations	 in	 these	 patients	 but	 the	 tumor	 cells	 may	
acquire	additional	molecular	abnormalities	over	the	course	of	disease	that	can	lead	
to	 disease	 progression	 and	 transformation	 to	 more	 aggressive	 subtype.	 The	
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diagnosis	of	MCL	is	usually	made	on	tissue	morphology	with	the	help	of	ancillary	
techniques	 including	 immunohistochemistry,	 flow	 cytometry	 and	
cytogenetics/FISH.	

Tissue	morphology	
MCL	 is	 morphologically	 classified	 into	 different	 subtypes;	 classical,	 small-cell,	
marginal	zone	like,	blastoid	and	pleomorphic.	Amongst	these	variants,	blastoid	and	
pleomorphic	subtypes	are	considered	as	aggressive	variants.	Diagnosis	 is	usually	
made	 on	 tissue	 or	 lymph	 node	 biopsy,	 which	 shows	 the	 typical	 morphology	 of	
monomorphic	 small	 to	 medium,	 sized	 lymphoid	 cells	 with	 irregular	 nuclear	
contours	 in	 the	 classical	 subtype4.	 The	 tumor	 cells	 are	 more	 pleomorphic	 and	
heterogeneous	 in	 aggressive	 variants.	 Obtaining	 adequate	 and	 high	 quality	
representative	 tissue	 is	 imperative	 to	accurate	diagnosis	and	hence	an	excisional	
biopsy	 is	 usually	 preferred.	 Needle-core	 biopsy	 can	 serve	 as	 alternatives	 to	
excisional	 biopsy	 but	 potential	 for	 crush	 artifacts,	 inadequate	 or	 non-
representative	 sampling	 always	 remain	 with	 core	 biopsies.	 Also,	 morphological	
assessment	 needs	 expertise	 and	 can	 be	 subjective	 in	 complex	 cases,	 as	 there	 is	
often	 inter-observer	 variability	 in	 the	 interpretation	 of	 findings5.	 As	 such,	
additional	 tests	 such	 as	 immunohistochemistry,	 flow	 cytometry	 and	 molecular	
studies	are	often	used	to	support	the	diagnosis.	

Immunohistochemistry		
MCL	is	characterized	by	the	hallmark	translocation	t	(11;	14),	between	an	IgH	gene	
and	CCND1	 (encoding	cyclin	D1).	This	 translocation	 is	present	 in	>95%6	of	cases	
and	 is	 considered	 to	 be	 the	 primary	 genetic	 event.	 The	 translocation	 results	 in	
deregulated	overexpression	of	CCND1	mRNA	and	protein.		
	
Immunohistochemistry	 is	 usually	 used	 for	 demonstrating	 increased	 Cyclin	 D1	
expression	 in	MCL.	 Increased	expression	of	CCND2	or	CCND3	(cyclin	D2/D3)	has	
been	reported	in	few	CCND1	negative	MCL	cases7.	SOX11,	a	transcription	factor,	is	
also	 found	 to	 be	 expressed	 in	 MCL	 patients.	 SOX11	 expression	 by	
immunohistochemistry	 helps	 in	 the	 diagnosis	 of	 MCL	 cases	 that	 are	 usually	
negative	 for	 CCND1.	 SOX11	 is	 also	 found	 to	 be	 important	 prognostically	 as	
expression	 of	 SOX11	 is	 seen	 to	 be	 associated	 with	 indolent	 disease	 course	 in	
MCL8,9.	 SOX11	 is	 usually	 not	 expressed	 in	 mature	 lymphoid	 cells	 and	 absent	 in	
mature	B-cell	malignancies	except	MCL10,11.	SOX11	expression	is	also	reported	in	a	
subset	of	MCL	that	does	not	have	characteristic	t	(11,14)	translocation	and	CCND1	
expression	 but	 has	 the	 same	 clinic-pathological	 features	 as	 classical	 subtype.	
Interestingly,	 55%	 of	 these	 SOX11	 positive	 MCL	 patients	 carried	 CCND2	
translocations	again	emphasising	the	importance	of	SOX11	in	the	pathogenesis	of	
MCL12. 

Flow	cytometry	
Multiparameter	 flow	cytometry	 is	used	 in	 lymphomas	to	confirm	clonality,	aid	 in	
diagnosis	 and	 to	 establish	 disease-associated	 phenotypes13,14.	 Expressions	 of	
specific	 cell	 surface	 immune	 markers	 are	 diagnostic	 of	 a	 particular	 lymphoma	
subtype.	MCL	is	characterized	by	being	positive	for	CD20,	CD5	and	Cyclin	D1	while	
being	negative	 for	CD10	and	BCL6.	About	5%	of	MCL	 lacks	CD5	expression	(CD5	
negative	 MCL)	 and	 is	 characterized	 by	 an	 indolent	 course,	 with	 leukemic	
presentation	 (involvement	 of	 blood	 and	 bone	 marrow)	 without	 significant	
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lymphadenopathy.	 It	 is	 important	 to	 differentiate	 CD5	 negative	MCL	 from	 other	
CD5	negative	small	B-cell	 lymphomas	 including	splenic	marginal	zone	 lymphoma	
(MZL)	 and	 Waldenstrom	 macroglobulinemia/lymphoplasmacytic	 lymphoma	
(WM/LPL).	CD5	negative	MCL	has	a	more	favourable	prognosis	than	patients	with	
CD5	positive	MCL	and	CD5	has	been	shown	to	be	an	independent	prognostic	factor	
in	patients	with	MCL.	
	
In	 addition	 to	 diagnosis,	 flow	 cytometry	 has	 been	 used	 as	 a	 tool	 for	 disease	
monitoring	 and	 minimal	 residual	 disease	 (MRD)	 assessment	 in	 lymphomas	
including	 MCL.	 Flow	 cytometry	 analysis	 is	 available	 in	 most	 laboratories	 and	
consensus	 guidelines	 and	 quality	 assurance	 programs	 have	 been	 established	 for	
many	 hematological	malignancies13,14.	 These	 range	 from	 optimal	 reagents,	 panel	
construction	 principles	 to	 reporting	 templates14.	 When	 combined	 with	 tissue	
biopsy,	 it	 can	 complement	 and	 enhance	 diagnostic	 accuracy15.	 However,	 a	
limitation	with	both	 tissue	biopsy	 and	 flow	 cytometry	 is	 that	 these	 are	obtained	
from	a	single	site	of	disease.	As	such,	these	modalities	are	limited	in	their	ability	to	
assess	disease	from	multiple	sites	and	measure	overall	disease	burden,	especially	
in	lymphoid	malignancies	with	extensive	nodal	and	extra	nodal	involvement.	Also,	
as	with	morphology	a	high	degree	of	 inter-observer	variability	 is	associated	with	
flow	 cytometry	 analysis	 especially	 in	 the	 context	 of	 minimal	 residual	 disease	
monitoring.		
	

Cytogenetics/FISH	
Conventional	 cytogenetics	 and	 FISH	 (fluorescent	 in	 situ	 hybridisation)	 are	
routinely	used	to	demonstrate	the	hallmark	chromosomal	translocation	t	(11,14)	
in	 MCL.	 Cyogenetics	 is	 usually	 performed	 before	 the	 start	 of	 therapy	 in	
haematological	 malignancies	 including	 MCL	 for	 risk	 stratification	 of	 the	 disease	
and	 treatment	selection.	MCL	patients	with	complex	cytogenetics	 (defined	as	≥	3	
chromosomal	abnormalities)	are	known	to	be	associated	with	aggressive	disease	
phenotype16,17.	 In	 a	 study	 comprising	 80	 untreated	 MCL	 patients,	 patients	 with	
complex	 karyotype	 (n=32,	 41%	 of	 cohort)	 were	 found	 to	 be	 associated	 with	
adverse	 clinical	 features,	 high	 MIPI	 score	 (MCL-International	 Prognostic	 Score)	
and	 inferior	 overall	 survival	 (OS)18.	 Another	 study	 also	 evaluated	 the	 role	 of	
cytogenetics	 in	 125	 MCL	 patients	 and	 confirmed	 that	 patients	 with	 complex	
cytogenetics	have	 inferior	OS	 independent	of	MIPI	score19.	They	have	also	shown	
that	type	of	cytogenetic	abnormalities	in	MCL	does	not	influence	patient	prognosis.	
These	 findings	were	 subsequently	 validated	 in	 another	 large	MCL	patient	 cohort	
(from	 five	 centres)	 that	 again	 confirmed	 the	 association	 of	 complex	 karytotype	
with	inferior	survival20.	

Radiological	assessment	
Radiological	 assessment	 by	 either	 CT	 and/or	 PET	 scan	 is	 usually	 performed	 to	
accurately	stage	and	monitor	lymphoid	malignancies21.	It	can	give	a	measure	of	the	
distribution	and	burden	of	disease.	CT/PET	have	become	the	mainstay	of	diagnosis	
and	 disease	 monitoring	 in	 lymphomas	 with	 results	 embedded	 into	 staging	 and	
prognostic	models9,21.	
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1.1.2	Prognostic	markers	in	MCL	

MIPI	Score	and	proliferation	index	(Ki-67)	
To	effectively	tailor	the	therapeutic	approach	according	to	the	individual	patient’s	
risk	 profile,	 reliable	 prognostic	 tools	 applicable	 in	 routine	 clinical	 care	 are	
mandatory.	Currently,	the	most	widely	applied	tool	in	MCL	is	the	prognostic	MIPI	
(MCL-	 International	 Prognostic	 Index)	 score	 encompassing	 simple	 clinical	
parameters	such	as	age;	performance	status,	lactase	dehydrogenase	(LDH)	and	the	
leucocyte	 count22.	 MIPI	 stratifies	 newly	 diagnosed	 MCL	 patients	 into	 three	 risk	
classes	and	has	been	found	to	be	useful	in	several	studies	but	has	some	important	
limitations23.	For	instance,	age,	being	one	of	the	most	important	variables,	fails	to	
correctly	 classify	 young	 high-risk	 group	 patients.	 Hence,	 incorporation	 of	 other	
markers	such	as	Ki-67	has	been	proposed	(combined	MIPI-	MIP1c)24.	A	Ki-67	index	
of	 ≥	 30%	 has	 shown	 to	 be	 associated	 with	 poor	 outcomes	 in	 different	 patient	
series25-27.	
	
	

Points	 Age	(yrs)	 ECOG	 LDH/ULN	 WBC	
0	 <50	 0	to	1	 <0.67	 <6.7	
1	 50-59	 -	 0.67	to	0.99	 6.7	to	9.9	
2	 60-60	 2	to	4	 1	to	1.49	 10	to	14.9	

	
	

Risk	 Points	 Median	OS,	months	
Low	 0	to	1	 61	

Intermediate	 4	to	5	 45	
High	 6	to	11	 20	

	
	
	
		

IgHV	mutation	status	
MCL	is	classified	into	two	subtypes	based	on	IgHV	mutational	status-	mutated	and	
unmutated	subtype.	The	 IgHV	mutational	 status	can	be	defined	by	sequencing	of	
IgHV	 region	 either	 by	 traditional	 Sanger	 Sequencing	 or	 more	 recently	 by	 next	
generation	 sequencing	 based	 assays.	 The	 mutated	 subtype	 is	 characterised	 by	
<98%	homology	to	the	germline	sample	and	is	associated	with	good	prognosis.	In	
contrast,	unmutated	subtype	has	>98%	homology	to	the	germline	and	is	shown	to	
be	associated	with	inferior	prognosis28.	
	

Molecular	markers	
Over	 recent	 years,	 many	 new	 somatic	 mutations	 and	 molecular	 pathways	
implicated	 in	 tumor	 survival,	 aggressiveness	 and	 treatment	 refractoriness	 have	
been	identified	in	MCL.	Several	mutations	in	genes	such	as	TP53,	MYC,	NOTCH1	and	
NOTCH2	 have	 been	 shown	 to	 be	 associated	with	 inferior	 prognosis	 in	MCL	 29-38.	
Rossi	et	al	studied	151	previously	untreated	MCL	patients	and	found	that	TP53	and	
MLL2	mutations	were	 associated	with	 shorter	 progression	 free	 survival	 (PFS)39.		
Similarly,	Ferrero	et	al	reported	that	KMT2D	and	TP53	mutations	predict	poor	PFS	
and	 overall	 survival	 (OS)	 in	 MCL	 patients	 receiving	 high	 dose	 therapy	 and	

Table	1:	MCL	International	Prognostic	(MIPI)	score	
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autologous	 stem	 cell	 transplantation	 (n=176,	 FIL	 MCL0208	 phase	 III	 trial)40.	
Aukema	et	al	showed	in	a	cohort	of	365	MCL	patients	that	patients	with	high	TP53	
expression	 (>50%)	 by	 immunohistochemistry	 had	 a	 shorter	 time	 to	 treatment	
failure	and	poor	OS	independent	of	both	MIPI	and	Ki-6741.	Eskelund	et	al	evaluated	
the	 impact	 of	 TP53	 and	 CDKN2A	 deletions	 in	 the	 context	 of	 TP53	 mutations	 of	
younger,	 optimally	 treated	 MCL	 patients42.	 They	 confirmed	 that	 both	 TP53	 and	
CDKN2A	 deletions	 were	 associated	 with	 poorer	 outcome	 in	 MCL	 as	 reported	 in	
previous	studies;	however,	in	multivariate	analyses	only	TP53	mutations	remained	
as	 an	 independent	 prognostic	 factor,	 substantiating	 its	 role	 as	 a	 biomarker	 for	
response	to	the	standard-of-care	immune-chemotherapy.	At	this	stage,	there	is	still	
no	reliable	translation	of	biological	knowledge	into	routine	clinical	practice.	As	the	
molecular	 characterization	 of	MCL	 is	 becoming	more	 routinely	 available,	 refined	
prognostic	models	incorporating	both	clinical	parameters	and	molecular	markers	
are	warranted.	
		

Others	
Other	clinical	and	biological	features	such	as	central	nervous	system	involvement,	
blastoid	 morphology,	 SOX11	 expression	 and	 complex	 karyotypes	 (>3	
chromosomal	 abnormalities)43-48	 have	 also	 been	 shown	 to	 hold	 prognostic	
significance	in	MCL,	however,	their	incorporation	in	routine	clinical	practice	needs	
further	elucidation.	

1.1.3	Current	and	novel	treatment	strategies	in	MCL	

MCL	 frequently	 has	 an	 aggressive	 clinical	 course.	 Unfortunately,	 no	 curative	
therapy	 for	MCL	has	been	established	 so	 far49,50.	 Young,	 fit	 patients	 are	 typically	
treated	 with	 dose-intensified	 chemo-immunotherapy	 or	 autologous	 stem	 cell	
transplantation51-53.	However,	the	median	age	of	diagnosis	for	MCL	is	65	years,	and	
intensive	 therapy	 regimens	 are	 usually	 not	 deliverable	 in	 these	 patients	 due	 to	
associated	 medical	 comorbidities54.	 Therefore,	 alternative	 and	 more	 tolerable	
regimens	 such	 as	 Bendamustine	 and	 Rituximab55,56	 or	 R-CHOP	 with	 Rituximab	
maintenance57	are	commonly	used	for	frontline	therapy	in	older	patients.	Despite	
a	 high	 response	 rate	 with	 initial	 therapy,	 most	 patients	 eventually	 relapse	 and	
succumb	to	their	disease52,58,59.	Moreover,	some	younger	patients	present	with	an	
indolent	 form	of	the	disease	where	 intensive	therapy	is	not	required	due	to	both	
short	 and	 long	 term	 toxicities,	 including	 secondary	 malignancies	 following	
cytotoxic	 chemotherapy52,60,61.	Hence,	new	 individualised	 therapeutic	approaches	
for	MCL	patients	are	warranted.	
	
Recent	 insights	 into	 the	 molecular	 pathogenesis	 of	 MCL	 have	 provided	 new	
opportunities	for	mechanism-based	therapeutics.	 	Currently,	 four	targeted	agents	
for	 the	 treatment	 of	 relapsed/refractory	 (R/R)	 MCL	 -	 ibrutinib	 (BTK	 inhibitor),	
bortezomib	 (proteasome	 inhibitor),	 temsirolimus	 (mTOR	 inhibitor),	 and	
lenalidomide	(immunomodulatory	drugs)	have	been	approved	by	the	FDA.	Other	
drugs	(eg	venetoclax,	BCL2	antagonist;	palbociclib,	CDK	4/6	inhibitor)	have	shown	
promising	 efficacy	 in	 early	 phase	 clinical	 trials.	 Amongst	 these	 drugs,	 ibrutinib	
(overall	 response	 rate	 (ORR)	 of	 68%	 &	 21%	 CR	 (complete	 response))62-64	 and	
venetoclax	 (ORR	 of	 75%	&	 21%	CR)65	 have	 shown	 substantial	 efficacy	 as	 single	
agents,	while	 others	 have	 been	 less	 effective	 as	monotherapy	 (bortezomib,	 33%	
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ORR	&	8%	CR66;	lenalidomide,	28%	ORR	&	8%	CR67,68;	temsirolimus,	28%	ORR	&	
8%	CR64,69).	Various	clinical	 trials	are	currently	underway	where	these	drugs	are	
tried	 in	 combination	 with	 other	 agents	 to	 provide	 more	 effective	 results.	 I	 will	
discuss	 two-targeted	 therapeutics,	 ibrutinib	 and	 venetoclax,	 as	 well	 as	 their	
combination	 (Ibrutinib	 and	 Venetoclax	 in	 MCL)	 that	 formed	 the	 basis	 of	 AIM	
clinical	study	and	genomic	work	carried	out	for	this	PhD.	

Ibrutinib	
Ibrutinib	 is	 an	 oral	 covalent	 inhibitor	 of	 bruton	 tyrosine	 kinase	 (BTK)	 that	 has	
shown	 high	 clinical	 activity	 across	 a	 range	 of	 B-cell	 malignancies	 including	 CLL	
(Chronic	Lymphocytic	Leukemia)	and	MCL62,70.	An	 initial	phase	1	 trial	 treated	56	
patients	with	 R/R	NHL	with	 single	 agent	 ibrutinib	 via	multiple	 dosing	 schemes.	
Among	the	nine	patients	with	MCL	on	this	trial,	seven	achieved	an	objective	clinical	
response70.	In	a	pivotal	phase	2	trial	that	lead	to	FDA	approval	of	ibrutinib	in	R/R	
MCL	 (PCYC-1104),	 111	 patients	 with	 MCL	 that	 had	 failed	 a	 median	 of	 3	 prior	
therapies	were	 treated	with	 ibrutinib	at	560mg	daily	orally62.	The	median	age	of	
the	 patients	 in	 the	 study	was	 68	 years	 and	was	 therefore	 representative	 of	 the	
typical	MCL	patient	population.	The	ORR	was	68%	with	a	CR	rate	of	21%.	With	an	
extended	 median	 follow-up	 of	 26.7	 months,	 the	 estimated	 median	 PFS	 was	 13	
months	and	the	median	OS	was	22.5	months71.	A	second	phase	II	study	in	patients	
with	R/R	MCL	previously	exposed	to	bortezomib	found	very	similar	response	rates	
(SPARK	trial)63.		
	
Recently,	 the	 phase	 III	 RAY	 study	 comparing	 ibrutinib	 with	 temsirolimus	 in	
patients	with	R/R	MCL	(median	age	68,	median	2	prior	lines	of	treatment)	showed	
a	significant	PFS	 in	 favour	of	 ibrutinib	(median	PFS	15.6	months	 for	 ibrutinib,	vs	
6.2	 months	 for	 temsirolimus,	 p<0.0001)64,72.	 This	 study	 allowed	 crossover	 of	
patients	failing	temsirolimus	to	next-line	ibrutinib	therapy,	and	no	OS	benefit	has	
been	recorded	 to	date	 (median	OS	30.3	months	 for	 ibrutinib,	vs	23.5	months	 for	
temsirolimus,	p=0.06).	
	
Ibrutinib	 has	 also	 shown	 promising	 results	 in	 combination	 with	 other	 drugs.	
Recently,	 results	 of	 a	 phase	 2	 study	 combining	 ibrutinib	with	 Rituximab	 in	 R/R	
MCL	were	published73.	Fifty	patients	were	enrolled	in	this	trial,	with	a	median	age	
of	67	years	and	with	a	median	of	three	previous	therapies	received	(range	1–9).	At	
a	median	 follow-up	 of	 16.5	months,	 88%	 (n=44)	 patients	 achieved	 an	 objective	
response,	 with	 44%	 (n=22)	 patients	 achieving	 a	 CR,	 and	 44%	 (n=22)	 a	 partial	
response.	 The	 only	 grade	 3	 adverse	 event	 in	 >=10%	 of	 patients	 was	 atrial	
fibrillation,	which	was	noted	in	12%	(n=6)	patients.	The	results	of	this	study	were	
promising	 and	 supported	 that	 ibrutinib	 combined	 with	 Rituximab	 is	 active	 and	
well	 tolerated	 in	patients	with	R/R	MCL,	although	phase	3	trials	are	still	awaited	
for	more	definitive	data.	
	

Venetoclax	
Venetoclax	 is	 a	 BCL-2	 inhibitor	 that	 has	 shown	promising	 results	 in	 early	 phase	
clinical	trials	 in	MCL.	Dysregulation	of	apoptosis	via	overexpression	of	BCL-2	is	a	
common	theme	among	multiple	B-cell	malignancies	including	chronic	lymphocytic	
leukemia	 (CLL)	 and	 MCL74.	 The	 BH3	 mimetic	 ABT-263	 showed	 high	 levels	 of	
activity	 in	 CLL75	 but	 its	 development	 was	 ultimately	 hampered	 by	
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thrombocytopenia	resulting	from	on-target	inhibition	of	BCL-xL76.	Venetoclax	is	a	
next	generation	BH3	mimetic	with	increased	specificity	for	BCL2	over	BCL-xL,	thus	
providing	the	rationale	for	improved	anti-tumor	efficacy	with	reduced	risk	of	BCL-
xL	related	thrombocytopenia77.	In	a	phase	1,	first-in-human	study	of	venetoclax	in	
patients	with	 advanced	B-cell	malignancies;	 impressive	 activity	was	 observed	 in	
CLL,	MCL	 and	WM65,78,79.	 The	major	 adverse	 event	was	 the	 occurrence	 of	 tumor	
lysis	 syndrome	 (TLS)	 from	rapid	 tumor	destruction,	 resulting	 in	 two	 fatalities	 in	
patients	with	CLL	that	necessitated	revision	of	the	protocol	to	further	intensify	TLS	
prophylaxis	 and	 monitoring	 measures.	 The	 two	 histologies	 most	 sensitive	 to	
venetoclax,	and	thus	associated	with	increased	risks	of	TLS,	were	CLL	and	MCL.	In	
both	cases,	 the	risk	of	TLS	was	proportional	 to	 the	volume	of	disease	bulk	at	 the	
time	 of	 venetoclax	 therapy,	which	 in	 turn	was	 best	measured	 by	 the	 size	 of	 the	
largest	 tumor	 masses	 (with	 greater	 than	 10cm	 diameter	 or	 the	 combination	 of	
greater	 than	 5cm	 tumor	 mass	 and	 circulating	 malignant	 cells	 >25	 x	 109/L	
constituting	high	TLS	risk).	Based	on	this	data,	a	risk	stratification	protocol	based	
on	 tumor	 size	 and	 white	 cell	 count	 was	 adopted	 in	 June	 2013,	 and	 since	 the	
introduction	of	the	new	risk-adapted	TLS	management	strategy,	no	serious	clinical	
TLS	 had	 occurred80.	 Venetoclax	 demonstrated	 significant	 single-agent	 activity	
across	a	broad	range	of	NHL	subtypes.	In	the	final	publication	of	the	phase	I	NHL	
study,	the	highest	response	rate	was	seen	in	MCL,	with	75%	of	patients	achieving	
responses,	 including	21%	achieving	CRs.	Patients	with	MCL	had	a	median	PFS	of	
14	months,	with	only	one	progression	to	date	among	six	complete	responders65.	
	

	ABT-199	and	Ibrutinib	in	MCL	(AIM	study)	
Treatment	 of	 relapsed/	 refractory	 MCL	 is	 a	 significant	 unmet	 medical	 need.	
Ibrutinib	and	ABT-199	(venetoclax)	both	show	high	anti-tumor	activity,	with	 the	
two	agents	targeting	distinct	critical	survival	pathways	in	the	lymphoma	cell.	The	
combination	 of	 the	 two	 agents	 has	 the	 potential	 to	 form	 the	 basis	 for	 a	 highly	
effective,	completely	oral	treatment	strategy	for	patients	with	MCL.	The	efficacy	of	
this	 drug	 combination	 is	 shown	 in	 vitro	 where	 synergistic	 inhibition	 of	
proliferation	and	augmentation	of	apoptosis	was	noted	in	MCL	cell	lines81.			
	
In	a	phase	2	study	 (AIM	study)	conducted	at	Peter	MacCallum	Cancer	Centre	we	
studied	the	combination	of	ibrutinib	and	ABT-199	in	the	treatment	of	subjects	with	
MCL.	 The	 results	 of	 this	 combination	 were	 highly	 promising	 and	 have	 been	
recently	published	 in	the	New	England	Journal	of	Medicine82.	The	study	 included	
24	patients	with	relapsed	or	refractory	MCL	(23	patients)	or	previously	untreated	
MCL	(1	patient).	Patients	were	47	to	81	years	of	age,	and	the	number	of	previous	
treatments	ranged	from	none	to	six.	Half	the	patients	had	aberrations	of	TP53,	and	
75%	had	a	high-risk	MIPI	prognostic	score.	The	CR	rate	according	to	CT	at	week	16	
was	42%,	which	was	higher	than	the	historical	result	of	9%	at	this	time	point	with	
ibrutinib	monotherapy	(P<0.001).	The	rate	of	CR	as	assessed	by	PET	was	62%	at	
week	16	and	71%	overall.	In	a	time-to-event	analysis,	78%	of	the	patients	with	a	
response	were	estimated	to	have	an	ongoing	response	at	15	months.	Results	of	the	
AIM	study	have	established	that	dual	targeting	of	BTK	and	BCL2	with	ibrutinib	and	
venetoclax	 is	 associated	 with	 improved	 outcomes	 in	 patients	 with	 MCL.	 The	
combination	 could	 provide	 therapeutic	 opportunities	 for	 poor	 risk	MCL	 patients	
with	very	limited	treatment	options	available	with	current	therapies.	
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1.1.4	Minimal	residual	disease	monitoring	in	MCL	

An	 essential	 component	 to	 the	 evaluation	 of	 the	 success	 of	 these	 new-targeted	
agents	 is	 the	 monitoring	 of	 minimal	 residual	 disease	 (MRD).	 Currently	 flow-
cytometry	and	ASO-PCR	are	used	as	established	methods	 for	MRD	monitoring	 in	
MCL.	
	

MRD	monitoring	by	flow	cytometry		
Multiparameter	 flow	 cytometry	 is	 commonly	 used	 for	 diagnosis	 and	 disease	
monitoring	 in	 haematologic	malignancies.	Although	 the	use	 of	 flow	 cytometry	 at	
diagnosis	is	well	established	in	MCL,	there	are	still	no	established	flow	panels	for	
MRD	 monitoring	 in	 lymphomas83,84.	 In	 a	 recent	 publication,	 8	 colour	 flow	
cytometry	have	shown	a	maximum	sensitivity	of	0.01%	using	ten	tubes	antibody	
panel,	 however,	 even	 at	 this	 sensitivity	 flow	 cytometry	 was	 able	 to	 only	 detect	
MRD	in	80%	of	MCL	patients	as	compared	to	gold	standard	ASO-PCR84,85.	Since	low	
levels	 of	MRD	positivity	 (<0.01%)	 can	 influence	 treatment	 decisions	 and	patient	
outcomes	 in	MCL,	 it	 is	mandatory	 to	 establish	 standardized	MRD	methods	with	
higher	sensitivity.	Also,	since	significant	inter-observer	variability	can	be	seen	with	
flow	 cytometry	 interpretation,	 standardized	 methods	 and	 interpretation	
guidelines	for	MRD	detection	in	MCL	should	also	be	established.		
	

MRD	monitoring	by	ASO-PCR	
The	 current	 gold	 standard	 for	 MRD	 monitoring	 in	 MCL	 involves	 allele-specific	
oligonucleotide	 polymerase	 chain	 reaction	 (ASO-PCR)	 to	 assess	 patient	 specific	
immunoglobulin	 heavy	 chain	 (IgH)	 rearrangements.	 Whilst	 the	 prognostic	
importance	 of	 molecular	 MRD	 by	 ASO-PCR	 has	 been	 demonstrated	 in	 several	
studies	 there	 are	 several	 limitations	 that	 still	 remain86.	 For	 instance,	 IgH	
rearrangements	are	useful	in	MRD	monitoring	for	only	80%	of	patients	with	MCL.	
Also,	for	ASO-PCR	there	is	the	need	to	design	patient	specific	assays	that	are	labor	
intensive	 and	 require	 expertise	 that	 often	 cannot	 be	 routinely	 established	 in	
diagnostic	 laboratories.	 	 An	 alternative	 MRD	 strategy	 is	 PCR	 detection	 of	 the	
chromosomal	 translocation	 t	 (11;	 14)	 but	 this	 is	 only	 possible	 in	 25%	 -	 40%	 of	
patients	 as	 the	 breakpoints	 on	 chromosome	 11	 can	 be	 distributed	 over	 2kb.	
Importantly,	 current	available	methodologies	 for	MRD	monitoring	 in	MCL	do	not	
provide	 any	 scope	 for	 detecting	 clonal	 heterogeneity	 and/or	 evaluating	 clonal	
evolution	 of	 the	malignancy	 during	 disease	 progression	 and	 under	 the	 selective	
pressure	of	therapy.	These	limitations	highlight	the	need	for	novel	biomarkers	to	
address	these	deficiencies.	
	

1.2	Resistance	Mechanisms	to	ibrutinib	and	venetoclax	in	MCL	

1.2.1	Resistance	Mechanisms	to	Ibrutinib	
Despite	 the	 significant	 efficacy	 of	 ibrutinib	 in	MCL	 and	 other	 lymphomas,	 it	was	
noted	 that	 primary	 resistance	 occurs	 in	 one	 third	 of	 all	 patients	 and	 acquired	
resistance	appears	to	be	universal.	 Importantly,	 it	has	also	been	shown	that	MCL	
patients	 who	 fail	 primary	 therapy	 with	 ibrutinib	 have	 poor	 outcomes	 and	 are	
unlikely	 to	 respond	 to	 salvage	 chemotherapy.	 The	 multicentre	 retrospective	
analysis	of	Martin	et	al	identified	114	patients	whose	MCL	progressed	on	ibrutinib	
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and	 noted	 that	 the	median	 survival	 from	 the	 last	 ibrutinib	 dose	was	 only	 three	
months87.	 For	 the	 27%	 of	 patients	 who	 did	 not	 receive	 additional	 lymphoma	
therapy,	presumably	because	of	poor	clinical	status	and/or	rapid	disease	growth,	
median	survival	was	<1	month.	Similarly,	Cheah	et	al	studied	42	MCL	patients	who	
discontinued	ibrutinib	therapy	and	found	that	the	median	OS	among	patients	with	
disease	progression	(n=31)	was	only	8.4	months	88.	 	A	common	criticism	of	these	
studies	 is	 that	 they	were	conducted	 in	an	era	where	no	effective	salvage	therapy	
(eg	 venetoclax)	 existed	 for	 patients	 failing	 ibrutinib,	 and	 patients	 received	
ibrutinib	in	the	setting	of	very	advanced,	refractory	disease;	if	applied	as	an	earlier	
line	of	therapy,	such	early	relapses	appeared	to	be	much	less	frequent.	Rule	et	al	
recently	 reported	 that	 baseline	 disease	 characteristics	 including	 blastoid	
morphology,	 sMIPI,	 bulky	 disease,	 performance	 status	 and	 previous	 number	 of	
therapies	 remained	prognostic	 in	 terms	of	OS	 and	PFS	with	 ibrutinib89.	 This	has	
also	 been	 observed	 previously	 with	 other	 treatments	 in	 blastoid	 MCL90.	 These	
findings	 again	 suggest	 that	 the	 dismal	 outcomes	 reported	 after	 ibrutinib	
monotherapy	 might	 be	 attributable	 to	 adverse	 disease	 characteristics	 and	
supports	the	use	of	ibrutinib	earlier	in	the	treatment	algorithm	when	used	at	first	
relapse	 rather	 than	 later.	 	 Nevertheless,	 the	 apparent	 poor	 salvageability	 of	
ibrutinib	 failure	 underscores	 the	 importance	 of	 understanding	 resistance	
mechanisms	in	order	to	identify	a	priori	patients	who	are	unlikely	to	benefit	from	
ibrutinib	therapy.		
	
BTK/PLCG2	mutations	in	acquired	ibrutinib	resistance	
Besides	 MCL,	 ibrutinib	 has	 shown	 promising	 results	 in	 various	 other	 B-cell	
malignancies	 including	 CLL	 and	 WM	 (Waldenstrom’s	 macroglobulinemia).	
Resistance	mechanisms	to	 ibrutinib	therapy	are	well	described	in	CLL.	Mutations	
in	 BTK	 and	 PLCG2,	 the	 kinase	 immediately	 downstream	 of	BTK,	 are	 commonly	
associated	with	 acquired	 ibrutinib	 resistance	 in	 CLL	 patients91-93,	 and	 have	 also	
been	 described	 in	 patients	 with	 WM94	 (Figure1).	 BTK	 mutations	 reduce	 the	
binding	 affinity	 of	 ibrutinib	 for	 BTK	 and	 only	 allow	 reversible	 BTK	 inhibition,	
rather	 than	 irreversible.	Because	of	 the	relatively	short	half-life	of	 ibrutinib	 (less	
than	4	hours),	this	results	in	transient	inhibition	of	BTK.		In	multiple	patients,	it	has	
been	 confirmed	 that	 those	 who	 relapse	 with	BTK	 mutations	 have	 expression	 of	
phosphorylated	BTK,	which	is	not	inhibited	by	the	administration	of	ibrutinib91,92.	
The	mutations	identified	in	PLCG2	(R665,	L845,	S707)	have	all	been	demonstrated	
to	 be	 potentially	 gain	 of	 function,	 allowing	 activation	 in	 the	 presence	 of	 inactive	
BTK91,95.		
	
Woyach	et	al	presented	data	on	308	CLL	patients	on	ibrutinib	therapy	enrolled	in	
various	 clinical	 trials96.	 Forty-two	 patients	 showed	 progression	 on	 ibrutinib	 and	
deep	sequencing	of	these	patient	samples	showed	BTK/PLCG2	mutations	in	85%	of	
the	 cases.	 The	 majority	 of	 patients	 had	 either	 BTK	 (n=30)	 or	 PLCG2	 (n=3)	
mutations	 but	 6/42	 patients	 had	 both	 mutations,	 potentially	 in	 different	 sub	
clones,	present	 in	 their	progression	 samples.	 In	15	patients,	 serial	 samples	were	
available	that	showed	the	presence	of	a	clone	of	resistant	cells	at	a	median	of	9.3	
months	 prior	 to	 clinical	 relapse.	 Detection	 of	 resistant	 clones	 in	 serial	 samples	
before	clinical	relapse	suggests	that	BTK/PLCG2	mutations	could	potentially	serve	
as	a	biomarker	to	predict	clinical	relapse	in	CLL.		
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Additionally,	Burger	et	al	used	highly	sensitive	droplet	microfluidic	technology	to	
show	that	BTK/PLCG2	 sub	clones	exist	 in	CLL	prior	 to	 treatment	 initiation97.	The	
relatively	small	proportion	of	 these	clones	at	 treatment	 initiation	suggests	either	
no	 fitness	 advantage	 or	 a	 minor	 fitness	 advantage	 of	 these	 mutations	 in	 the	
absence	of	 ibrutinib.	 It	was	suggested	 that	 ibrutinib	 therapy	 favors	selection	and	
expansion	of	these	rare	sub	clones	already	present	before	ibrutinib	treatment.	
	
Treon	 et	 al	 studied	 six	 WM	 patients	 who	 progressed	 after	 achieving	 major	
responses	 on	 ibrutinib.	 Amongst	 these	 6	 progressing	 patients,	 3	 had	BTK	 C481	
mutations	 with	 2/3	 patients	 having	 multiple	BTK	mutations.	 Screening	 of	 38	
additional	 patients	 on	 ibrutinib	 without	 clinical	 progression	 identified	BTK	
C481	mutations	 in	 2	 (5.1%)	 individuals,	 both	 of	 whom	 subsequently	
progressed.	BTK	mutations	 were	 not	 detected	 in	 baseline	 samples	 or	 in	 100	
ibrutinib-naive	WM	patients	in	this	study94.		
	
In	contrast	to	CLL	and	WM,	BTK/PLCG2	mutations	are	rarely	seen	in	MCL	patients	
with	 ibrutinib	 resistance.	 Only	 a	 few	 studies	 have	 reported	 uncommon	 cases	 of	
these	mutations	 in	 ibrutinib	resistant	MCL	patients98,99.	Most	of	the	other	studies	
have	not	 found	them	 in	MCL64,98,100,101.	The	underlying	reasons	 for	 the	paucity	of	
these	mutations	 in	MCL	 are	 still	 not	 understood.	 It	 could	 be	 possible	 that	 these	
mutations	 do	 not	 exist	 in	 MCL	 even	 as	 minor	 sub	 clones	 as	 there	 may	 be	 a	
significant	 fitness	 disadvantage.	 Even	 in	 the	 face	 of	 therapeutic	 pressure,	 the	
evolution	of	these	mutations	may	be	deleterious	to	MCL.	A	better	understanding	of	
the	 underlying	 reasons	 for	 differences	 in	 frequency	 of	 these	mutations	 between	
MCL	 and	 CLL	 would	 be	 helpful	 to	 understand	 the	 underlying	 pathogenetic	
mechanisms	between	the	two	diseases.		
	
B-cell	receptor	and	NF-KB	pathway	in	primary	ibrutinib	resistance	
The	B	cell	 receptor	(BCR)	 is	 the	organizing	principle	of	B	cell	biology,	playing	an	
obligatory	role	in	B	cell	development,	survival,	antigen-driven	clonal	selection,	and	
humoral	 immunity.	 The	 active,	 antigen-dependent	 BCR	 signalling	 pathway	
activates	NF-KB,	and	is	started	by	BCRs’	antigen	binding	and	clustering	on	the	cell	
membrane.	 In	 this	pathway,	 the	BCR	consists	of	 the	antigen-binding	 IgH	and	 IgL	
chains	 that	 are	 non-covalently	 coupled	 to	 the	 CD79A	 (Ig-α)	 and	 CD79B	 (Ig-β)	
subunits,	 which	 regulate	 BCR	 surface	 expression,	 internalization,	 and	 trafficking	
(Figure	1).	Upon	antigen	encounter	and	BCR	clustering,	CD79A	and	CD79B	activate	
a	 variety	 of	 downstream	 signalling	 pathways.	 Each	 of	 these	 subunits	 has	 an	
immunoreceptor	 tyrosine-based	 activation	 motif	 (ITAM)	 consisting	 of	 two	
tyrosines	 in	 a	 conserved	 amino	 acid	 setting.	 BCR	 aggregation	 promotes	 tyrosine	
phosphorylation	of	 these	 ITAMs	by	Src-family	kinases,	principally	LYN,	FYN,	and	
BLK.	 Dually	 phosphorylated	 ITAMs	 recruit	 the	 kinase	 SYK,	 whose	 activation	
initiates	 a	 signalling	 cascade	 that	 engages	 the	 signalling	 pathways	 NF-KB,	
phosphoinositide	3-kinase	(PI3-K),	nuclear	factor	of	activated	T	cells	(NF-AT)	and	
mitogen-activated	protein	kinase	(MAP-K),	ultimately	 leading	to	cell	survival	and	
proliferation.	 In	 the	 signalling	 cascade	 that	 finally	 triggers	 the	 NF-KB	 pathways,	
SYK	 interacts	 with	 the	 Bruton	 tyrosine	 kinase	 (BTK)	 that,	 in	 turn,	 activates	 the	
phospholipaseCG2	 (PLCG2).	 PLCG2	 then	 catalyses	 the	 hydrolysis	 of	
phosphatidylinositol-4,	 5-bisphosphate	 into	 diacylglycerol	 (DAG)	 and	 inositol	
triphosphate	 (IP3),	 resulting	 in	 increased	 intracellular	 calcium	 levels.	 The	
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combination	 of	DAG	 and	 increased	 intracellular	 calcium	 activates	 protein	 kinase	
Cβ	 (PKCβ),	 which	 in	 turn	 phosphorylates	 many	 substrates,	 including	 caspase	
recruitment	 domain-containing	 protein	 11	 (CARD11),	 which	 is	 a	 domain	 of	 the	
adaptor	protein	CARMA1.	Once	activated,	CARD11	moves	to	the	plasma	membrane	
and	 binds	 BCL10	 and	 the	 mucosa-associated	 lymphoid	 tissue	 lymphoma	
translocation	protein	 1	 (MALT1)	 to	 form	 the	 complex	 termed	 the	 CBM	 complex,	
which,	 together	with	 the	 transforming	 growth	 factor	 (TGF)	 β-activated	 kinase	 1	
(TAK1),	 is	 finally	 responsible	 for	 the	 activation	 of	 the	 IKK	 complex	 and	 the	
canonical	NF-KB	pathway	(Figure	1).		
	
The	NF-KB	family	of	transcription	factors	bind	DNA	and	activate	the	transcription	
of	genes	involved	in	cellular	survival,	proliferation,	and	apoptosis102.	Activation	of	
NF-KB	 signalling	 occurs	 through	 either	 the	 canonical	 or	 non-canonical	 pathway	
(Fig.1).	 The	 canonical	 or	 classical	 pathway	 is	 mediated	 by	 the	 action	 of	 the	
p65/p50	subunits.	In	resting	conditions,	p65/p50	dimers	reside	in	the	cytoplasm	
complexed	 with	 the	 physiological	 inhibitor	 of	 NF-KB	 α	 (IKBα),	 but	 upon	 cell	
activation,	 IKBα	 is	 degraded	 by	 ubiquitin-mediated	 proteasome	 activity.	 The	
complex	P65/p50	 can	 translocate	 into	 the	nucleus,	 and,	 in	 its	 active	 form,	 starts	
the	 transcription	of	 target	genes.	The	canonical	pathway	 is	activated	by	 the	 IKB-
kinase	 (IKK)	complex,	which	 is	 composed	by	 IKKα,	 IKKβ,	and	 IKKΫ	(NEMO),	and	
that,	in	turn,	phosphorylates	IKBα	and	causes	its	degradation	(Figure	1).	The	non-
canonical	 or	 alternative	 pathway	 is	 dependent	 on	 the	 activation	 of	 the	 RelB	
subunit	associated	with	p50	or	p52	(Figure	1).	Differently	from	the	canonical	one,	
this	pathway	is	activated	by	a	more	restricted	number	of	ligands,	such	as	the	B	cell-
activating	factor	belonging	to	the	TNF	family	(BAFF),	CD40L,	lymphotoxin	β	(LTβ),	
receptor	activator	nuclear	factor-κB	ligand	(RANKL)	or	CD30L	through	the	NF-KB-
inducing	kinase	(NIK),	which	activates	IKKα	and,	in	turn,	causes	the	degradation	of	
p100,	an	IKB	like	molecule	which	is	the	precursor	of	the	p52	subunit.	When	cells	
are	at	rest,	RelB	is	retained	in	the	cytoplasm	by	p100	in	the	complexes	RelB/p100	
or	 RelB/p50/p100	 and,	 upon	 p100	 degradation,	 the	 dimers	 RelB/p50	 and	
RelB/p52	are	released,	translocate	 into	the	nucleus	and	start	the	transcription	of	
target	genes	(Figure	1).	
	
Rahal	 et	 al	 first	 described	 the	 role	 of	 NF-KB	 pathway	 mutations	 in	 primary	
ibrutinib	 resistance100.	They	performed	pharmacologic	 and	genomic	profiling	 for	
10	MCL	cell	 lines	(four	sensitive	and	six	resistant	 to	 ibrutinib	and	sotrastaurin,	a	
pan-inhibitor	 of	 protein	 kinase	 C).	 MCL	 cell	 lines	 exhibiting	 ibrutinib	 sensitivity	
were	 found	to	have	chronic	activation	of	 the	BCR	 leading	 to	 the	activation	of	 the	
classical	 NFKB	 pathway	 via	 BTK.	 In	 contrast,	 ibrutinib-resistant	 MCL	 cell	 lines	
were	dependent	on	the	alternative	NFKB	pathway	not	mediated	by	BTK.	Genomic	
studies	using	RNA-Seq	and	SNP	array	revealed	somatic	mutations	in	resistant	cell	
lines	 including	nonsense	mutations	 in	TRAF2	and	deletions	 in	TRAF3.	TRAF2	and	
TRAF3	 are	 negative	 regulators	 of	 the	 alternative	 NFKB	 pathway.	 Loss	 of	 their	
function	 via	 mutations	 leads	 to	 stabilization	 of	 the	 NIK	 enzyme	 that	 promotes	
processing	of	p100	to	p52,	resulting	in	activation	of	the	alternative	NFKB	pathway	
(Figure	 1).	 P52	 levels	were	 also	 analysed	 across	MCL	 cell	 lines	 and	 all	 ibrutinib	
sensitive	cell	lines	exhibited	low	p52	levels	whereas	five	of	the	six	insensitive	cell	
lines	 displayed	 elevated	 levels	 of	 p52	 and	 RelB.	 Restoring	 TRAF2	 and	 TRAF3	
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activity	 in	 resistant	 cell	 lines	 strongly	 suppressed	 cellular	 proliferation	 and	 p52	
levels.	
	
To	 validate	 these	 findings	 in	 MCL	 patients,	 targeted	 sequencing	 of	 key	 NF-KB	
pathway	 components	 was	 performed	 across	 165	 primary	 MCL	 samples.	 It	 is	
noteworthy	 that	 these	 samples	 were	 collected	 from	 patients	 not	 previously	
exposed	to	ibrutinib.	Recurrent	mutations	in	TRAF2	and	BIRC3	were	found	in	6%	
and	 10%	 of	 the	 samples.	 Collectively,	 the	 authors	 concluded	 that	 MCL	
pathogenesis	depends	on	either	the	BCR-BTK-NFKB	(classical)	or	MAP3K14-NFKB	
(alternative)	pathways.	It	is	predicted	that	the	former	patient	group	is	sensitive	to	
ibrutinib	while	the	latter	group	is	unlikely	to	benefit	from	anti-BTK	therapy.		
	
CARD11	 lies	downstream	of	BTK	 in	 the	NF-KB	 signalling	pathway	and	 forms	 the	
CBM	(CARD11-BCL10-MALT1)	complex	that	leads	to	activation	of	NF-KB	pathway	
via	 classical	 pathway	 (Figure	 1).	 Through	 in	 vitro	 experiments,	 Rahal	 et	 al100	
suggested	that	activating	CARD11	mutations	might	result	in	constitutive	activation	
of	NF-KB	signalling	independent	of	BTK	activity,	and	hence	might	confer	resistance	
to	 BTK	 inhibitors.	 Wu	 et	 al	 103	 further	 confirmed	 the	 presence	 of	 CARD11	
mutations	 in	 5.5%	 (10/179)	 of	MCL	 cases.	 To	 test	 the	 functional	 significance	 of	
CARD11	mutations,	wild	 type	 and	 four	 CARD11	mutants	 (G123S,	 D230N,	 D357E	
and	 Y361C)	were	 overexpressed	 in	 the	 ibrutinib/lenalidomide	 sensitive	 cell	 line	
Rec-1	and	 insensitive	 cell	 lines	Granta-519	and	 JVM-2.	CARD11	mutants,	but	not	
the	 wild	 type	 protein,	 confer	 resistance	 of	 the	 Rec-1	 cell	 line	 to	 ibrutinib	 and	
lenalidomide	 treatment.	The	other	 two	MCL	cell	 lines	remained	resistant	 to	both	
drugs.	 Taken	 together,	 these	 findings	 further	 substantiate	 the	 contention	 that	
activating	CARD11	mutations	might	result	in	resistance	to	BCR	inhibitors.	
	
The	 observations	 in	 the	 above	mentioned	 studies	were	 validated	 in	 preliminary	
and	ongoing	 studies	 of	 primary	 resistant	 patient	 samples	 from	 ibrutinib	 studies.	
Balasubramanian	et	al	(2014)	studied	120	patients	enrolled	in	the	SPARK	phase	2	
clinical	 study	 of	 ibrutinib	 for	 potential	 mechanisms	 associated	 with	 primary	
ibrutinib	 resistance104.	 Mutations	 in	 NF-KB	 pathway	 genes	 were	 found	 to	 be	
associated	with	primary	ibrutinib	resistance.	In	addition,	mutations	in	PIM1	kinase	
and	ERBB4	kinase	genes	were	also	found	to	be	associated	with	primary	ibrutinib	
resistance	in	this	study.		
	
Lenz	 et	 al	 (2016)	 analysed	 MCL	 patient’s	 samples	 enrolled	 in	 the	 phase	 3	 RAY	
study	(comparing	 ibrutinib	vs	 temsirolimus)	 for	 ibrutinib	resistance99.	Mutations	
associated	with	primary	resistance	to	ibrutinib	were	identified	in	NF-KB	signalling	
pathways,	in	epigenetic	modifiers	and	in	the	EGFR	family.	34-paired	samples	were	
also	analysed	to	explore	acquired	resistance.	Mutations	in	PLCG2	(in	two	patients	
with	durable	PR	of	18.5	and	8.5	months)	and	a	CARD11	mutation	(with	PR	of	12	
months)	 were	 found	 to	 be	 associated	 with	 acquired	 ibrutinib	 resistance	 in	 this	
study.		
	
Saba	et	al	(2016)	also	described	NF-KB	pathway	mutations	in	a	subset	of	leukemic	
MCL	samples98.		A	total	of	12	mutations	in	11	genes	were	found	in	their	cohort.	Out	
of	 these	 12	 mutations,	 only	 RELA	 E39Q	 was	 found	 to	 be	 somatic	 whereas	 the	
others	were	 rare	germline	variants.	An	MCL	sample	with	a	RELA	E39Q	mutation	
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was	resistant	to	inhibition	of	BTK,	MALT1	and	NF-KB	in	vitro.	RELA	is	a	gene	in	the	
canonical	 NF-KB	 signalling	 pathway	 and	 mutation	 in	 this	 gene	 can	 promote	
lymphoma	 growth	 and	 survival.	 It	 was	 also	 suggested	 that	 polymorphisms	 and	
rare	germline	variants	found	in	this	study	might	confer	cell	autonomous	signalling	
and	affect	response	to	ibrutinib.		
	
PI3K/AKT/mTOR	pathway	in	primary	ibrutinib	resistance	
The	PI3K/AKT/mTOR	pathway	plays	a	critical	 regulatory	role	 in	cell	growth	and	
death	 processes.	 High	 levels	 of	 activated	 AKT,	 mTOR	 and	 their	 respective	
downstream	targets	have	been	identified	in	MCL105-107.	Upon	BCR	activation,	PI3K	
is	recruited	to	the	BCR	in	parallel	with	BTK,	and	the	induction	of	these	signalling	
pathways	leads	to	the	downstream	activation	of	multiple	effector	proteins	(Figure	
1).	 BTK	 and	 PI3K	 have	 been	 shown	 to	 function	 independently	 to	 mediate	 BCR	
signalling,	 suggesting	 that	 PI3K	 signalling	 activities	 may	 underlie	 ibrutinib	
resistance	independently	of	BTK.		
	
To	 elucidate	 the	 mechanisms	 underlying	 ibrutinib	 resistance,	 Zhang	 et	 al108	
conferred	primary	ibrutinib	resistance	using	both	MCL	cell	lines	and	MCL-bearing	
patient-derived	 xenograft	 (PDX)	 mouse	 models.	 They	 performed	 whole	 exome	
sequencing	 (WES)	 and	 reverse	 phase	 protein	 analysis	 (RPPA)	 to	 identify	 any	
genetic	 and	 expression	 changes	 associated	 with	 primary	 ibrutinib	 resistance.	
Interestingly,	WES	did	not	reveal	any	mutations	in	BTK	or	within	the	proximal	BCR	
pathway	 but	 RPPA	 analysis	 showed	 a	 significant	 increase	 in	 the	
PI3K/AKT/mTOR/MCL-1	 compensatory	 pathway	 component	 levels	 in	 ibrutinib-
resistant	 cell	 lines	and	PDXs	when	compared	with	 their	parental	 cells.	They	also	
tested	 various	 therapeutic	 combinations	 targeting	 these	 pathways	 to	 determine	
whether	inhibiting	these	pathways	would	overcome	primary	ibrutinib	resistance.	
Ibrutinib	plus	the	PI3K	inhibitor	 idelalisib,	the	AKT	inhibitor	ACP-319,	the	mTOR	
inhibitors	 AZD8055	 or	 BEZ235	 as	 well	 as	 the	 proteasome	 inhibitor	 carfilzomib	
inhibited	tumour	growth	in	vitro	and	in	vivo	in	the	PDX	mouse	models.	This	work	
highlights	 the	 potential	 role	 of	 PI3K/AKT	 pathway	 in	 mediating	 ibrutinib	
resistance	 and	 the	 potential	 importance	 of	 targeting	 this	 pathway	 to	 overcome	
ibrutinib	resistance.		
	
Previously,	Chiron	et	al	and	Ma	et	al109,110	also	identified	a	central	role	of	sustained	
PI3K/AKT	activation	in	ibrutinib-resistant	MCL	cell	lines	and	found	that	targeting	
the	cell	cycle	by	CDK4	inhibition	sensitizes	resistant	MCL	cells	to	ibrutinib	or	PI3K	
inhibitor	mediated	cell	death.	
	
Recently,	 Zhao	 et	 al	 further	 elucidated	 the	 role	 of	 PI3K	 pathway	 and	 tumor	
microenvironment	 (TME)	 in	 mediating	 ibrutinib	 resistance	 using	 chemical	
proteomics	and	cell-based	drug	 screening	assay111.	They	demonstrated	 that	MCL	
cells	 develop	 ibrutinib	 resistance	 through	 evolutionary	 processes	 driven	 by	
dynamic	 feedback	 between	 MCL	 cells	 and	 TME,	 leading	 to	 kinome	 adaptive	
reprogramming,	bypassing	the	effect	of	ibrutinib	and	reciprocal	activation	of	PI3K-
AKT-mTOR	 and	 integrin-b1	 signaling.	 They	 also	 showed	 that	 combinatorial	
disruption	 of	 B-cell	 receptor	 signaling	 and	 the	 PI3K-AKT-mTOR	 axis	 leads	 to	
release	of	MCL	cells	from	TME,	reversal	of	drug	resistance	and	enhanced	anti-MCL	
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activity	 in	 MCL	 patient	 samples	 and	 PDX	 models.	 This	 recent	 work	 further	
supports	the	importance	of	the	PI3K/AKT	pathway	in	primary	ibrutinib	resistance.	
	
To	 summarize,	 NF-KB	 pathway	mutations,	 upregulation	 of	 the	 PI3K/AKT/mTOR	
pathway	 and	 the	 tumour	 microenvironment	 all	 appear	 to	 be	 important	 in	
mediating	 primary	 ibrutinib	 resistance	 in	 MCL.	 However,	 the	 mechanisms	 of	
acquired	 ibrutinib	 resistance	 in	 MCL	 are	 still	 largely	 unclear.	 BTK/PLCG2	
mutations	 are	 uncommon	 in	 MCL	 and	 other	 mechanisms	 are	 likely	 to	 be	 more	
relevant	 in	mediating	acquired	ibrutinib	resistance.	Given	that	patients	with	MCL	
who	 experience	 ibrutinib	 failure	 have	 poor	 outcomes	 with	 limited	 therapeutic	
options,	there	exists	an	urgent	need	for	clinical	trials	to	 incorporate	translational	
research	 in	 order	 to	 define	 resistance	 mechanisms,	 with	 the	 aim	 of	 preventing	
ibrutinib	failure	and	developing	new	options	in	the	post-ibrutinib	setting.		
	

	
	
Figure	 1-Key	 cellular	 pathways	 in	 MCL	 targeted	 by	 novel	 mechanism-based	 therapeutics:	
The	 B-cell	 receptor	 complex	 is	 constitutively	 activated,	 which	 through	 multiple	 downstream	
signalling	 pathways	 results	 in	 cellular	 growth	 and	 survival.	 The	 classical	 NF-KB	 pathway	 is	
activated	through	the	TNF	receptors’	 family,	TLR4	and	the	antigen	receptors	BCR	and	TCR,	while	
the	alternate	NF-KB	pathway	is	activated	through	a	 limited	number	of	receptors,	such	as	BAFF-R,	
CD40,	RANK,	CD30,	and	LTβ-R.	*	Represents	gene	known	to	be	mutated	in	ibrutinib	resistant	MCL	
cases.	Novel	 therapies	 that	 inhibit	critical	elements	 in	 these	signaling	pathways	are	shown	 in	red	
box.	Adapted	from	Agarwal	et	al;	Leukaemia	and	Lymphoma	(2018)	
	

1.2.2	Resistance	mechanisms	to	venetoclax	
Venetoclax	is	a	selective	BCL-2	inhibitor	and	displaces	BIM	to	cause	BAX	mediated	
apoptosis	 in	sensitive	cells.	As	 it	does	not	 target	other	antiapoptotic	BCL2	 family	
members	 such	 as	 MCL-1	 and	 BCL-xL,	 the	 most	 likely	 resistance	 mechanism	 to	
venetoclax	 is	 upregulation	 of	 these	 alternative	 antiapoptotic	 proteins.	 These	
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alternative	BCL-2	family	proteins	might	confer	resistance	by	sequestering	BIM	that	
is	displaced	from	BCL-2.	Correspondingly,	cell	viability	assays	with	NHL	cell	 lines	
have	shown	that	venetoclax	has	 limited	efficacy	 in	BCL-xL	and	MCL-1	dependent	
hematopoietic	 malignancies112-114.	 A	 reliance	 on	 MCL-1	 has	 also	 been	
demonstrated	 in	 a	minority	 of	 cell	 samples	 from	CLL	patients	 that	may	 confer	 a	
resistance	advantage	to	venetoclax115.	Other	putative	mechanisms	are	constitutive	
intracellular	 signaling	 (i.e.	 downstream	 of	 BCR)	 and	 stroma-mediated	 treatment	
resistance	due	to	pro-survival	signals	 from	the	microenvironment112.	Most	of	 the	
data	regarding	BCL2-inhibitor	resistance	come	from	in	vitro	/ex	vivo	studies.	ABT-
737	was	 shown	 to	 induce	 resistance	 in	 a	 lymph	 node	model	 by	 upregulation	 of	
BCL-xL	 and	 BFL2/A1116.	 Using	 another	 lymph	 node	 model,	 CLL	 cells	 which	
upregulated	 BCL-xL	 after	 stimulation	with	 CD40	 and	 IL4	were	 resistant	 to	 high	
doses	of	venetoclax117.	In	DLBCL	cell	 lines	with	low	MCL1	and	BCL-xL	expression	
that	 were	 initially	 sensitive	 to	 venetoclax,	 resistant	 subclones	 emerged	 after	
chronic	 exposure	 to	 venetoclax118.	 These	 subclones	 were	 not	 found	 prior	 to	
venetoclax	treatment.	They	demonstrated	a	higher	expression	of	MCL-1	and	BCL-
xL,	caused	by	elevated	mRNA	levels	and	enhanced	MCL1	protein	stability	that	was	
regulated	through	the	AKT	pathway.	These	proteins	were	shown	to	sequester	BIM	
that	 was	 displaced	 from	 BCL2.	 Moreover,	 venetoclax	 displaced	 BIM	 from	 BCL2	
only	 in	parental,	but	not	 in	venetoclax	resistant	cells.	 Interestingly,	 in	mouse	and	
lymphoma	 cells	 continuously	 exposed	 to	 venetoclax,	 resistance	 was	 found	 to	
evolve	 as	 a	 consequence	 of	 new	 mutations	 in	 the	 BCL2	 BH3	 domain	 impeding	
venetoclax	 binding	 to	 BCL2	 (mouse),	 and	 a	 mutation	 in	 BAX	 abrogating	 its	
attachment	to	mitochondria,	thus	blocking	venetoclax	induced	apoptosis119.		
	
The	 post-translational	 status	 of	 BCL2-family	 members,	 and	 specifically	 their	
phosphorylation	 status,	 has	 been	 associated	 with	 resistance	 to	 various	 BH3-
mimetics.	 The	 ERK	 pathway	 is	 activated	 in	 CLL	 cells	 through	 a	 B-cell	 activating	
factor	of	the	TNF	family	(BAFF)	or	a	proliferation-inducing	ligand	(APRIL)	receptor	
or	 BCR	 stimulation,	 which	 could	 generate	 pBCL2	 in	 CLL	 patients.	 Song	 et	 al	
demonstrated	that	response	to	various	BCL2	inhibitors	is	predicted	by	the	(MCL1	
+pBCL2)/BCL2	 ratio	 in	 CLL	 cells	 from	 primary	 CLL	 patients.	 Mechanistically,	
pBCL2	 interfered	with	 BCL2-inhibitor	 displacement	 of	 BAX	 and	 BIM	 from	BCL2,	
thereby	 suppressing	 mitochondrial	 apoptosis120.	 The	 post-translational	
phosphorylation	of	MCL1,	which	is	cyclin	E/CDK2-dependent,	is	also	important	as	
it	enhances	its	stability	and	reduces	cellular	sensitivity	to	BH3-mimetics,	including	
venetoclax121.		
	
Tahir	et	al	studied	resistance	mechanisms	to	venetoclax	in	different	leukemia	and	
lymphoma	cell	lines122.	They	have	identified	alterations	in	pro-apoptotic	and	anti-
apoptotic	 BCL2	 memebers	 through	 gene	 and	 protein	 expression	 assays.	 An	
increase	 in	 the	 expression	 of	 anti-apoptotic	 proteins	 BCL-xL	or	 MCL-1	 was	
observed	in	resistant	cell	lines,	these	anti-apoptotic	proteins	were	not	targeted	by	
venetoclax	 and	 potentially	 can	 serve	 as	 a	 resistance	 mechanism	 to	 venetoclax	
treated	cells.	They	have	also	 found	a	mutation	 in	 the	BH3	binding	grove	of	BCL2	
(F104L)	 that	 is	 likely	 to	 impair	 binding	 of	 venetoclax.	 When	 venetoclax	 was	
combined	 with	 either	 BCL-xL	 or	 MCL-1-selective	 inhibitors,	 a	 synergistic	 cell	
killing	was	observed	in	this	in-vivo	study.	This	study	have	further	established	the	
importance	 of	 anti-apoptotic	 proteins	 like	 BCL-xL	 and	 MCL-1	 in	 mediating	
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resistance	to	venetoclax	therapy	and	provide	a	rational	to	target	them	to	overcome	
resistance.		
	
Steinbrecher	et	al	recently	reported	with	their	work	in	MCL	cell	lines	that	MCL-1	is	
upregulated	 temporarily	 upon	 treatment	 in	 parental	 and	 resistant	 cells123.	 They	
have	also	showed	that	in	addition	to	BCL-xL	upregulation,	a	complex	deregulation	
of	 pro-apoptotic	 BCL-2	 family	 members	 plays	 a	 role	 in	 inducing	 resistance	
to	venetoclax.	The	significance	of	BCL-xL	in	mediating	resistance	to	venetoclax	was	
underlined	by	exposing	the	cells	to	navitoclax.	In	contrast	to	venetoclax,	navitoclax	
inhibits	BCL-2,	BCL-W	and	BCL-xL	and	was	sufficient	to	 induce	apoptosis	 in	both	
parental	and	resistant	cells.	
	
Herling	et	al	performed	whole	exome	sequencing	on	8	CLL	patients	that	developed	
resistance	 on	 venetoclax	 therapy.	 They	 have	 shown	 that	 recurrent	 mutations	
in	BTG1	(2	 patients)	 and	 homozygous	 deletions	 affecting	CDKN2A/B	(3	 patients)	
developed	in	patients	during	treatment	and	suggested	that	these	mutations	might	
be	responsible	for	acquired	venetoclax	resistance124.		
	
Blombery	et	 al	 recently	 identified	a	novel	BCL2	mutation	 (Gly101Val)	 conferring	
resistance	 to	 venetoclax	 in	 a	 cohort	 of	 15	 CLL	 patients.	 This	 mutation	 was	
identified	 at	 the	 time	 of	 disease	 progression	 (after	 19-42	months	 of	 therapy)	 in	
CLL	patients	but	not	at	baseline.	The	emergence	of	this	mutation	has	preceded	the	
clinical	relapse	by	many	months.	It	was	also	shown	that	this	mutation	reduces	the	
affinity	of	BCL2	 for	venetoclax,	 thereby	preventing	 the	drug	 from	displacing	pro-
apoptotic	mediators	from	BCL2	in	cells	and	conferring	acquired	resistance	in	cell	
lines	and	primary	patient	cells125.		
	
To	 date,	 resistance	mechanisms	 to	 venetoclax	 have	 primarily	 been	 described	 in	
cell	 lines,	 PDX	models	 and	 recently	 in	 small	 patient	 cohorts124,125.	 The	 results	 of	
these	 studies	 are	 useful	 in	 highlighting	 potential	 mechanisms	 for	 venetoclax	
resistance.	However,	further	studies	in	large	patient	cohorts	are	needed	to	confirm	
these	findings.		

1.2.3	Resistance	mechanisms	to	ibrutinib	and	venetoclax	combination	therapy	
A	recently	published	study	explored	the	resistance	mechanisms	to	combination	of	
ibrutinib	and	venetoclax	in	CLL	and	MCL	samples	ex	vivo126.	In	this	study,	analysis	
of	 primary	 samples	 from	 patients	 with	 MCL	 and	 CLL	 ex-	 vivo	 revealed	
heterogeneous	 de	 novo	 resistance	 even	 to	 the	 ibrutinib	 and	 venetoclax	
combination.	The	authors	demonstrated	that	resistance	to	the	combination	can	be	
generated	 by	 microenvironmental	 agonists:	 interleukin-10,	 CD40L	 and,	 most	
potently,	cytosine	guanine	dinucleotide–oligodeoxynucleotides	(CpG-ODNs),	which	
is	a	surrogate	for	unmethylated	DNA	and	a	specific	agonist	for	Toll-like	receptor	9	
signaling126.	 Incubation	 with	 these	 agonists	 caused	 robust	 activation	 of	 NF-KB	
signaling,	 especially	 alternative	NF-KB,	which	 led	 to	 enhanced	 expression	 of	 the	
antiapoptotic	proteins	MCL-1,	Bcl-xL,	and	survivin,	thus	decreasing	dependence	on	
Bcl-2.	The	potential	 role	 for	NF-KB	pathway	 inhibitors	 (bortezomib,	 carfilzomib)	
and	 inhibitors	 of	MCL-1,	 Bcl-xL,	 or	 survivin	 to	 overcome	 resistance	 to	 ibrutinib-
venetoclax	combination	has	been	also	discussed.	This	study	provides	useful	insight	
into	 the	 potential	 mechanisms	 of	 resistance	 to	 the	 ibrutinib-venetoclax	
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combination.	Results	of	ongoing	clinical	trials	with	longer	follow	up	of	patients	will	
tell	us	in	the	future	if	the	same	mechanisms	apply	to	real	patient	cohorts.			
	
The	AIM	study	was	 the	 first	clinical	study	to	successfully	establish	 the	use	of	 the	
ibrutinib	and	venetoclax	combination	in	MCL	patients,	and	has	thus	provided	the	
framework	 for	 investigating	 resistance	 mechanisms	 to	 the	 combination	 therapy	
reported	 in	 this	 thesis.	 In	 the	 present	 work,	 we	 have	 studied	 the	 genomic	
characteristics	 of	 MCL	 patients	 in	 the	 AIM	 clinical	 cohort	 to	 identify	 potential	
resistance	mechanisms	to	ibrutinib	and	venetoclax	combination	therapy.		
	

1.3	SW1/SNF	complex	in	human	malignancies	

1.3.1	Chromatin	remodeling	

Nucleosomes	 form	 the	 basic	 unit	 of	 chromatin,	 which	 is	 packaged	 into	 a	 highly	
ordered	 and	 multi-layered	 structure	 to	 facilitate	 containment	 within	 the	
nucleus127.	The	structure	of	chromatin	naturally	represses	gene	expression,	in	part	
by	preventing	 the	access	of	 transcription	machinery	and	other	associated	 factors	
to	 DNA	 regulatory	 elements128.	 Hence,	 chromatin	 structure	 must	 be	 altered	 to	
allow	 these	 factors	 to	 control	 gene	 expression.	 To	 date,	 there	 are	 two	 known	
classes	of	proteins	that	can	alter	nucleosomes	and	in	turn,	chromatin	accessibility.	
First,	 covalent	 modifiers	 which	 are	 chromatin	modifying	 complexes	 that	 add	 or	
remove	 covalent	 modifications	 such	 as	 methyl-	 or	 acetyl-	 groups	 to	 the	 core	
histone	 proteins	 of	 nucleosomes	 and	 second,	 ATP-dependent	 chromatin	
remodelers	 that	 reposition	 nucleosomes	 through	 a	 sliding	 or	 ejecting	
mechanism129,130.	 Both	 of	 these	 processes	 must	 occur	 with	 precision	 at	 DNA	
regulatory	elements,	including	promoters,	enhancers	and	insulators	and	in	a	highly	
regulated	mode	to	ensure	the	dynamic	balance	between	repressive	or	permissive	
chromatin	structures.	Chromatin	remodeling	complexes	assemble,	insert,	slide	and	
eject	 nucleosomes,	 using	 ATP	 hydrolysis	 to	 catalyze	 nucleosome	 movement131.	
There	 are	 four	 known	 families	 of	 ATP-dependent	 mammalian	 remodelers;	
switch/sucrose	 nonfermenting	 (SWI/SNF),	 imitation	 switch	 (ISWI),	 inositol	
requiring	80	(INO80)	and	those	with	a	NuRD/Mi-2/CHD	helicase	binding	domain.	
These	 share	 a	 high	 affinity	 for	 the	 nucleosome,	 recognition	 of	 covalent	 histone	
modifications	 (active	 or	 repressive	 depending	 on	 the	 domain),	 similar	 ATPase	
domain	 structures	 and	 subunits	 that	 enable	 their	 interaction	 with	 sequence-
specific	transcription	factors131.		

1.3.2	Role	of	SW1/SNF	complex	in	chromatin	remodeling	

The	SWI/SNF	complex	was	originally	described	 in	yeast	as	a	complex	critical	 for	
cellular	 responses	 to	 mating	 type	 switching	 (SWI)	 or	 sucrose	 fermentation	
(SNF)132.	 	The	human	analogs	of	SWI/SNF	consist	of	two	subunits-	BAF	(BRG1	or	
BRM-Associated	 Factor)	 and	 PBAF	 (Polybromo-Associated	 BAF)	 (Figure	 2).	 BAF	
complexes	 contain	 either	 BRG1	 (SMARCA4)	 or	 BRM	 (SMARCA2)	 and	 PBAF	
complexes	contain	only	BRG1	(SMARCA4)	as	ATPase	subunit.	Each	ATPase	unit	is	
associated	 with	 several	 core	 and	 accessory	 subunits.	 The	 core	 subunits	 include	
BAF155	 (SMARC1),	 BAF170	 (SMARCC2),	 and	 SNF5	 (SMARCAB1).	 Accessory	
subunits	 consist	 of	 BAF45,	 BAF53,	 BAF57	 (SMARCE1),	 BAF60	 (a,	 b,	 c;	 encoded	
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gene	name	SMARCD1,	SMARCD2,	SMARCD3),	BAF180	(PBRM1),	BAF200	(ARID2),	
BRD7,	BAF250	(a,	b;	a:	also	known	as	ARID1A,	b:	also	known	as	ARID1B)	and	B-
actin.	BAF250a	(ARID1A)	and	BAF250b	(ARID1B)	are	mutually	exclusive	subunits	
and	exist	only	in	BAF	complexes.	 In	contrast,	BAF180	(PBRM1),	BAF200	(ARID2)	
and	BRD7	are	exclusively	present	in	PBAF	complexes	(Figure	2).	
	

	
	
	
Figure	2.	SWI/SNF	complexes	with	core	and	accessory	subunits.		
	
	
SW1/SNF	 complex	 is	 a	 large	 complex	 containing	 more	 than	 15	 subunits,	 and	
activates	 gene	 expression	 by	 remodelling	 and	 evicting	 nucleosomes	 at	 gene	
promoters	 using	 the	 energy	 of	 ATP	 hydrolysis	 129.	 SWI/SNF	 complexes	 remodel	
nucleosome	structure	and	are	capable	of	mobilizing	nucleosomes	both	by	sliding	
and	 by	 catalyzing	 the	 ejection	 and	 insertion	 of	 histone	 octamers133.	 Nucleosome	
sliding	 has	 been	 proposed	 to	 include	 the	 following	 steps:	 binding	 of	 SWI/SNF	
complexes	 to	 a	 fixed	 position	 on	 nucleosomal	 DNA,	 disruption	 of	 histone–DNA	
contacts,	 translocation	 of	 DNA	 that	 is	 initiated	 via	 the	 ATPase	 subunit	 and	DNA	
loop	formation	that	can	then	propagate	around	the	nucleosome	and	generate	sites	
that	 are	more	 accessible	 to	DNA	binding	 factors133,134.	 The	mechanism	by	which	
nucleosome	 ejection	 and	 insertion	 occurs	 is	 less	 well	 understood.	 Histone	
chaperones	 may	 assist	 in	 this	 process	 and	 histone	 ejection	 may	 occur	 not	 at	
nucleosomes	 that	 are	 directly	 bound	 by	 SWI/SNF	 complexes	 but	 at	 adjacent	
nucleosomes	following	the	repositioning	of	the	bound	nucleosome134.	Importantly,	
although	 nucleosome	 remodeling	 is	 the	most	 studied	 effect	 of	 SWI/SNF	 activity,	
the	 complexes	 interact	 with	 numerous	 other	 chromatin	 proteins	 and	 it	 is	
conceivable	 that	 they	 may	 have	 additional	 effects	 on	 higher	 order	 chromatin	
structure.	Although	S.	cerevisiae	SWI/SNF	complexes	were	identified	on	the	basis	
of	their	roles	in	the	activation	of	transcription,	evidence	indicates	that	mammalian	
SWI/SNF	 complexes	 contribute	 to	 both	 repression	 and	 activation.	 During	
mammalian	 T	 lymphocyte	 development,	 BRG1	 and	 BAF57	 are	 required	 to	 both	
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silence	CD4	and	activate	CD8	expression135.	 In	 embryonic	 stem	cells,	BRG1	most	
commonly	 acts	 as	 a	 repressor	 to	 inhibit	 programs	 that	 are	 associated	 with	
differentiation,	 but	 it	 also	 facilitates	 the	 expression	 of	 core	 pluripotency	
programmes136.	 Similarly,	 deletion	 of	 Snf5	 in	murine	 fibroblasts	 results	 in	more	
genes	 being	 activated	 than	 repressed137.	 Contributing	 to	 the	 mechanism	 of	
repression,	 SWI/SNF	 complexes	 are	 capable	 of	 recruiting	 histone	 deacetylases	
(HDACs),	which	 remove	 activating	 acetyl	marks	 from	histone	 tails.	 For	 example,	
SNF5	 represses	 cyclin	 D1	 (CCND1)	 in	 an	 HDAC1‑dependent	 manner138.	 These	
seemingly	 opposing	 activities	may	 actually	 be	 similarly	 achieved,	 by	 positioning	
nucleosomes	 away	 from	 binding	 sites	 to	 facilitate	 factor	 binding	 or	 by	 moving	
nucleosomes	 over	 sites	 to	 prevent	 binding.	 Collectively,	 dynamic	 activities	 of	
mammalian	 SWI/SNF	 complexes	 have	 essential	 roles	 in	 regulating	 both	 the	
activation	and	the	repression	of	gene	expression	programs.	
	
Recent	 deep	 sequencing	 studies	 of	 human	 cancers	 have	 revealed	 mutations	 in	
genes	encoding	chromatin-remodeling	factors,	 including	the	SWI/SNF	chromatin-
remodeling	 complex.	Mutations	within	 the	 SWI/SNF	 complex	 can	 result	 in	 gene	
expression	patterns	that	mimic	signalling	events	downstream	of	numerous	known	
oncogenic	 pathways.	 By	 bypassing	 upstream	 checkpoints	 to	 create	 global	
dysregulation	 of	 gene	 expression,	 these	 epigenetic	 programs	 act	 in	 a	
fundamentally	 distinct	 mechanism	 from	 traditional	 oncogenes	 and	 tumor	
suppressors.	 Changes	 in	 gene	 expression	 patterns	 are	 distributed	 across	
thousands	of	genes,	and	cellular	mechanisms	that	are	otherwise	tightly	controlled	
become	available	 in	a	dysregulated	 fashion.	This	 leads	to	a	characteristic	class	of	
cancers	arising	by	opportunistic	advantages	that	develop	favouring	growth.	These	
tumors	are	able	to	evade	currently	available	drugs,	which	target	changes	driven	by	
specific	mutated	enzymes	or	growth	factors.	Without	singular	signalling	pathways	
that	 can	 be	 targeted,	 epigenetically	 dysregulated	 cancers	 pose	 a	 unique	
therapeutic	challenge	and	demand	a	novel	approach	to	treatment.	
	

1.3.3	SW1/SNF	mutations	in	cancers:	

Recently,	 SWI/SNF	 complexes	 have	 been	 shown	 to	 be	 associated	 with	 various	
human	disorders	 particularly	 cancers.	Mutations,	 translocations	 and	deletions	 in	
various	core	and	accessory	subunits	of	SW1/SNF	complex	have	been	described	in	
approximately	20%	of	human	malignancies	making	these	complexes	as	one	of	the	
commonly	 affected	 targets	 in	 cancer139,140.	 SW1/SNF	 complexes	more	 commonly	
have	 inactivating/truncating	mutations	 implying	their	role	 in	 tumor	suppression,	
however	 the	exact	mechanisms	by	which	 these	mutations	drive	 tumor	 formation	
are	still	unknown.		
	
ARID1A	(BAF250a)	 is	 the	most	commonly	mutated	subunit	of	SW1/SNF	complex,	
being	mutated	 in	 about	 50%	of	 ovarian	 clear	 cell	 carcinoma	 and	 endometrioisis	
associated	ovarian	carcinoma141,142.	Mutations	of	ARID1A	have	also	been	reported	
at	high	frequency	in	a	variety	of	other	solid	tumors	including	uterine143,	colorectal,	
bladder144,	stomach145,	pancreas146,	neurobalstoma147	and	cholangiocarcinoma148.	
There	 are	no	hotspots	 for	ARID1A	mutations	 as	 these	mutations	 are	 reported	 to	
occur	 throughout	 the	 length	 of	 the	 gene.	 Most	 of	 the	 mutations	 in	 ARID1A	 are	
frameshift	 mutations	 leading	 to	 truncation	 of	 the	 protein	 with	 loss	 of	 function.	
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Missense	mutations	 are	 rare	 and	 the	 exact	 significance	 of	missense	mutations	 is	
not	known.	In	one	of	the	study,	a	point	missense	mutation	was	introduced	in	the	
ARID	 domain	 in	 mice	 and	 shown	 to	 be	 critically	 important	 for	 the	 function	 of	
ARID1A	 gene	 in	 mice	 however	 these	 findings	 were	 not	 replicated	 with	 human	
studies149.		
	
SMARCA4	 (BRG1)	 is	 also	 frequently	 mutated	 in	 human	 malignancies.	 SMARCA4	
mutations	are	commonly	seen	in	small	cell	ovarian	cancers150,	skin	cancers151-153,	
diffuse	large	B	cell	lymphomas	(DLBCL)	and	non-small	cell	lung	cancers154,155.	Most	
of	the	mutations	in	SMARCA4	are	missense	mutations	clustered	around	the	ATPase	
domain	 and	 believed	 to	 function	 as	 dominant	 negative	mutations156-158.	 Biallelic	
inactivation	 of	 SMARCA4	 is	 also	 reported	 at	 high	 frequencies	 in	 certain	 thoracic	
sarcomas159.	 	 Majority	 of	 the	 mutations	 in	 SMARCA4	 are	 heterozygous	 located	
around	the	ATPase	domain	that	are	believed	to	be	functionally	important	domains	
of	 SMARCA4	 as	 shown	 by	 CRISPR	 studies160,161.	 Although	 it	 is	 reported	 that	 the	
commonly	observed	missense	point	mutations	in	SMARCA4	disrupt	or	completely	
abolish	ATPase	activity,	exact	downstream	effect	of	these	mutations	are	yet	to	be	
established.	
	
SMARCA2	(BRM)	mutations	are	much	less	common	in	human	malignancies	but	are	
frequently	 seen	 in	 association	 with	 neurological	 disorders.	 Targeting	 SMARCA2	
gene	 in	 SMARCA4	 mutant	 malignancies	 might	 lead	 to	 neurological	 defects.	
Combined	 loss	of	SMARCA4	 and	SMARCA2	has	also	been	observed	 in	various	cell	
lines	and	some	malignancies;	the	underlying	pathogenesis	of	tumor	formation	and	
survival	with	dual	loss	of	SMARCA4	and	SMARCA2	is	yet	to	be	established.		
	
PBRM1	(BAF180)	mutations	(subunit	of	PBAF	complex)	are	seen	in	approximately	
40%	 of	 renal	 cell	 carcinomas,	 with	 majority	 of	 mutations	 being	 truncating	
mutations162.	 The	 truncating	 mutations	 in	 PBRM1	 are	 likely	 to	 cause	 loss	 of	
function	by	causing	premature	truncation	of	the	protein.		

1.3.4	Mechanisms	of	action	

Several	possible	mechanisms	of	action	have	been	recently	described	for	SW1/SNF	
complex	mutations.	

Remodeling	of	enhancers	
SMARCB1	 mutations	 are	 seen	 in	 >90%	 of	 childhood	malignant	 rhabdoid	 tumors	
(MRT)	and	are	the	defining	feature	of	this	disease.	To	identify	the	role	of	SMARCB1	
mutations	in	MRT,	Roberts	et	al	studied	the	genome	wide	localisation	of	SMARCB1	
wild	 type	 and	 mutant	 in	 rhabdoid	 tumors	 and	 cell	 lines163.	 They	 found	 that	 in	
addition	to	gene	promotors,	a	significant	proportion	of	SW1/SNF	complexes	were	
also	localized	to	enhancers	and	super-enhancers	(clusters	of	active	enhancers)	in	
SMARCB1-wildtype	cells.	 Interestingly,	 in	SMARCB1	mutant	cells	 loss	of	SW1/SNF	
complexes	were	observed	at	promotors	and	enhancers	but	not	at	super-enhancers.	
The	 authors	 suggested	 that	 enhancers	were	 responsible	 for	 gene	 differentiation	
while	 super-enhancer	 maintains	 cell	 division	 and	 cellular	 identity.	 SMARCB1	
mutant	cells	thus	lost	their	ability	to	differentiate	but	maintained	cell	renewal	and	
survival	thus	promoting	tumor	growth.	
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Roberts	 et	 al	 also	 studied	 the	 effect	 of	 ARID1A	 inactivating	mutations	 in	mouse	
models.	Knockdown	of	ARID1A	gene	in	mouse	models	resulted	in	the	formation	of	
colon	carcinomas	resembling	human	colonic	adenocarcinomas.	These	carcinomas	
were	 independent	 of	 adenomatous	 polyposis	 coli	 (APC)	 gene	 that	 is	 frequently	
known	 to	 be	 mutated	 in	 colonic	 adenocarcinomas.	 The	 authors	 observed	 that	
ARID1A	loss	resulted	in	displacement	of	SW1/SNF	complexes	from	enhancers	that	
have	 resulted	 in	 marked	 impairment	 of	 gene	 expression	 and	 transcription.	 The	
complementary	 gene	 ARID1B	maintained	 the	 residual	 tumor	 survival.	ARID1B	 is	
found	to	be	critical	for	tumor	survival	as	depletion	of	ARID1B	in	ARID1A	deficient	
tumors	 resulted	 in	marked	 toxicity	 and	 inability	 to	maintain	 tumor	proliferation	
and	survival164.			
	
These	 two	 studies	 have	 identified	 the	 role	 of	 SW1/SNF	 complexes	 at	 enhancers	
and	super-enhancers.	They	have	also	provided	an	insight	about	why	mutations	in	
specific	SW1/SNF	subunits	are	associated	with	particular	subtypes	of	cancers	and	
confirmed	the	dependency	of	complementarty	subunits	on	each	other164,165.		

Interaction	with	the	Polycomb	Repressive	Complex		
	
A	number	of	studies	have	been	done	to	understand	the	underlying	mechanisms	by	
which	SW1/SNF	complex	aberrations	causes	deregulation	of	gene	expression.	In	a	
study	 in	 Drosophilia	 a	 functional	 antagonism	 was	 noticed	 between	 SW1/SNF	
complex	 and	 polycomb	 repressive	 complex	 1	 and	 2	 (PRC	 complex	 1/2)	 166.	
SW1/SNF	complex	leads	to	transcriptional	silencing	of	PRC	complex.	This	finding	
was	 further	 supported	by	 the	observation	 that	 tumors	with	SW1/SNF	mutations	
respond	 to	 PRC2	 inhibition167.	 However,	 the	 underlying	 mechanism	 by	 which	
SW1/SNF	 complex	 mutations	 leads	 to	 transcriptional	 silencing	 of	 PRC	 complex	
remains	 unidentified.	 To	understand	 them,	 Stanton	 et	 al	 performed	 experiments	
with	 mouse	 and	 deleted	 the	 catalytic	 subunit	 of	 SMARCA4	 in	 mouse	 embryonic	
stem	cells170.	Upon	deletion	of	SMARCA4	 subunit,	 a	 genome	wide	 increase	 in	 the	
localization	 of	 PRC1/2	 was	 noted	 as	 well	 as	 enrichment	 of	 H3K27me3.	 	 The	
polycomb	silencing	effects	were	reversed	upon	re-expressing	the	wild	type	but	not	
mutant	SMARCA4	in	mouse	cells.		
	
To	 further	 study	 the	 relationship	 between	 SWI/SNF	 and	 PRC	 complexes	in	 vivo,	
Kadoch	et	al.	developed	a	novel	system	to	chemically	 induce	 local	recruitment	of	
the	SWI/SNF	complex	in	a	rapid	and	reversible	manner168.	They	found	that	loss	of	
PRC1	 from	 chromatin	 occurred	 within	 minutes	 after	 SWI/SNF	 complex	
recruitment.	This	PRC1	eviction	was	reversible	and	found	to	be	dependent	on	the	
ATPase	 activity.	 They	 have	 also	 shown	 that	 SMARCB1	 inactivation	 resulted	 in	
reduce	ability	of	 SW1/SNF	complexes	 to	oppose	PRC1.	Collectively,	 these	 results	
suggest	 a	 strong	 relationship	 between	 SW1/SNF	 and	 PRC	 complexes	 and	 also	
provided	a	rationale	to	use	PRC1	inhibitors	in	SW1/SNF	mutated	tumors.	

1.3.5	Synthetic	lethal	interactions	between	SW1/SNF	complex	units:	

A	number	of	cancer	therapeutics	target	the	abnormal	molecular	pathways	and	has	
provided	successful	therapeutic	options	for	patients	with	haematological	and	solid	
malignancies.	 It	 is	 easy	 to	 target	 oncoproteins	 however	 restoring	 the	 loss	 of	
function	of	inactivating	tumor	suppressors	has	proven	to	be	more	difficult.	One	of	
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the	 alternatives	 is	 to	 target	 dependencies	 created	 by	 the	 absence	 of	 tumor	
suppressors	and	hence	exploring	synthetic–lethal	genetic	interactions169.	Synthetic	
lethality	 describes	 a	 scenario	 in	 which	 mutations	 in	 either	 of	 two	 (or	 more)	
individual	genes	are	compatible	with	cell	viability,	whereas	simultaneous	mutation	
of	both	genes	results	in	cell	death.		
	
For	 example,	 a	 genetic	 antagonism	 exists	 between	 SMARCB1	 and	 EZH2	 in	
malignant	rhabdoid	tumors	(MRT).		SMARCB1	mutant	MRT	is	dependent	on	EZH2	
activity	for	tumor	maintenance	and	survival.	EZH2	 inhibition	in	SMARCB1	mutant	
tumors	 inhibited	 the	 growth	 of	 MRT	 cell	 lines	 but	 not	 of	 wildtype170.	 These	
findings	 suggest	 that	 a	 synthetic	 lethal	 interaction	 exists	 between	SMARCB1	 and	
EZH2	 that	 can	be	explored	as	potential	 therapeutic	option	 in	patients	with	MRT.	
Future	work	needs	to	be	performed	to	explore	if	other	SW1/SNF	mutated	cancers	
also	respond	to	EZH2	inhibition	and	if	EZH2	inhibitors	can	be	used	for	treatment	of	
SW1/SNF	mutated	malignancies.	
	
Similarly,	 a	 dependency	 on	 SMARCA2	 is	 shown	 in	 certain	 SMARCA4	 deficient	
tumors171,172.	 In	 a	 study	 performed	with	 non-small	 cell	 lung	 carcinoma	 (NSCLC)	
cell	lines	it	was	shown	that	knockdown	of	SMARCA2	led	to	growth	inhibition	of	all	
SMARCA4-deficient	NSCLC	 lines,	 but	 not	wild	 type	 cell	 lines,	 thus	 confirming	 the	
dependency	on	SMARCA2	 in	SMARCA4	 deficient	NSCLC173.	However,	 as	discussed	
earlier	SMARCA2	mutations	are	commonly	seen	to	be	associated	with	neurological	
disorders	and	hence	possibility	of	neurological	defects	with	SMARCA2	knockdown	
therapies	 should	 also	 be	 explored.	 In	 addition,	 certain	 malignancies	 show	
inactivation	 of	 both	 SMARCA4	 and	 SMARCA2	 proteins,	 it	 should	 be	 investigated	
whether	 residual	 SW1/SNF	 activity	 is	 important	 in	 these	 subtypes	 of	 cancers	
and/or	what	additional	subunits	can	help	to	sustain	tumor	growth	in	the	absence	
of	 both	 SMARCA4	 and	 SMARCA2	 subunits.	 A	 similar	 synthetic	 interaction	 and	
dependency	has	been	described	between	ARID1A	and	ARID1B164.		
	
Another	question	 that	need	 to	be	answered	 is	whether	SWI/SNF-mutant	cancers	
depend	 exclusively	 on	 the	 complementary	 subunits	 or	 the	 structural	 integrity	 of	
SW1/SNF	complex	also	plays	a	role	in	maintaining	normal	cellular	function	of	this	
complex.	 Future	 studies	 need	 to	 be	 performed	 to	 determine	 whether	 targeting	
other	 residual	 SWI/SNF	 subunits	 in	 SWI/SNF-mutant	 cancers	 might	 block	
proliferation	 with	 equal	 efficiency.	 The	 synthetic	 lethal	 relationships	 discussed	
above	raise	potential	opportunities	for	targeting	of	residual	SWI/SNF	complexes	as	
a	therapeutic	approach	for	cancers	with	a	SWI/SNF	mutation.	

1.3.6	SW1/SNF	mutations	in	haematological	malignancies		

SW1/SNF	complex	mutations	have	been	described	in	haematological	malignancies	
in	 the	 last	 few	 years	 mainly	 after	 the	 evolution	 and	 widespread	 usage	 of	 next	
generation	 sequencing	 technologies.	 ARID1A	and	SMARCA4	are	 together	 found	 to	
be	mutated	in	32.5%	of	Burkitt	lymphoma	(BL)174	and	less	frequently	in	follicular	
lymphomas	 (FL)175	 and	 diffuse	 large	 B-cell	 lymphomas	 (DLBCL)176.	 It	 was	 also	
reported	 that	 SW1/SNF	 mutations	 along	 with	 mutations	 in	 other	 chromatin	
remodelers	are	more	common	in	germinal-centre	like	B	cell	lymphomas176.	Zhang	
et	al	reported	SMARCA4	mutations	 in	MCL	through	whole	exome	sequencing	of	a	
cohort	 of	 56	 primary	 MCL	 patients31.	 Most	 of	 the	 SW1/SNF	 mutations	 in	
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lymphomas	are	reported	as	an	observation	through	deep	sequencing	studies	and	
their	mechanism	of	action	for	carcinogenesis;	association	with	underlying	disease	
pathogenesis	 or	 association	 with	 response	 to	 different	 therapeutics	 is	 still	
undescribed.	
	
Since	 the	 SW1/SNF	 complex	 is	 known	 to	 be	 mutated	 in	 >20%	 of	 human	
malignancies	 and	 is	 potentially	 targetable;	 future	 studies	 are	 needed	 to	 further	
understand	 the	 mechanisms	 of	 carcinogenesis	 by	 these	 mutations	 and	 the	
potential	 opportunities	 to	 target	 these	 alterations	 utilising	 novel	 therapeutic	
approaches.	 In	 the	 current	 study,	we	have	 for	 the	 first	 time	 explored	 the	 role	 of	
SW1/SNF	complex	mutations	in	MCL	patients	treated	with	the	novel	combination	
of	ibrutinib	and	venetoclax.		
	

1.4	 Circulating	 tumor	 DNA	 for	 disease	 monitoring	 and	 minimal	 residual	 disease	

detection	in	Mantle	cell	lymphoma	

1.4.1	Background		

Higher	levels	of	circulating	nucleic	acids	are	identified	in	cancer	patients	compared	
to	 healthy	 controls	 due	 to	 the	 presence	 of	 circulating	 DNA	 containing	 tumor-
specific	sequences	(ctDNA)	that	harbour	the	somatic	mutations	found	in	a	patient’s	
tumor.	 	 ctDNA	 can	 be	measured	 through	 a	 combination	 of	 genomic	 approaches.	
The	 analysis	 is	 challenging	 and	 requires	 highly	 sensitive	 techniques	 due	 to	 the	
small	 fraction	 of	 tumor	 specific	 DNA	 present	 within	 background	 levels	 of	 total	
genomic	 DNA.	 Next-generation	 sequencing	 technologies	 have	 recently	 shown	
promising	 results	 in	 identifying	 mutations/copy	 number	 aberrations	 in	 ctDNA.	
Together	these	studies	have	opened	up	new	opportunities	to	develop	ctDNA	as	a	
personalized	 biomarker	 and	 capitalize	 on	 the	 use	 of	 ctDNA	 to	 monitor	 disease	
burden	and	tumor	evolution.	
	
In	 one	 of	 the	 first	 studies,	 published	 in	 the	 New	 England	 Journal	 of	 Medicine,	
targeted	 deep	 sequencing	 was	 used	 to	 show	 the	 superiority	 of	 ctDNA	 for	
monitoring	tumor	dynamics	in	women	with	metastatic	breast	cancer177.	This	study	
provided	 a	 paradigm	 for	 molecular	 disease	 monitoring	 in	 solid	 malignancies,	 a	
strategy	that	that	had	not	previously	been	possible.	In	a	further	study,	published	in	
Nature,	the	potential	of	exome	sequencing	of	ctDNA	to	study	mutational	evolution	
in	 patients	 receiving	 treatment	 for	 advanced	 solid	 malignancies	 was	
demonstrated178.	 This	 study	 extended	 the	 paradigm	 of	 personalized	 molecular	
monitoring	by	demonstrating	that	ctDNA	can	provide	a	 ‘liquid	biopsy’	alternative	
to	 tissue	 biopsies	 for	 the	 monitoring	 of	 MRD,	 tumor	 evolution	 and	 therapeutic	
resistance.		There	has	now	been	a	rapid	expansion	in	research	exploring	the	utility	
of	ctDNA	testing	across	a	range	of	malignancies,	including	haematological	cancers.			
	
The	 development	 of	 resistance	 to	 novel	 or	 conventional	 chemotherapies	
significantly	limits	the	efficacy	of	many	cancer	treatments	and	represents	a	major	
problem	faced	in	the	care	of	cancer	patients.	Cancers	either	demonstrate	de-novo	
resistance	 or	 develop	 acquired	 resistance	 to	 cytotoxic	 agents	 through	 diverse	
processes	of	adaptation	and	selection.	Acquired	resistance,	in	part,	develops	due	to	
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a	 continuously	 evolving	 spectrum	 of	 somatic	mutations	within	 the	 tumor	 under	
the	selective	pressure	of	treatment.	There	are	currently	limited	in	vivo	approaches	
available	 to	 study	 the	 evolving	 genetic	 changes	 occurring	within	 a	 tumor	during	
periods	of	systemic	treatment.	Studies	characterizing	the	mutational	landscape	of	
human	 cancers	 including	 MCL	 have	 emphasized	 the	 heterogeneity	 in	 cancer	
genomes	 and	 highlighted	 the	 role	 of	 intra-tumor	 heterogeneity86,179,180.	 This	
heterogeneity	 can	 play	 a	 key	 role	 in	 the	 development	 of	 treatment	 resistance,	
whereby	 the	 selective	 pressure	 of	 treatment	 leads	 to	 the	 expansion	 of	 resistant	
sub-clones180.	 Resistance	 conferring	 mutations,	 if	 present,	 are	 often	 found	 in	 a	
small	 fraction	 of	 the	 initial	 tumor	 cells	 and	 commonly	 expand	 to	 become	 the	
dominant	 clone	 as	 the	 tumor	 evolves	 following	 treatment.	 Sampling	 of	 a	 single	
region	 at	 the	 time	 of	 tumor	 biopsy	 limits	 the	 extent	 to	 which	 the	 complete	
spectrum	 of	 mutations	 within	 a	 tumor	 can	 be	 assessed.	 Furthermore,	 serial	
sampling	 of	 tumor	 material	 through	 repeat	 biopsies	 is	 usually	 not	 feasible,	
hampering	 efforts	 to	 understand	 genomic	 evolution	 during	 disease	 progression	
and	 treatment.	 Cell-free	 DNA	 fragments	 from	 multiple	 lesions	 in	 the	 same	
individual	all	mix	 together	 in	 the	peripheral	blood,	hence	ctDNA	contains	a	wide	
representation	 of	 the	 genomes	 from	 multiple	 disease	 sites.	 For	 this	 reason,	
genome-wide	 analysis	 of	 ctDNA	 has	 the	 potential	 to	 provide	 an	 unprecedented	
insight	into	changes	in	the	genomic	landscape	that	occur	during	the	development	
of	acquired	treatment	resistance.		

1.4.2	Cell	free	DNA	(cfDNA)	and	circulating	tumor	DNA	(ctDNA)	

Cell	 free	 DNA	 (cfDNA)	 was	 initially	 reported	 in	 1948	 by	 Mandel	 and	 Metai.	 In	
healthy	individuals	the	quantity	of	plasma	cfDNA	varies	but	is	generally	very	low	
in	concentration.	The	origins	of	this	cfDNA	appear	to	be	from	all	cells	however,	in	
healthy	 individuals	 it	 is	 mostly	 derived	 for	 haematopoietic	 tissue181.	 Typically,	
cfDNA	 is	 fragmented	at	around	160-180bp,	which	 is	 linked	to	 the	degradation	of	
DNA	by	nucleases	 into	nucleosomal	units182,183.	Longer	sequences	up	to	and	over	
1000bp	 have	 also	 been	 detected	 in	 various	 reports184.	 This	 may	 represent	
variations	in	degradation	or	may	represent	DNA	from	exosomes	within	the	plasma	
compartment184.	 cfDNA	 has	 also	 been	 identified	 from	 other	 bodily	 fluid	 such	 as	
urine,	cerebrospinal	fluid,	pleural	fluid	and	saliva.	Over	the	years,	it	was	noted	that	
plasma	cfDNA	could	originate	from	non-native	sources.	Possibly	the	best	example	
of	this	is	the	discovery	of	fetal	DNA	in	mother’s	plasma,	which	has	been	pioneered	
by	 Lo	 et	 al185-187.	 This	 has	 led	 to	 the	 implementation	 and	 commercialization	 of	
cfDNA	 in	 prenatal	 sex	 determination	 and	 detection	 of	 fetal	 aneuploidy188.	 These	
studies	 have	 shown	 that	 the	 methodologies	 are	 both	 sensitive	 and	 specific	
requiring	small	amounts	of	plasma.	Other	utility	of	external	sources	of	circulating	
DNA	has	 been	demonstrated	 in	 solid	 organ	 transplantation	where	 cfDNA	 can	be	
used	 to	monitor	 for	 tissue	 rejection189.	 cfDNA	has	 also	been	 researched	 in	many	
disease	processes	with	higher	levels	noted	in	autoimmune	diseases,	sepsis,	tissue	
injury	from	burns	and	trauma,	myocardial	injury	and	stroke.	The	conclusion	from	
these	studies	suggests	a	relationship	between	cfDNA	and	conditions	where	 there	
are	 high	 states	 of	 cellular	 injury	 and	 turnover.	 Given	 these	 findings,	 it	 is	 not	
surprising	 that	 there	 would	 be	 a	 utility	 in	 cancer	 patients,	 where	 high	 cell	
proliferation,	 apoptosis	 and	 tissue	 damage	 is	 often	 observed.	 It	 has	 been	
consistently	 shown	 that	 levels	 of	 cfDNA	 can	 increase	 by	 5	 to	 10	 times	 in	 cancer	
patients	 with	malignant	 disease	 compared	 to	 healthy	 controls190.	 Specifically,	 in	
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haematological	malignancies,	higher	cfDNA	 levels	have	been	reported	 in	patients	
with	DLBCL	 (Diffuse	 large	B-cell	 lymphoma),	HL	 (Hodgkin	Lymphoma)	and	AML	
(Acute	Myeloid	Leukaemia)	and	this	has	been	shown	to	infer	poorer	outcomes.	As	
technology	 in	 genomic	 sequencing	 has	 advanced,	 it	 was	 demonstrated	 that	 the	
cfDNA	 increase	 in	 cancer	 patients	 is	 actually	 derived	 from	 the	 tumor	 itself	
suggesting	that	higher	cfDNA	in	these	patients	may	show	a	direct	correlation	with	
tumor	burden.	
	
Circulating	 tumor	 DNA	 Further	 analysis	 uncovered	 that	 in	 cancer	 patients,	
circulating	 DNA	 contains	 tumor	 specific	 sequences	 that	 harbor	 the	 somatic	
genomic	alterations	 found	 in	a	patient’s	 tumor,	hence	 the	 term	circulating	 tumor	
DNA	 (ctDNA)190.	 The	mechanism	 by	 which	 this	 occurs	 is	 that	 ctDNA	 enters	 the	
circulation	 following	 apoptosis	 and/or	 necrosis	 of	 tumor	 cells182.	 ctDNA	 is	more	
fragmented	than	cfDNA	by	approximately	20bp.	It	is	unknown	exactly	why	this	is,	
possibly	due	to	different	nuclease	activity191.	With	a	reported	half-life	of	up	to	2.5	
hours,	ctDNA	has	the	potential	to	provide	a	“real	time”	molecular	assessment192,193.	
As	 mentioned,	 the	 measurement	 of	 absolute	 levels	 of	 cfDNA	 have	 been	
investigated	 for	 various	 applications	 in	 haematological	 malignancies;	 however,	
elevated	levels	of	non-specific	cfDNA	can	also	be	identified	in	healthy	individuals,	
after	 physical	 exercise	 limiting	 its	 potential	 clinical	 utility194,195.	 In	 contrast,	
monitoring	tumor	specific	genetic	aberrations	 in	the	 form	of	ctDNA	has	excellent	
specificity	and	 the	potential	 to	serve	as	a	highly	sensitive	biomarker	 for	patients	
with	 cancer.	 ctDNA	 can	be	detected	 in	 a	 range	of	 different	malignancies	 and	 the	
fraction	of	ctDNA	can	vary	greatly	from	<0.1%	to	>50%.	Whilst	levels	are	higher	in	
patients	 with	 advanced	 cancers,	 recent	 studies	 have	 shown	 that	 ctDNA	 can	 be	
detected	 in	 patients	with	 localized	 disease	 supporting	 the	 broad	 applicability	 of	
ctDNA	 as	 a	 biomarker	 across	 various	 tumor	 types	 and	 in	 different	 stages	 of	
disease196.	

1.4.3	Methodologies	for	circulating	tumor	DNA	analysis	

There	 are	 a	 myriad	 of	 different	 methodologies	 used	 for	 ctDNA	 analysis.	 When	
determining	which	mode	of	analysis,	one	needs	to	take	into	account	the	particular	
use	for	ctDNA	detection	as	each	will	have	different	permutations	in	terms	of	assay	
sensitivity,	 loci	coverage	and	ability	 to	detect	various	molecular	aberrations,	cost	
and	time	to	obtain	a	result.	

Single	locus	assay	
These	 methods	 are	 best	 used	 for	 detection	 of	 specific	 mutations.	 Allele-specific	
polymerase	 chain	 reaction	 (PCR)	 methods	 may	 also	 be	 used	 to	 detect	 specific	
lesions	in	ctDNA197,	but	perhaps	the	most	widely	used	platforms	currently	in	place	
are	 by	 droplet	 digital	 PCR	 (ddPCR)198-202.	 Based	 on	 microfluidic	 platforms,	 they	
provide	absolute	quantitative	analysis	and	are	able	to	achieve	higher	sensitivity	in	
detecting	ctDNA.	ddPCR	is	a	tool	that	is	both	sensitive	and	specific.	Sensitivity	can	
be	 as	 low	 as	 0.01%	 mutant	 allele	 fraction	 however,	 with	 various	 enrichment	
methods,	 it	 can	 be	 improved	 further.	 As	 such,	 it	 is	 the	 ideal	 tool	 to	monitor	 for	
MRD.	 The	 cost	 per	 assay	 is	 relatively	 low	 and	 the	 simple	 workflow	 can	 allow	
results	 to	be	delivered	 in	a	 time	effective	manner.	 Input	DNA	required	can	range	
from	10pg	and	350ng203.	Further	improvements	to	sensitivity	have	been	achieved	
by	various	enrichment	methods204-206.	The	main	 limitations	are	 that	 the	utility	 is	
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generally	 restricted	 to	 single	 genomic	 lesions	 such	 as	 point	 mutations	 or	 small	
indels.	Whilst	some	ddPCR	platforms	may	accommodate	for	more	than	1	assay	per	
analysis207,	clinical	utility	is	best	suited	for	detection	of	selected	mutations,	either	
previously	identified	mutations	within	a	patient’s	tumor	or	known	resistance	hot-
spot	mutations.	

Gene	panel	analysis	
When	 multiple	 genetic	 loci	 are	 required	 to	 be	 screened,	 next	 generation	
sequencing	 can	 allow	 massive	 parallel	 sequencing	 of	 ctDNA178,208,209.	 These	 can	
involve	amplicon-based	techniques	such	as	targeted	amplicon	deep	sequencing	of	
PCR	products209	or	hybrid	capture	methods210.	Depending	on	the	genes	of	interest,	
amplicon	 based	 sequencing	 can	 cover	 up	 to	 a	 hundred	 genes	 with	 high	
sensitivity211.	 Multiplexing	multiple	 amplicons	 can	 allow	 for	 greater	 numbers	 of	
genomic	regions	to	be	analyzed	simultaneously,	however,	this	is	usually	at	the	cost	
of	 sensitivity,	 preferential	 amplification	 and	 primer	 dimer	 formation.	 Many	
commercial	 panels	 are	 currently	 available	 with	 varying	 purposes.	 This	 includes	
disease	focused	panels,	hotspot	and	actionable	mutation	panels	or	comprehensive	
panels211,212.	Hybrid	capture	approaches	are	able	to	cover	larger	genomic	regions	
from	 hundreds	 of	 genes	 to	 whole	 exomes213.	 They	 have	 an	 added	 advantage	 of	
being	able	to	detect	indels,	translocations	and	chromosome	changes214.	Given	their	
boarder	 genomic	 coverage,	 these	 methodologies	 are	 better	 suited	 to	 molecular	
profiling	 although	 there	 is	 a	 potential	 to	 use	 these	 methods	 for	 mutant	 burden	
tracking	of	multiple	clones	simultaneously209,214.	Emergence	of	new	mutations	can	
also	be	detected	in	the	context	of	disease	progression	and	clonal	evolution.		
	
Targeted	next	generation	sequencing	is	becoming	increasingly	available	and	whilst	
costlier	than	single	allele	approaches,	represents	a	cost-effective	way	to	screen	for	
multiple	 genomic	 lesions.	 However,	 standardization	 in	 methodologies	 and	 data	
interpretation	 is	 an	 issue	 with	 no	 real	 “gold	 standard”	 at	 this	 stage.	 Time	 for	
sequencing	can	be	at	best	up	to	a	week	or	two	owing	to	library	preparation,	quality	
control	 and	 sequencing	 time.	 Furthermore,	 unlike	 allele-based	 assays,	
bioinformatics	analysis	is	often	required	to	filter	for	mutations,	which	adds	to	the	
time	 and	 cost	 to	 obtain	 a	 result.	 Especially	 with	 targeted	 amplicon	 sequencing,	
quantification	of	mutant	burden	is	also	semi-quantitative	due	to	PCR	amplification.	
As	such,	given	each	individual	panel	will	have	a	unique	set	of	sequencing	artifacts;	
they	 should	 be	 correlated	 with	 orthogonal	 methods	 to	 determine	 its	 ability	 for	
reliable	mutant	quantification.	Whilst	generally	not	as	sensitive	as	ddPCR,	methods	
such	 as	 molecular	 barcoding	 can	 reduce	 sequencing	 artifacts	 and	 can	 allow	 for	
deeper	and	more	accurate	mutant	identification215,216.	

Whole	exome	and	genome	wide	analysis	
Whole	exome	sequencing	 (WES)	and	whole	genome	sequencing	 (WGS)	 in	 ctDNA	
has	largely	been	used	in	the	research	setting	as	it	still	poses	a	significant	cost	and	
the	downstream	bioinformatics	 increases	 in	complexity.	Both	are	comprehensive	
in	 their	ability	 to	capture	genomic	changes	however	sensitivity	 is	much	 lower	 to	
that	of	gene	panel	testing	or	single	locus	assays.	Low	coverage	WGS	has	been	used	
as	a	way	to	detect	cancer	specific	copy	number	gains	and	losses217.	This	 involves	
comparing	sequencing	reads	over	all	genomic	regions	with	a	control218.	Due	to	the	
shallow	 coverage,	 sensitivity	 of	 detection	 is	 usually	 about	 10%	 and	 therefore	
would	have	limited	utility	in	MRD	detection.	
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1.4.4	Technical	and	practical	challenges	in	ctDNA	analysis	

The	analysis	of	ctDNA	is	challenging	and	requires	highly	sensitive	techniques	due	
to	 the	 small	 fraction	 of	 tumor	 specific	 DNA	 present	within	 background	 levels	 of	
normal	cfDNA.	Despite	its	great	potential,	there	is	still	a	great	deal	to	understand	
about	 ctDNA	 biology	 and	 its	 best	 use	 clinically.	 Even	 if	 deemed	 clinically	
applicable,	 implementation	 of	 ctDNA	 as	 a	 routine	 diagnostic	 tool	 requires	
infrastructure,	personnel	and	ongoing	quality	control	to	keep	up	with	the	clinical	
need	and	the	potential	impact	a	result	can	have	on	clinical	care.	Only	recently	has	
there	 been	 Food	 and	Drug	Administration	 (FDA)	 approval	 for	 ctDNA	 analysis	 in	
lung	cancer	with	EGFR	testing219.	It	is	important	to	realize	that	many	of	the	studies	
in	 ctDNA	 in	 haematological	 malignancies	 are	 “proof-of-concept”	 studies.	 Thus,	
further	 validation	 of	 its	 utility	 is	 warranted	 giving	 the	 promising	 potential	
applications.	 Pre-analytical,	 analytical	 and	 post-analytical	 factors	 are	 discussed	
below	 and	 should	 be	 considered	 to	 ensure	 reliable	 data	 and	 conclusions	 can	 be	
made	on	the	true	utility	of	ctDNA	in	haematological	malignancies.	
	
1)	Plasma	 versus	 serum	 Some	 studies	have	 attempted	 to	use	 serum	 instead	of	
plasma	 to	 assess	 ctDNA.	 Although,	 the	 absolute	 amount	 of	 ctDNA	 appears	 to	 be	
similar,	 plasma	 is	 shown	 to	 contain	 a	 higher	 fraction	 of	 ctDNA	 than	 serum,	
facilitating	mutation	detection	and	noninvasive	genotyping.	When	possible,	blood	
samples	 used	 for	 cancer	 detection	 should	 be	 obtained	 and	 stored	 as	 plasma	 to	
optimize	ctDNA	recovery.220	
	
2)	Blood	collection	and	plasma	separation	Blood	should	ideally	be	collected	in	
ethylene-diamine-tetraacetic	acid	(EDTA)	tubes.	Heparinised	tubes	can	lead	to	PCR	
inhibition.	There	is	no	best	time	of	day	for	collection	of	plasma,	although	there	may	
be	 some	diurnal	 variation	 in	 cfDNA	 levels221.	 The	 amount	 of	 blood	 required	will	
depend	 on	 the	 type	 of	 analysis	 required	 and	 expected	 concentration	 of	 ctDNA.	
Approximately	55	percent	of	blood	volume	is	plasma	and	it	is	important	to	realize	
the	 approximate	 input	DNA	 required	 as	 not	 to	 over	 or	 under	 collect.	 Separating	
plasma	 from	 blood	 is	 typically	 performed	 using	 double	 centrifugation	 within	 a	
centrifuge	that	allows	for	slow	deceleration.	The	main	objective	is	to	minimize	the	
ex-vivo	effect	where	non-mutant	cfDNA	from	blood	cells	leak	into	the	plasma222-224.	
This	can	increase	the	background	cfDNA	and	thus	decrease	sensitivity	in	detecting	
ctDNA.	 For	 this	 reason,	 it	 is	 also	 imperative	 that	 once	 collected,	 the	 first	 spin	 of	
blood	is	performed	as	soon	as	possible,	preferably	within	1	to	2	hours.	As	this	may	
be	 logistically	 challenging,	 various	 collection	 tubes	 have	 added	 formaldehyde	 or	
other	cell	stabilisation	solutions	and	have	successfully	retained	cfDNA	levels	for	up	
to	14	days	post	collection225-227.		
	
3)	Plasma	storage	and	DNA	extraction	Once	collected,	typical	storage	should	be	
at	 -80oC	 until	 DNA	 extraction.	 Currently	 there	 are	 many	 commercial	 kits	 that	
extract	 DNA	 from	 plasma	 via	 different	methods228.	 It	 is	 important	 to	 appreciate	
that	 these	 methods	 may	 recover	 different	 fragment	 sizes229,230.	 The	 most	
commonly	used	is	affinity	column	methods228,	however	other	methodologies	such	
as	magnetic	 beads	 based	 protocols	 can	 be	 used.	 This	 can	 be	 a	 laborious	manual	
process	however	recently	instrumentation	has	been	used	to	automate	nucleic	acid	
extraction	 processes.	 Platforms	 such	 as	 the	 NucliSenS®	 EasyMAG®	 automated	
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platform	 or	 QIAsymphony®	 can	 provide	 the	 ability	 to	 extract	 large	 numbers	 of	
samples	simultaneously.	
	
4)	Sequencing	methodology	Patients	with	higher	tumor	burden	are	more	likely	
to	have	detectable	ctDNA.	Therefore,	in	early	stage	disease,	more	sensitive	analysis	
techniques	are	usually	required	due	 to	 the	small	 fraction	of	detectable	ctDNA.	 In	
patients	 with	 advanced	 malignancies,	 varied	 methodological	 techniques	 can	 be	
successfully	employed	due	to	the	higher	ctDNA	fraction,	which	can	allow	for	more	
extensive	genomic	analysis.	
	
5)	Library	preparation	In	targeted	sequencing,	commercial	targeted	panels	used	
in	analyzing	genomic	DNA	from	tumor	often	do	not	have	the	capability	to	generate	
libraries	 from	 plasma	 DNA	 that	 is	 more	 fragmented.	 Custom	 panels	 may	 be	
required	 with	 primers	 that	 will	 amplify	 shorter	 ctDNA	 fragments.	 Furthermore,	
input	 DNA	 for	 each	 reaction	 may	 be	 limited	 and	 therefore	 pre-amplification	
protocols	can	be	used	to	enrich	plasma	DNA	over	regions	of	interest	to	maximize	
yield	of	amplified	product	for	analysis209.	
	
6)	 Bioinformatics	 analysis	 The	 large	 amount	 of	 data	 generated	 by	 massive	
parallel	 sequencing	 of	 plasma	 DNA	 highlights	 the	 increased	 demand	 for	
bioinformatics	analysis.	Various	pipelines	for	targeted	amplicon	and	capture-based	
analysis	have	been	successfully	used	to	analyze	ctDNA231,232.	Given	the	fragmented	
nature	of	ctDNA,	upstream	considerations	such	as	adapter	contamination	and	GC	
bias	 may	 contribute	 to	 poor	 or	 preferential	 mapping	 of	 reads233.	 As	 such,	
considerations	for	thresholds	and	algorithms	for	variant	calling	may	be	required	to	
be	 altered	 to	 specifically	 fit	 ctDNA	 analysis	 and	 in	many	 cases	 a	 combination	 of	
various	 programs	 are	 used	 to	 filter	 out	 true	 mutations	 from	 artifact.	 Machine	
learning	approaches	have	been	used	to	identify	the	temporal	nature	of	mutations	
to	 give	 added	 confidence	 in	 variant	 calling234.	 Furthermore,	 using	 unique	
molecular	 identifiers,	algorithms	can	be	used	 to	suppress	 the	error	generated	by	
PCR	artifact.	 In	addition,	given	the	presence	of	both	tumor	and	wild-type	DNA	in	
plasma,	 factoring	 in	 tumor	 purity	 and	 ploidy	 is	 an	 important	 consideration	
especially	when	determining	mutant	allele	fraction235.	
	
7)	 Clinical	 interpretation	 of	 results	 Positive	 or	 negative	 ctDNA	 results	 (i.e.	 a	
variant	 detected	 in	 plasma),	 whilst	 sometimes	 straightforward	 require	 careful	
clinic-pathological	correlation.	False	positive	ctDNA	results	may	occur	because	of	
sequencing	errors.	Furthermore,	not	all	variants	are	necessarily	derived	from	the	
primary	 tumor.	Recently,	 it	has	been	shown	 that	 certain	mutations	 (eg	DNMT3A,	
TET2,	ASXL1)	can	be	present	in	healthy	individuals	at	low	levels-	termed	as	clonal	
haematopoeisis	 of	 indeterminate	 potential	 (CHIP)	 and	 these	 mutations	 are	 not	
necessarily	 disease	 drivers236-238.	 CHIP	 is	 becoming	 an	 increasingly	 important	
phenomenon	 as	 it	 has	 been	 shown	 to	 be	 associated	 with	 the	 development	 of	
various	malignancies	and	cardiovascular	complications.	CHIP	associated	mutations	
can	be	detected	 in	ctDNA	even	 in	healthy	 individuals,	hence	 it	 is	 important	 to	be	
aware	 of	 these	 clonal	 changes	 and	 differentiate	 them	 from	 disease	 driving	
mutations.	
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Attempts	at	analyzing	methylation	patterns	provide	some	insight	into	the	tissue	of	
origin;	however,	 they	 still	 need	definitive	histological	 confirmation,	 as	mutations	
could	 represent	 a	 different	 malignant	 or	 non-malignant	 disease	 process239.	
Similarly,	 negative	 results	 (i.e	 no	 ctDNA	 in	 plasma)	 may	 also	 occur	 in	 settings	
where	only	one	genomic	 locus	 is	 interrogated.	Additionally,	 “secretion”	of	 tumor	
DNA	may	be	disease	or	compartment	related.	Strong	expertise	and	well	developed	
bioinformatics	 pipelines	 with	 clinico-pathological	 correlation	 is	 mandatory	 for	
interpreting	ctDNA	results.	

1.4.5	Utility	of	ctDNA	in	lymphomas	

Diffuse	 Large	 B-cell	 Lymphomas	 (DLBCL)	 Amongst	 lymphomas;	 the	 utility	 of	
ctDNA	has	been	most	studied	in	DLBCL,	an	aggressive	and	most	common	subtype	
of	 non-Hodgkin	 lymphoma240.	 DLBCL	 is	 a	 heterogeneous	 disease	 both	 clinically	
and	 molecularly	 and	 therefore	 ctDNA	 appears	 to	 have	 promising	 utility	 as	 a	
biomarker.	 As	 a	 diagnostic	 tool	 prior	 to	 therapy,	 multiple	 groups	 have	
demonstrated	 that	 ctDNA	 levels	 corresponded	 with	 volumetric	 tumor	 burden.	
These	 have	 been	 done	 by	 identifying	 various	 molecular	 targets	 in	 ctDNA	 that	
demonstrate	 clonality	 and/or	 reflect	 the	 underlying	 tumor	 genotype.	 One	 such	
method	is	the	use	of	next	generation	sequencing	(NGS)	to	detect	clonal	rearranged	
IgH	sequences,	which	occur	in	early	B-Cell	development	and	are	a	hallmark	of	B-
lymphoid	malignancies.	Roschewski	et	al.	and	Kurtz	et	al.	have	used	NGS	to	detect	
clonal	VDJ	gene	sequences	in	ctDNA	in	DLBCL	patients	prior	to	therapy	and	have	
shown	high	detection	rates	at	diagnosis241,242.	Levels	also	correlated	with	poorer	
outcomes	 and	 measures	 of	 tumor	 burden,	 such	 as	 LDH,	 IPI	 and	 radiological	
assessment.	Detection	 of	 IgH	 gene	 rearrangements	 in	 plasma	 is	 a	 highly	 specific	
means	to	monitor	disease.	However,	 the	shortfalls	of	 this	method	include	 limited	
sensitivity	 in	 the	 setting	of	 low	 tumor	burden,	 and	 that	 it	 does	not	highlight	 the	
molecular	 complexity	 that	 exists	 within	 a	 tumor.	 Another	 approach	 to	 ctDNA	
analysis	has	been	to	capture	the	mutational	landscape	of	DLBCL	through	capture-
based	 sequencing243.	 In	 a	 recent	 study	 by	 Scherer	 et	 al;	 ctDNA	 was	 helpful	 in	
identifying	the	baseline	mutational	landscape	in	DLBCL;	additional	mutations	were	
also	 detected	 in	 ctDNA	 that	were	 not	 present	 in	 the	 tissue	 biopsy.	 This	 is	 likely	
representative	of	ctDNAs	ability	to	capture	molecular	heterogeneity	from	different	
disease	clones243.		Kurtz	et	al	showed	the	utility	of	ctDNA	for	MRD	monitoring	in	a	
cohort	of	217	DLBCL	patients	and	concluded	that	pretreatment	ctDNA	levels	and	
molecular	 responses	 are	 independently	 prognostic	 of	 outcomes	 in	 aggressive	
lymphomas	 and	 could	 potentially	 guide	 future	 personalized	 risk-directed	
approaches244.	
	
Hodgkin	Lymphoma	(HL)	Obtaining	genomic	information	in	HL	is	often	difficult	
due	to	the	scarcity	of	tumor	cells	in	bulk	tissue.	Apart	from	EBV	DNA,	studies	have	
therefore	initially	focused	on	cfDNA	by	assessing	levels	of	POL2	gene	or	B-globulin	
gene245,246.	 These	 data	 have	 demonstrated	 that	 higher	 cfDNA	 levels	 were	
associated	with	disease	and	that	levels	reduced	upon	successful	treatment.	Camus	
et	 al.	 used	 digital	 PCR	 and	 showed	 detectable	 XPO1	 mutations	 in	 ctDNA	 was	
associated	 with	 shorter	 progression	 free	 survival247.	 More	 recently,	 Spina	 et	 al.	
used	capture	based	sequencing	to	use	ctDNA	to	genotype	HL	patients	uncovering	
mutations,	 which	 involved	 pathways	 of	 NF-KB,	 PI3K-AKT,	 cytokine	 and	 NOTCH	
signaling	 at	 baseline248.	 Furthermore,	 they	 were	 able	 to	 identify	 prognostic	
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subtypes	and	detect	early	relapse	as	well	as	demonstrate	clonal	evolution	within	
ctDNA.	
 
Follicular	 lymphoma	 (FL)	 Follicular	 lymphoma	 is	 one	 of	 the	 most	 common	
indolent	 lymphomas	and	molecularly	 is	 characterized	by	a	 translocation	of	BCL2	
and	IgH	(t	(14;	18)).	Traditionally	this	has	been	detected	by	cytogenetic	and	FISH	
analysis.	Sarkozy	et	al.	demonstrated	that	ctDNA	was	detectable	in	83%	of	patients	
with	FL	and	higher	 levels	were	associated	with	poorer	outcomes249.	FL	 is	 largely	
incurable	 and	 recurrences	 often	 occur	 as	 well	 as	 transformation	 to	 a	 more	
aggressive	lymphoma	such	as	DLBCL.	Scherer	et	al.	showed	that	ctDNA	was	able	to	
distinguish	between	relapsed	FL	and	 transformed	FL243.	Furthermore,	 they	were	
able	to	identify	different	genomic	signatures	in	ctDNA	 that	allowed	for	distinction	
between	transformed	FL	and	de-novo	DLBCL.	Identifying	transformation	in	ctDNA	
has	 clinical	 importance	 as	 prognosis	 and	 therapeutic	 approaches	 will	 differ	
between	transformed	and	non-transformed	FL.	
	
Chronic	 Lymphocytic	 Leukaemia	 (CLL)	Yeh	at	al	showed	that	 ctDNA	is	readily	
detectable	 in	 patients	 with	 CLL250.	 They	 also	 demonstrated	 the	 importance	 of	
ctDNA	 in	 reflecting	 disease	 burden	 across	 different	 compartments	 following	
therapies	 with	 novel	 targeted	 agents.	 Serial	 ctDNA	 analysis	 in	 their	 cohort	 also	
allowed	identification	of	disease	transformation	to	aggressive	phenotype-	Richter’s	
transformation	 well	 before	 detection	 of	 the	 disease	 progression	 by	 clinical	 and	
radiological	methods.	 
	
T-cell	 lymphomas	 TCR	 gene	 rearrangements	 in	 plasma	 have	 helped	 in	
demonstrating	 clonality	 and	 these	 have	 been	 detected	 in	 patients	 with	 T-Cell	
lymphomas.	 Although	 this	 poses	 a	 novel	 opportunity	 for	 a	 biomarker	 in	 T-Cell	
malignancies,	clonal	TCR	rearrangements	are	not	specific	as	these	can	also	be	seen	
in	non-malignant	states	and	this	limits	the	utility	of	using	clonal	rearrangements	as	
markers	for	disease	monitoring	in	T	cell	lymphomas.	251.	In	angioimmunoblastic	T-
cell	 lymphoma	 (AITL),	 various	mutations	 are	 highly	 specific	 for	 disease,	 namely	
RHOA,	 TET2,	 DNMT3A	 and	 IDH2	 mutations.	 A	 recent	 study	 identified	 these	
recurrent	mutations	in	both	tumor	and	plasma	samples	of	AITL	patients,	showing	
an	 83%	 concordance	 in	mutation	 detection	 and	 clonal	 dynamics	 can	 be	 tracked	
using	ctDNA	in	AITL252.	
	

1.5	ctDNA	in	the	AIM	clinical	trial	

Studies	of	ctDNA	in	 lymphomas	have	thus	 far	shown	feasibility	and	promise	as	a	
minimally	 invasive	 molecular	 biomarker.	 However,	 because	 of	 different	 disease	
biology	and	therapeutics,	the	utility	of	ctDNA	needs	to	be	explored	in	each	disease	
context	 to	maximize	 its	 value	 and	 establish	 routine	 use	 in	 clinical	 practice.	 The	
utility	of	 ctDNA	 in	MCL	has	not	yet	been	described	and	 the	 research	 reported	 in	
this	 thesis	 focused	 on	 understanding	 the	 utility	 of	 ctDNA	 in	 MCL	 patients	
undergoing	 treatment	with	 the	 ibrutinib	and	venetoclax	combination.	The	aim	of	
the	current	study	was	to	establish	the	role	of	ctDNA	as	a	novel	biomarker	for	MRD	
monitoring	in	MCL	and	as	a	tool	for	studying	treatment	resistance,	to	shed	light	on	
potential	new	drug	targets	and	therapeutic	combinations	for	this	disease.	
	



	 40	

CHAPTER	2	-	Materials	and	methods	

2.1	General	materials	

Stock	solution	and	media	were	prepared	as	shown	in	Table	2	
	
Stock	solutions	

Name	 Composition	
PBS	 150	mM	NaCl,	2.5	mM	KCl,	10	mM	Na2HPO4,	2	mM	

K2HPO4	
RBC	lysis	buffer	 1	litre	Sterile	MilliQ	water,	8.02	grams	NH4Cl,	

1.0	grams	KHCO3,	1ml	EDTA	(100	mM	pH	7.5)	
Freezing	solution	 90%	(45ml)	Fetal	Bovine	Serum	(FBS),	10%	DMSO	(5ml)	
FACS	buffer	 150	mM	NaCl,	2.5	mM	KCl,	10	mM	Na2HPO4,	2	mM	K2HPO4,	

5%	[v/v]	FBS,	5	mM	EDTA	
LB	 5	g	NaCl,	5	g	yeast	extract,	10	g	bacto-tryptone	

Resazurin	solution	 150	mg	resazurin,	25	mg	methylene	blue,	1	M	potassium	
hexacyanoferrate	(III)	and	1	M	potassium	hexacyanoferrate	(II)	

trihydrate	
SOC	 20	g	bacto-tryptone,	5	g	bacto-yeast,	0.58	g	NaCl,	0.19	g	KCl,	10	

mM	MgCl2,	10	mM	MgSO4	and	0.4%	[w/v]	glucose	
TBE	 90	mM	Tris-borate,	2	mM	EDTA	pH	6.5	
TBS	 150	mM	NaCl,	20	mM	Tris-Hcl	pH	7.6	

Cell	Staining	media	
for	Mass	Cytometry	

PBS	with	0.5%	BSA	and	0.02%	sodium	azide	

	
	
Media	and	additives	

Item	 Manufacturer	 Product	number	
Fetal	Bovine	Serum	 Sigma	Aldrich	 12003C	
Dimethyl	Sulfoxide	 Calibiochem	 317275	

Ficoll-Paque	 Sigma	Aldrich	 17-1440-03	
Ethanol	absolute	 Merk	 1070172511	

Ampicillin	 	 	
Opti-MEM®	 Thermo	Fisher	Scientific	 31985	
RPMI-1640	 Thermo	Fisher	Scientific	 11875	
DMEM	 	 	

	
Table	2.	Stock	solutions,	media	and	additives	
	
	

2.2	Patient	and	Sample	Collections	

We	 carried	 out	 a	 prospective	 analysis	 of	 tumor	 tissue	 and	whole	 blood	 samples	
collected	 from	patients	recruited	to	 the	AIM	study	(NCT02471391).	 	This	was	an	
investigator-initiated,	open-label,	single-arm	phase	II	clinical	trial,	approved	by	the	
Peter	MacCallum	Cancer	Centre	research	ethics	committee.	 	Eligible	patients	had	
relapsed/refractory	 MCL,	 or,	 if	 previously	 untreated,	 were	 unsuitable	 for	 DNA-
damaging	chemotherapy.	A	total	of	24	participants	were	recruited	and	all	provided	
written	 informed	 consent.	 Serial	 computed	 tomography	 (CT)	 and/or	 18F-
fluorodeoxyglucose	 positron	 emission	 tomography	 (FDG-PET),	 bone	 marrow	
biopsies	(BM),	and	whole	blood	samples	were	collected	from	all	enrolled	patients	
at	baseline,	weeks	4,	16,	28,	40,	56	and	at	the	time	of	disease	progression.	Fresh	or	
archival	 tumor	 tissue	 was	 available	 in	 all	 cases	 at	 baseline	 prior	 to	 treatment	
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(n=24),	 and	 additional	 tumor	 biopsies	 were	 also	 performed	 where	 possible	 at	
disease	progression	in	patients	with	acquired	resistance	(n=2;	lymph	node	biopsy	
in	patient	07	and	pleural	biopsy	in	patient	01).	Saliva	samples	were	also	collected	
from	all	patients	at	the	time	of	diagnosis	to	provide	matched	controls	for	tumour	
analysis.	

2.3	Patient	sample	processing	

Timely	 and	 correct	 sample	 processing	 procedures	 are	 pivotal	 to	 ensure	 that	
components	are	separated	for	subsequent	DNA	extraction.	The	workflow	used	for	
sample	processing	is	outlined	in	Figure	3.	All	samples	were	collected	with	patient	
consent	 under	 a	 human	 research	 ethics	 committee	 approved	 study	 protocol-	
14/148.	
 
 
 
 
 
 

 
Figure	3:	Workflow	for	sample	processing	
 

2.3.1	Blood	and	bone	marrow	processing	
Plasma	collection	
1.	Collect	in	EDTA	tubes	
2.	Spin	PB	–	1600g	10	mins	(BRAKE	OFF,	Deceleration	to	1)	
Aim	to	spin	within	1	hour	after	collection	
3.	Collect	plasma	in	1ml	aliquots	into	sterile	eppendorf	tubes	
4.	Spin	14,000	rpm	for	10	mins	
5.	Move	plasma	to	2ml	screw	cap	tubes,	avoiding	pellet	
Peripheral	blood	and	Bone	Marrow	(Ficolle	separation)	
6.	Tip	blood	 into	50ml	 falcon	 (can	 combine	 if	 there	 are	multiple	blood	 tubes)	 to	
measure	amount	of	blood.	Avoid	beads	at	base	
7.	Into	a	new	50ml	falcon	–	add	at	least	equal	volume	of	Ficolle	(as	blood)	
8.	 Gently	 add	 blood	 on	 top	 of	 Ficolle	 using	 pasture	 pipette.	 (Can	 also	 do	 with	
pipette)	Avoid	clots.	
*Peripheral	blood	–	once	Plasma	is	taken	can	be	very	dense	–	dilute	1:2	with	PBS*	
9.	SPIN	–	1800	rpm	20	mins	RT	(Brake	off)	and	separate	layers	as	follows:	
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-	Plasma/platelet	layer	WASTE	
-	Mononuclear	layer	(MNL)	Transfer	to	new	50ml	tube	
-	Ficolle	WASTE	
-	Neutrophils	Transfer	to	new	tube	
-	RBCs	WASTE	
*Can	combine	layers	from	PB	or	BM	if	necessary	
10.	Wash	with	PBS	
Top	up	cells	in	falcon	with	PBS	
11.	Spin	1800rpm	for	5	mins	
	
Red	blood	cell	lysis	
12.	Neutrophils	–	Fill	tube	with	RBC	lysis	buffer	up	to	20ml	
MNL	–	Equal	volume	of	RBC	lysis	buffer	
13.	Invert	5	times	
14.	Ice	2-3	minutes	
15.	Spin	1800rpm	5	mins	at	10	degrees	
16.	WASH	with	PBS	–	fill	up	to	40ml.	Spin	1800rpm	5	mins	
Perform	another	RBC	lysis	if	necessary	
Peripheral	blood	cell	count 
17.	MNL	Re-suspended	in	PBS	(ensure	mixed	well)	
Take	10μl	to	count	cells	
Filter	Bone	marrow	samples	(if	necessary	–	will	contain	debris/bone)	
18.	Move	through	70um	filter	into	new	50ml	falcon	
19.	Spin	1800rpm	5	mins	
	
Storage	
Mononuclear	layer	
20.	Count	and	store	down	5	x106	per	ml/vial	 in	10%	DMSO	+	FCS	(in	2ml	screw	
top)	
21.	Transfer	to	Thermo	Scientific	Mr.	Frosty™	Freezing	Container	
	
Neutrophils	
22.	Following	PBS	wash,	remove	supernatant	and	resuspend	in	1ml	PBS	
Move	to	2ml	eppendorf	tube.	
23.	Spin	1400	rpm	4	mins	
24.	Remove	supernatant	–	snap	freeze	
	

2.3.2	Saliva	sample	processing	
Patient	 saliva	 was	 collected	 with	 an	 Oragene	 DNA	 collection	 kit	 (DNA	 Genotek,	
Catalogue	 number:	 OG-500)	 and	 collected	 according	 to	 manufacturer’s	
instructions.	
	

2.3.3	Tissue	biopsy	processing	
Core	 or	 open	 tissue	 biopsies	 were	 collected	 and	 placed	 into10%	 DMSO	 +	 FCS.	
Samples	 were	 then	 transferred	 to	 a	 Thermo	 Scientific™	 Mr.	 Frosty™	 Freezing	
Container	and	placed	in	an	-800C	freezer.	
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2.4	DNA	extraction	

DNA	 extraction	was	 performed	 using	 various	 commercial	 kits	 depending	 on	 the	
type	of	sample	to	be	extracted.	All	DNA	was	stored	at	-20oC	after	extraction	until	
required	 for	DNA	 analysis.	 The	workflow	used	 for	DNA	 extraction	 is	 outlined	 in	
Figure	4.	
	
	

 
Figure	4:	Workflow	for	DNA	extraction	

2.4.1	DNA	extraction	from	plasma	
	
DNA	extraction	from	plasma	was	extracted	from	2	ml	aliquots	of	plasma	using	the	
QIAamp	Circulating	Nucleic	Acid	Kit	 (Qiagen,	55114)-	Protocol	taken	from	Qiagen	
online	manual	for	DNA	extraction	from	plasma.		
Serum	or	Plasma	
1.	Pipet	200μl	QIAGEN	Proteinase	K	into	a	50	ml	centrifuge	tube.	
2.	Add	2	ml	of	serum	or	plasma	to	the	50	ml	tube.	
3.	Add	1.6	ml	Buffer	ACL	(containing	1.0	μg	carrier	RNA).	
Close	the	cap	and	mix	by	pulse-vortexing	for	30s.	Make	sure	that	a	visible	vortex	
forms	in	the	tube.	In	order	to	ensure	efficient	 lysis,	 it	 is	essential	that	the	sample	
and	 Buffer	 ACL	 are	 mixed	 thoroughly	 to	 yield	 a	 homogeneous	 solution.	 Do	 not	
interrupt	 the	 procedure	 at	 this	 time.	 Proceed	 immediately	 to	 step	 4	 to	 start	 the	
lysis	incubation.	
4.	Incubate	at	60°C	for	30	min.	
5.	Place	the	tube	back	on	the	lab	bench	and	unscrew	the	cap.	
6.	Add	3.6	ml	Buffer	ACB	to	the	lysate	in	the	tube.	Close	the	cap	and	mix	thoroughly	
by	pulse-vortexing	for	15–30	s.	
7.	Incubate	the	lysate–Buffer	ACB	mixture	in	the	tube	for	5	min	on	ice.	
8.	 Insert	 the	QIAamp	Mini	 column	 into	 the	VacConnector	on	 the	QIAvac	24	Plus.	
Insert	a	20	ml	 tube	extender	 into	the	open	QIAamp	Mini	column.	Make	sure	that	
the	tube	extender	is	firmly	inserted	into	the	QIAamp	Mini	column	in	order	to	avoid	
leakage	of	sample.	Keep	the	collection	tube	for	the	dry	spin	in	step	13.	
9.	Carefully	apply	the	lysate–Buffer	ACB	mixture	from	step	7	into	the	tube	extender	
of	 the	QIAamp	Mini	 column.	 Switch	on	 the	vacuum	pump.	When	all	 lysates	have	
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been	 drawn	 through	 the	 columns	 completely,	 switch	 off	 the	 vacuum	 pump	 and	
release	the	pressure	to	0	mbar.	Carefully	remove	and	discard	the	tube	extender.	
10.	 Apply	 600μl	 Buffer	 ACW1	 to	 the	 QIAamp	Mini	 column.	 Leave	 the	 lid	 of	 the	
column	open,	and	switch	on	the	vacuum	pump.	After	all	of	Buffer	ACW1	has	been	
drawn	through	the	QIAamp	Mini	column,	switch	off	the	vacuum	pump	and	release	
the	pressure	to	0	mbar.	
11.	 Apply	 750μl	 Buffer	 ACW2	 to	 the	 QIAamp	Mini	 column.	 Leave	 the	 lid	 of	 the	
column	open,	and	switch	on	the	vacuum	pump.	After	all	of	Buffer	ACW2	has	been	
drawn	through	the	QIAamp	Mini	column,	switch	off	the	vacuum	pump	and	release	
the	pressure	to	0	mbar.	
12.	Apply	750μl	of	ethanol	(96–100%)	to	the	QIAamp	Mini	column.	Leave	the	lid	of	
the	 column	open,	 and	switch	on	 the	vacuum	pump.	After	all	 of	 ethanol	has	been	
drawn	 through	 the	 spin	 column,	 switch	 off	 the	 vacuum	 pump	 and	 release	 the	
pressure	to	0	mbar.	
13.	Close	the	lid	of	the	QIAamp	Mini	column.	Remove	it	from	the	vacuum	manifold,	
and	 discard	 the	 VacConnector.	 Place	 the	 QIAamp	 Mini	 column	 in	 a	 clean	 2	 ml	
collection	tube,	and	centrifuge	at	full	speed	(20,000	x	g;	14,000	rpm)	for	3	min.	
14.	Place	 the	QIAamp	Mini	Column	 into	a	new	2	ml	collection	tube.	Open	the	 lid,	
and	incubate	the	assembly	at	56°C	for	10	min	to	dry	the	membrane	completely.	
15.	Place	 the	QIAamp	Mini	 column	 in	a	 clean	1.5	ml	elution	 tube	 (provided)	and	
discard	the	2	ml	collection	tube	from	step	14.	Carefully	apply	20–150	μl	of	Buffer	
AVE	 to	 the	 center	 of	 the	 QIAamp	Mini	membrane.	 Close	 the	 lid	 and	 incubate	 at	
room	temperature	for	3	min.	
16.	Centrifuge	in	a	microcentrifuge	at	full	speed	(20,000	x	g;	14,000	rpm)	for	1	min	
to	elute	the	nucleic	acids.	
17.	 Repeat	 final	 elution	 step	 to	 allow	 for	 maximal	 nucleic	 acid	 yield.	 The	 total	
elution	volume	is	in	50μl	of	elution	buffer.	
	
To	 estimate	 the	 efficiency	 of	 DNA	 extraction,	 equal	 amounts	 of	 a	 diluted	 DNA	
amplicon	(PCR	amplified	from	Drosophila	melanogaster	genomic	DNA)	was	spiked	
into	each	plasma	sample	before	extraction.	The	amount	of	spike-in	Drosophila	DNA	
was	 then	 quantified	 in	 each	 eluted	 plasma	 DNA	 sample	 by	 digital	 PCR	 and	 the	
efficiency	 of	 extraction	 was	 determined	 by	 comparing	 this	 quantity	 with	 a	 no-
extraction	 control	 that	 was	 prepared	 by	 re-suspension	 of	 the	 same	 amount	 of	
Drosophila	DNA	in	the	same	elution	medium.	

2.4.2	DNA	extraction	from	cellular	material	
DNA	 extraction	 from	 cellular	 material	 (lymph	 node,	 bone	 marrow,	 PBMNL,	
neutrophils)	was	performed	using	the	DNA	Blood	and	Tissue	kit	(Qiagen,	69504).	
Final	elution	volume	was	in	100μl	of	elution	buffer.	

2.4.3	DNA	extraction	from	saliva	
DNA	 extraction	 from	 saliva	 was	 extracted	 from	 saliva	 using	 the	 prepIT	 L2P	 kit	
(DNA	Genotek,	PTL2P45)	

2.4.4	DNA	extraction	from	FFPE	
DNA	 was	 extracted	 from	 formalin-fixed,	 paraffin-embedded	 LN	 biopsy	 sections	
using	the	QIA-amp	DNA	FFPE	Tissue	Kit	(Qiagen,	56404).	
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2.5	Design	of	Targeted	sequencing	panel	for	NHL	

A	bespoke	targeted	amplicon-sequencing	(TS)	panel	for	lymphomas	covering	42	
genes	(Figure	5)	was	developed	for	sequencing	MCL	patients.	An	extensive	
literature	review	was	performed	and	genes	were	selected	based	on	their	
mutational	frequency	(>2%	in	selected	series),	diagnostic,	prognostic	&	
therapeutic	significance,	and	their	role	in	various	signaling	pathways	that	are	
associated	with	lymphomas.	Recurrently	mutated	genes	in	MCL,	including	known	
drivers	such	as	ataxia-telangectasia	mutated	(ATM),	cyclin	D1	(CCND1),	and	the	
tumor	suppressor	TP53;	mutated	genes	encoding	the	anti-apoptotic	
protein	BIRC3	and	Toll-like	receptor	2	(TLR2);	and	the	chromatin	
modifiers	WHSC1,	MLL2,	and	MEF2B	were	included	in	the	panel29.	Genes	that	were	
known	to	be	associated	with	ibrutinib	resistance	(BTK,	PLCG2,	CARD11,	TRAF2,	
TRAF3,	NF-KB	pathway	genes)	were	also	included	in	the	targeted	panel100. The	
catalogue	of	somatic	mutations	in	cancer	(COSMIC)	was	used	to	predict	the	genetic	
co-ordinates	of	likely	somatic	mutations	within	our	target	genes.	The	workflow	
used	for	designing	and	validating	the	TS	panel	is	shown	in	Figure	6.	
	

	
Figure	5:	Genes	included	in	Lymphoid	targeted	amplicon	sequencing	panel	
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Figure	6-Workflow	for	targeted	amplicon	sequencing	panel	

2.5.1.	Primer	design	
Primers	were	designed	to	tile	genomic	regions	of	interest	in	short	segments	150-
200bp,	incorporating	universal	adaptors	at	5’	ends.	These	were	based	on	melting	
temperature	 (Tm),	 GC	 content,	 likelihood	 of	 self-dimerization,	 hairpin	 formation	
and	specificity.	Tm	was	based	on	the	set	thermal	cycling	conditions	of	the	Fluidigm	
access	array	system.	For	the	lymphoma	TS	panel	227	primer	pairs	were	designed	
and	 subsequently	validated	 in	 singleplex	by	gel	 electrophoresis	of	PCR	products.	
Sequences	of	the	targeted	amplicon	sequencing	primers	are	listed	in	Appendix	1.	

2.5.2	In-silico	validation	
In-silico	testing	of	primers	was	also	performed	using	the	University	of	California,	
Santa	(UCSC)	genome	browser	to	confirm	specificity	of	the	amplicon	generated	to	
the	sequence	of	interest.	

2.5.3	In-vitro	validation	
	
Primer	solution	preparation	
Primer	solutions	for	each	amplicon	were	diluted	to	250nm	from	100μm	as	shown	
in	Table	3	below.	
	

Component	 Volume	 Final	concentration	
100um	Primer-Forward	 1	 250nm	
100um	Primer-Reverse	 1	 250nm	

DNA	free	water	 198	 	
Total	 200	 	

	
Table	3-PCR	primer	solution	preparation	
 
Primer	validation	master	mix	preparation	
Once	primers	were	prepared,	the	reaction	mixture	was	prepared	as	per	the	table	
below.	The	following	master	mix	is	a	preparation	for	48	reactions	(Table	4).	
	
	



	 47	

Component	 Volume	per	
reaction	(μL)	

Volume	for	48	
reactions	(μL)	

Final	
Concentration	

10X	FastStart	High	Fidelity	
Reaction	Buffer	(WITHOUT	

18mM	MgCl2)	

0.5	 24	 1X	

25mM	MgCl2	(Roche)	 0.9	 43.2	 4.5	mM	
DMSO	(Roche)	 0.25	 12	 5%	

10mM	PCR	Grade	Nucleotide	
Mix	(Roche)	

0.1	 4.8	 200μM	

5U/μL	FastStart	High	Fidelity	
Enzyme	Blend	(Roche)	

0.05	 2.4	 0.05	U/μL	

20x	access	array	loading	
reagent	(Fluidigm)	

0.25	 12	 1X	

DNA	Free	Water	 0.95	 45.6	 	
Total	 3.0	 240.0	 	

	
Table	4.	Primer	validation	mastermix	preparation	
	
Setting	up	of	PCR	Reactions	
The	PCR	reaction	was	prepared	in	a	96	well	plate.	One	reaction	well	is	prepared	to	
test	one	primer	pair	and	contains:	
-	3	μL	of	the	primer	validation	master	mix	
-	1	μL	of	the	250nm	primer	solution	
-	1	μL	DNA	at	50ng/μl	
After	 vortex	 and	 centrifugation	 to	 mix	 and	 spin	 down	 components,	 PCR	 of	 the	
reaction	 plate	 was	 performed	 on	 the	 Eppendorf	 Mastercycler	 nexus	 gradient	
thermocycler	under	the	following	conditions	outlined	in	Table	5.	
	

PCR Stages Number of cycles 
50oC - 2 minutes 1 

70oC - 20 minutes 1 
95oC - 10 minutes 1 
95oC - 15 seconds 

60oC - 30 seconds 10 
72oC - 1 minute 

10 
 

95oC - 15 seconds 
80oC - 30 seconds 
60oC - 30 seconds 
72oC - 1 minute 

2 

95oC - 15 seconds 
60oC - 30 seconds 
72oC - 1 minute 

8 

95oC - 15 seconds 
80oC - 30 seconds 
60oC - 30 seconds 
72oC - 1 minute 

2 

95oC - 15 seconds 
60oC - 30 seconds 
72oC - 1 minute 

8 

95oC - 15 seconds 
80oC - 30 seconds 
60oC - 30 seconds 
72oC - 1 minute 

5 

	
Table	5:	Primer	validation	PCR	protocol	
 
Agarose	gel	electrophoresis	and	visualization	of	DNA	from	agarose	gels	
DNA	 fragments	 after	 PCR	 were	 visualized	 using	 horizontal	 agarose	 gels.	 2%	
agarose	gels	were	made	by	dissolving	analytical	grade	agarose	into	100ml	of	Tris	
base,	acetic	acid	and	EDTA	(TAE)	and	adding	20μl	of	SYBR®safe	(Invitrogen).	The	
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mixture	was	heated	and	poured	into	a	mold	to	allow	setting.	Once	set,	the	gel	was	
mounted	onto	an	electrophoresis	tank	and	covered	with	1X	TAE.	5μl	of	DNA	was	
stained	using	1μl	of	a	Blue/Orange	6X	loading	dye	(Promega)	and	then	loaded	into	
the	gel	and	electrophoresed	at	120	volts.	A	100-base	pair	DNA	ladder	(Promega)	
was	 run	 in	 conjunction	 with	 the	 DNA	 samples	 as	 a	 marker.	 After	 gel	
electrophoresis,	DNA	bands	were	visualized	using	the	Bio-Rad	Gel	Doc	XR+.		
	

2.5.4	Primer	multiplexing		
The	Fluidigm	Access	ArrayTM	system	was	utilized	to	assist	with	PCR	multiplexing	
as	the	system	provides	48	individual	primer	wells	and	48	individuals	sample	wells	
for	amplification	(Figure	7).	The	lymphoma	targeted	sequencing	panel	consisted	of	
227	primer	pairs	and	therefore	if	each	primer	pair	were	to	be	amplified	in	a	single	
primer	well,	 then	up	to	6	plates	will	be	needed	to	amplify	all	genomic	regions	 in	
the	 lymphoma	 TS	 panel.	 This	 is	 both	 time-consuming	 and	 costly.	 Therefore,	 a	
strategy	 to	 allow	 multiple	 primer	 pairs	 to	 be	 amplified	 in	 the	 same	 well	 was	
developed.	This	would	 allow	amplification	of	 all	 227	 regions	 in	 the	 lymphoid	TS	
panel	 on	 the	 one	 Access	 ArrayTM	 plate.	 However,	 interactions	 of	multiple	 prime	
pairs	can	 lead	to	 failed	amplification	due	to	primer	dimer	formation,	preferential	
amplification	and	unwanted	PCR	products253.	An	algorithm	was	developed	to	pool	
primer	pairs	 to	 exclude	primer	pair	multiplexing	 that	would	 likely	 lead	 to	 failed	
amplification	(Figure	8).	The	first	step	was	to	select	primer	pairs	that	were	located	
at	 least	 1000bp	 away	 on	 the	 genome.	 Next,	 primer	 pairs	 were	 pooled	 together	
matching	 for	 similar	 GC	 percentage	 and	 product	 length.	 Subsequently,	 in-silico	
programs	 were	 used	 to	 check	 for	 primer	 dimer	 and	 product	 specificity	
checks253,254.	 The	 rationale	 for	 this	 algorithm	 was	 to	 allow	 for	 all	 primer	 pairs	
within	 the	 well	 to	 amplify	 their	 desired	 product	 without	 forming	 hybrid	 PCR	
products,	primer	dimers	or	create	preferential	amplification	of	one	DNA	sequence	
over	another.	227	primer	pairs	were	then	pooled	into	48	wells	with	a	maximum	of	
6	primer	pairs	per	well	using	 the	algorithm	above.	 In	general,	primer	pairs	with	
DNA	 products	 that	 had	 a	 higher	 GC	 content	 had	 a	 higher	 probability	 of	
dimerization	and	therefore	less	primer	pairs	could	be	pooled	together.	

	
	
Figure	7:	Fluidigm	48.48	access	array	plate	
Graphic	adapted	from	Fluidigm	Access	ArrayTM	user	guide	
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Figure	8:	Algorithm	for	predicting	success	of	multiplexed	primers	
	
After	having	established	an	“in-silico”	algorithm	for	multiplexing,	the	panel	above	
was	subsequently	tested	against	DNA	samples	using	targeted	deep	sequencing.	A	
variety	 of	 DNA	 sources	 were	 chosen,	 which	 included	 DNA	 from	 bone	 marrow,	
peripheral	blood	mononuclear	cells,	cell	 lines	and	plasma.	This	was	to	assess	 the	
success	rate	of	amplicon	products	from	the	primer	pairs	according	to	the	depth	of	
coverage	they	achieved.	The	panel	was	validated	with	cell	line	DNA	and	DNA	from	
patient	samples	that	had	already	undergone	clinical	sequencing	through	a	National	
Association	 of	 Testing	 Authorities	 (NATA)	 accredited	 diagnostic	 NGS	 panel	
developed	 at	 Peter	 MacCallum	 Cancer	 Centre	 (PMCC)	 with	 good	 concordance	
(96%).	

2.6	Targeted	amplicon	deep	sequencing	(TS)	

Targeted	amplicon	deep	sequencing	(TS)	is	routinely	used	across	a	large	panel	of	
genes,	 for	 the	 identification	 of	 somatic	 genomic	 alterations	 at	 low	mutant	 allele	
fractions	(MAFs)	in	tumor	tissue	or	plasma.	This	method	involves	the	amplification	
and	deep	sequencing	of	short	fragments	of	tumor	DNA.	We	utilized	a	microfluidic	
system	 (Access	 Array,	 Fluidigm)	 to	 perform	 parallel	 singleplex	 or	 multiplex	
amplification	from	multiple	pre-amplified	samples	using	multiple	primer	sets.	An	
additional	PCR	step	was	performed	to	attach	sequencing	adapters	and	to	tag	each	
sample	with	a	unique	molecular	identifier	or	“barcode”.	NGS	was	then	performed,	
using	100-base	paired-end	reads	on	an	Illumina	Miseq	or	NextSeq	instrument,	 to	
generate	up	to	~10,000-fold	coverage	per	amplicon.	This	allowed	comprehensive	
mutation	detection	at	mutant	AFs	as	low	as	~1%	across	a	large	panel	of	genes	in	
serial	samples	across	the	cohorts.	This	was	a	cost-effective	strategy	and	provided	a	
sensitive	approach	for	high	throughput analyses. 
 
Workflow	
The	workflow	used	for	Targeted	Sequencing	is	outlined	below	in	Figure	9.	
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Figure	9:	Workflow	for	TAM-Seq	
 

2.6.1	Pre-amplification	PCR	Protocol	
Plasma	and	FFPE	derived	tumor	DNA	was	subjected	to	a	pre-amplification	against	
a	pool	of	 all	primers	 in	 the	amplicon	 sequencing	panel	 to	preferentially	 increase	
the	yield	of	DNA	in	the	regions	of	interest	within	the	panel.		
	
Pre-amplification	primer	solution	preparation	
Each	primer	pair	in	the	panel	was	diluted	from	100μm	to	50μm	(Table	6).	The	pre-
amplification	 primer	 solution	 used	 for	 the	 NHL	 targeted	 sequencing	 panel	 is	
shown	below.		
	

Component	 Volume	(μl)	 Total	Volume	(μl)	 Final	
Concentration	

50µm primer pair solution 2 per primer pair 500 (51 primer pairs) 0.2 µm 
DNA Free Water  0  

Total  500  
	
Table	6:	Pre-amplification	primer	solution	preparation	
	
Pre-amplification	master	mix	preparation	
The	 pre-amplification	 master	 mix	 was	 prepared	 as	 per	 Table	 7	 below.	 The	
following	master	mix	was	a	preparation	for	60	reactions.	
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Component	 Volume	per	

reaction	(μL)	
Volume	for	

60	reactions(μL)	
Final	

Concentration	
10X FastStart High Fidelity 

Reaction 
Buffer (With 18mM MgCl2) 

1 60 1X 

25mM MgCl2 (Roche) 1.08 64.8 2.7mM 
DMSO (Roche) 0.5 30 5% 

10mM PCR Grade Nucleotide Mix 
(Roche) 

0.2 12 200uM 

5U/µL FastStart High Fidelity 
Enzyme Blend (Roche) 

0.2 12 0.1U/uL 

Pre amplification primer solution 1 60  
DNA Free Water 1.02 61.2  

Total 5.0 300  
	
Table	7:	Pre-amplification	master	mix	preparation	
 
Pre-amplification	PCR	reaction	
The	PCR	reaction	was	prepared	in	a	96	well	plate.	One	reaction	well	was	prepared	
to	test	one	plasma	sample	and	contained:	
-	5	μL	of	the	pre-amplification	master	mix	
-	5	μL	of	plasma	DNA	
After	 vortex	 and	 centrifugation	 to	 mix	 and	 spin	 down	 components,	 PCR	 of	 the	
reaction	 plate	 was	 performed	 on	 the	 Eppendorf	 Mastercycler	 nexus	 gradient	
thermocycler	under	the	following	conditions	(Table	8)	
	
 

PCR	Stages	 Number	of	Cycles	

95oC - 10 minutes 1 
95oC - 15 seconds 
60oC - 4 minutes 

15 

	
Table	8:	Pre-amplification	PCR	protocol	
	
Post	Pre-amplification	PCR	clean	up	and	dilution	
After	 the	 pre-amplification	 PCR,	 a	 clean-up	 PCR	 protocol	 using	 the	 ExoSAP-IT	
(Affymetrix)	reagent	was	performed.	This	was	to	remove	unwanted	primer	dimers	
and	waste	oligonucleotides.	
In	a	new	96	well	PCR	plate	each	reaction	well	contained:	
-	2.5	μL	of	the	pre-amplification	post	PCR	Product.	
-	1	μL	of	ExoSAP-IT	
After	vortex	and	centrifugation	to	mix	and	spin	down	components,	the	PCR	clean	
up	 reaction	 was	 performed	 on	 the	 Eppendorf	 Mastercycler	 nexus	 gradient	
thermocycler	under	the	following	conditions	(Table	9).	After	the	clean-up	reaction,	
the	 cleaned	 pre-amplification	 PCR	 product	was	 diluted	 1	 in	 5	 by	 adding	 14μl	 of	
DNA	free	water	in	each	reaction	well.	
 

PCR	Stages	 Number	of	Cycles	
37oC - 15 minutes 1 
80oC - 15 minutes 1 

	
Table	9:	Post	pre-amplification	clean	up	PCR	protocol	
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2.6.2.	Preparing	20X	primer	solution	for	target	specific	amplification	
The	preparation	of	the	20X	primer	solutions	used	to	load	on	to	each	of	the	primer	
inlet	wells	 is	 shown	below	 (Table	10).	Within	 the	NHL	TS	panel,	 up	 to	6	primer	
pairs	were	used	in	each	well.	
 

Component Volume (µL) Final concentration 
Number of primer pairs per well 
1 2 3 4 5 6 

50 µm Primer 
pair 

solution 

4 8 12 16 20 24 1uM 

20x access array 
loading reagent 

(Fluidigm) 

5 5 5 5 5 5 1X 

DNA Free 
Water 

91 87 83 79 75 71  

Total 10
0 

10
0 

100 100 100 100  

	
Table	10:	Preparation	of	20X	primer	solution	for	target	specific	amplification	

2.6.3	Target	specific	amplification	preparation	
The	 target	 specific	 amplification	master	mix	was	 prepared	 as	 per	 Table	 11.	 The	
following	solution	represents	a	preparation	for	48	reactions.	Sample	DNA	was	then	
added	to	the	master	mix	solution	in	individual	wells	of	a	96	well	plate.	
	

Master	mix	preparation	
Component	 Volume	per	

reaction	(μL)	
Volume	for	48	
reactions	(μL)	

Final	
Concentration	

10X FastStart High Fidelity 
Reaction Buffer (Without 

18mM MgCl2) 

0.5 24 1X 

25mM MgCl2 (Roche) 0.9 43.2 4.5mM 
DMSO (Roche) 0.25 12 5% 

10mM PCR Grade 
Nucleotide Mix (Roche) 

0.1 4.8 200uM 

5U/µL FastStart High 
Fidelity Enzyme Blend 

(Roche) 

0.05 2.4 0.05U/uL 

20x access array loading 
reagent (Fluidigm) 

0.25 12 1X 

DNA Free Water 0 0  
Total 2.05 98.4  

 
 

 
 

Component 

Volume (µL) 
Plasma DNA 

(use cleaned pre-
amplification DNA 

Product) 

Non-Plasma 
DNA 

(≥ 50ng/µL ) 

Non-Plasma 
DNA 

(<50ng/µL ) 

Sample pre-mix 
Solution 

2.05 2.05 2.05 

DNA 1 1 2.95 
DNA free water 1.95 1.95 0 

Total 5 5 5 
	

Table	11:	Master-mix	and	sample	preparation	for	target	specific	amplification	
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The	master	mix	 and	 primer	 solutions	were	 then	 loaded	 onto	 the	 Illumina	 48.48	
Access	 array	 IFC	 and	 run	 using	 the	 Fluidigm	 Access	 ArrayTM	 system	 following	
manufacturers	instructions.	Following	amplification,	products	were	harvested	and	
diluted	with	DNA	free	water	in	a	1:100	ratio.	

2.6.4	Library	Barcoding	Protocol	
PCR	 Products	 from	 each	 harvested	 well	 after	 target	 specific	 amplification	 were	
then	tagged	with	sample-specific	barcodes	(Illumina)	and	pooled	together.	
	
Barcoding	solution	preparation	
The	barcoding	master	mix	 solution	was	prepared	as	per	Table	12.	The	 following	
solution	 represents	 a	 preparation	 for	 48	 reactions.	 The	 sample	 mix	 for	 each	
sample	is	then	prepared	in	a	96	well	plate.	
	
	
	

Barcoding	master	mix	solution	preparation	
Component	 Volume	per	

reaction	(μL)	
Volume	for	48	
reactions	(μL)	

Final	
Concentration	

10X FastStart High 
Fidelity Reaction Buffer 

(WITHOUT 
18mM MgCl2) 

1 48 1X 

25mM MgCl2 (Roche) 1.8 86.4 4.5mM 
DMSO (Roche) 0.5 24 5% 

10mM PCR Grade 
Nucleotide Mix (Roche) 

0.2 9.6 200uM 

5U/µL FastStart High 
Fidelity Enzyme Blend 

(Roche) 

0.1 4.8 0.05U/uL 

DNA Free Water 3.4 163.2  
Total 7 336  

 
 

Barcoding	sample	mix	solution	preparation	
Component	 Volume	(μL)	 Final	concentration	

Illumina Access array barcode 
library (forward and reverse 

primer mix) 

2 0.4µM 

Master mix 7  
1:100 harvested PCR Product 1  

Total 10  
Table	12:	Preparation	of	master	mix	and	sample	mix	solution	for	barcoding	
 
After	vortex	and	centrifugation	to	mix	and	spin	down	components,	the	barcoding	
script	was	performed	on	the	Eppendorf	Mastercycler	nexus	gradient	thermocycler	
under	the	conditions	outlined	in	Table	13.	
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Barcoding	protocol	
PCR	Stages	 Number	of	Cycles	

95oC - 10 minutes 1 
95oC - 15 seconds 
60oC - 30 seconds 
72oC – 1 minute 

15 

72oC - 3 minutes 1 
Table	13:	Barcoding	PCR	protocol	
 

2.6.5	Pooled	Library	Purification	
After	Barcoded	products	were	pooled	together,	purification	of	 the	pooled	sample	
library	was	performed	as	follows	using	AMPure	XP	magnetic	beads.	
	
Library	purification	protocol	
1)	Bring	AMPure	beads	to	room	temperature	prior	to	use	
2)	48	μL	library	+	48	μL	beads	(1:1	ratio	important	to	purify	~300bp	products)	
3)	Vortex	briefly	
4)	Incubate	at	room	temperature	for	5	mins	
5)	Magnetic	stand,	5	mins	
6)	Remove	supernatant	
7)	Add	200μL	of	70%	ethanol	and	incubate	for	30	sec	
8)	Magnetic	stand,	30	sec	
9)	Remove	supernatant	
10)	Drying	step	-	open	lid	and	incubate	on	a	42oC	heat	block	for	5	minutes	
11)	Add	20μL	nuclease-free	water	by	slowly	dripping	over	the	beads	
12)	Incubate	at	room	temperature	for	2	mins	
13)	Magnetic	stand,	5	mins	
14)	Carefully	aspirate	supernatant	and	put	in	a	new	labelled	tube	–	cleaned	library	
	

2.6.6	Library	quantification	
The	cleaned	barcoded	sample	library	was	then	quantified	using	two	methods:	
	
Quantification	by	Qubit	
Library	 Quantification	 using	 Qubit	 was	 done	 using	 Qubit	 Broad	 Range	 (BR)	
reagents	and	read	on	the	Qubit	®	Flurometer	(Invitrogen).	The	cleaned	barcoded	
library	was	quantified	in	duplicate	at	a	1:1	and	1:10	ratio.	The	concentration	for	a	
1:1	ratio	solution	was	calculated	as	the	average	of	each	replicate.	
	
Quantification	by	Tape	Station	
Library	 quantification	 was	 performed	 by	 using	 the	 Agilent	 2100	 BioAnalyzer	
D1000	 Chip,	 using	 Tape	 Station	 BR	 reagents	 according	 to	 manufacturer’s	
instructions.	The	cleaned	barcoded	library	was	quantified	at	a	1:1	ratio	in	triplicate	
alongside	 a	DNA	 ladder,	 the	 barcoded	 library	 before	 cleanup	 as	well	 as	 samples	
from	random	barcoded	wells	as	follows:	
	
1.	DNA	Ladder	(D1000)	
2.	Uncleaned	pooled	library	
3.	Cleaned	pooled	Library	(1)	
4.	Cleaned	pooled	Library	(2)	
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5.	Cleaned	pooled	Library	(3)	
6.	Random	barcoded	sample	
7.	Random	barcoded	sample	
8.	Random	barcoded	sample	
	
Samples	 were	 placed	 in	 this	 order	 on	 to	 an	 eight-strip	 optical	 tube	 with	 1μL	
sample	 and	 3μL	 BR	 reagent	 in	 each	 well	 and	 loaded	 on	 the	 Agilent	 2100	
BioAnalyzer.	 After	 sample	 analysis,	 the	 data	 was	 analyzed	 on	 the	 controller	
software,	 setting	 the	 analysis	 to	 DNA	 fragments	 from	 150-400bp	 in	 size	 when	
calculating	 the	 concentration	 of	 the	 library.	 The	 concentration	 for	 a	 1:1	 ratio	
solution	was	calculated	as	the	average	of	each	replicate.	
	
The	 final	 quantification	 of	 cleaned	 library	 was	 calculated	 as	 the	 average	 of	 the	
Qubit	and	BioAnalyzer	results.	
	

2.6.6	Library	dilution	and	sequencing	
After	 library	 quantification,	 dilution	 of	 the	 library	 was	 required	 before	 loading	
onto	 an	 Illumina	 Miseq	 or	 NextSeq	 instrument.	 Firstly,	 libraries	 needed	 to	 be	
diluted	 to	2nM.	The	cleaned	 library	was	diluted	 to	2nM	using	DNA	 free	water	as	
per	the	formula	below:	
	
Dilution	to	2nM	=	2μL	of	library	+	(nM	concentration	-	2)	μL	of	DNA	free	water	
	
The	diluted	2nM	was	further	quantified	using	Qubit	High	Sensitivity	(HS)	to	ensure	
accuracy	 in	dilution.	 Further	dilution	was	 required	using	buffers	 from	either	 the	
Miseq	or	NextSeq	cartridge.	The	ideal	concentration	was	library	dependent	due	to	
the	level	of	complexity	for	each	library.	
For	Miseq	runs,	 the	NHL	TS	panel	was	diluted	to	4.5pM	before	 loading	on	to	the	
cartridge.	
For	Nextseq	runs,	TS	panels	were	diluted	to	1.0pM.	
Loading	and	kick-start	of	runs	was	as	per	manufacturers	instructions. 
 

2.6.7	Data	analysis	
Bcl2fastq	 v2.17.1.14	was	 used	 to	 perform	 sample	 demultiplexing	 and	 to	 convert	
BCL	 files	generated	 from	 the	MiSeq	 instrument	 into	FastQ	 files	 containing	 short-
read	 data.	 Using	 the	 primer	 sequences	 that	 are	 present	 in	 the	 data,	 short	 reads	
were	first	assigned	to	their	respective	amplicon.	A	global	alignment	on	the	basis	of	
a	 modified	 Needleman–Wunsch	 algorithm255	 was	 then	 performed	 between	 the	
reads	and	the	hg19-derived	amplicon	reference	sequence.	Sequence	variants	were	
detected	using	VarScan2256.	Raw	variants	were	 then	deposited	 into	 ‘Path-OS’:	 an	
in-house	 web-based	 variant	 management	 system257.	 The	 mean	 targeted	
sequencing	coverage	was	800x	for	the	tumor/bone	marrow	samples	and	500x	for	
the	 plasma.	 Mutations	 with	 at	 least	 50x	 coverage	 with	 a	 minimum	 of	 20	 reads	
supporting	 the	 variant	 were	 retained	 for	 further	 analysis.	 Variants	 that	 were	
recurrently	observed	 in	>50%	of	 the	samples	(representing	probable	sequencing	
and/or	PCR	artefacts)	and	those	with	a	high	global	allele	frequency	(>1.0%)	in	the	
1000	genomes	database	were	flagged	and	removed	from	this	curated	list.	Variants	
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in	 the	 curated	 list	 were	 then	 annotated	 based	 on	 their	 prognostic	 or	 functional	
relevance,	as	described	previously.	
	

2.7	Whole	exome	sequencing	

2.7.1.	Library	Preparation	
Whole	 exome	 sequencing	 (WES)	 was	 performed	 to	 screen	 for	 single	 nucleotide	
variants	 on	 baseline	 and/or	 progression	 tissue,	 plasma	 and	 germ-line	 DNA	
samples	 (Appendix	 2).	 150-300ng	 of	 DNA	 for	 tissue	 and	 germ-line	 samples	was	
fragmented	to	approximately	200	bp	using	a	focal	acoustic	device	(Covaris	S2,	Sage	
Sciences).	 Libraries	 were	 prepared	 with	 the	 Kapa	 Hyper	 Prep	 Kit	 (Kapa	
Biosystems)	 and	 SureSelectXT	 adaptors	 (Agilent).	 Hybridization	 capture	 was	
performed	with	 SureSelect	 Human	All	 Exon	 V6	 baits	 following	 the	 SureSelectXT	
recommended	protocol	(Agilent).	Indexed	libraries	were	sequenced	on	an	Illumina	
NextSeq500	(Illumina)	to	generate	on	average	167	million	paired-end	75	bp	reads	
per	 sample.	 The	mean	 exome	 sequencing	 coverage	was	90-fold	 for	 plasma,	 142-
fold	for	tumor	and	132-fold	for	matched	normal	DNA.	The	Quality	metrics	for	WES	
is	listed	in	Appendix	3.	
	

2.7.2.	Data	analysis	
FASTQ	 sequences	 files	 for	 each	 sample	 were	 evaluated	 with	 FASTQC	 (version	
0.110.3)	 for	 quality	 control	 and	 Cutadapt	 (version	 1.8.1)	 was	 used	 to	 remove	
adapter	 sequences,	 primers	 and	 other	 sequence	 artefacts.	 The	 reads	 were	 then	
mapped	to	the	human	reference	genome	(version	hg19)	using	BWA-MEM	(version	
0.7.12)	 with	 default	 parameters.	 PCR	 duplicates	 were	 removed	 using	 Picard	
(version	 1.133).	 Local	 realignment	 was	 performed	 using	 GATK	 (version	 3.4.0)	
IndelRealigner.	 GATK’s	 BaseRecalibrator	was	 then	 used	 for	 recalibration	 of	 base	
qualities.	 SAMtools	mpileup	command	was	used	 to	 create	pileup	 files	 for	variant	
calling.	 SNV	 and	 indel	 detection	 was	 performed	 with	 GATK,	 VarScan	 (version	
2.3.8),	 MuTect	 (version	 1.1.7).	 Mutations	 were	 annotated	 for	 read	 depth	 of	
reference	and	alternate	alleles,	and	Ensembl	Variant	Effect	Predictor	(version	80)	
and	COSMIC	(version	72)	were	used	to	explore	the	impact	of	the	detected	somatic	
mutations.	 We	 retained	 predicted	 functional	 mutations	 (nonsense,	 missense,	
frameshift	 or	 splicing	 SNVs)	 for	 further	 analysis.	 All	 variants	with	mutant	 reads	
observed	 in	 the	 matched	 normal	 sample	 were	 discarded.	 Mutations	 that	 had	
strand	bias	and	those	detected	within	homopolymer	regions	were	also	removed.		
	
Whole	 exome	 copy	 number	 analysis	 was	 performed	 using	 ADTEx.	 This	 was	
performed	 using	 a	 Markov	 model	 that	 adjusts	 and	 estimates	 B-allele	 frequency	
(BAF),	 ploidy	 and	 sample	 purity	 to	 determine	 variations	 in	 copy	 number.	 Data	
analysis	 was	 performed	 with	 the	 assistance	 of	 bioinformatics	 support	 in	 the	
laboratory.	
	
The	exome	sequencing	data	from	this	thesis	has	been	deposited	into	the	sequence	
read	 archive,	 which	 is	 hosted	 by	 the	 National	 Centre	 for	 Biotechnology	
Information.	The	BioProject	accession	number	is	PRJNA489753.		
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2.8	Low-coverage	whole-genome	sequencing	(LC-WGS)		

LC-WGS	was	performed	on	DNA	from	baseline	tumor	samples	(n=24),	progression	
tumor	 samples	 (n=2)	 and	 plasma	 samples	 (n=17)	 for	 copy	 number	 analysis	
(Appendix	3).	150-300ng	of	DNA	for	tissue	and	germline	samples	was	fragmented	
to	approximately	200	bp	using	a	focal	acoustic	device	(Covaris	S2,	Sage	Sciences).	
Libraries	 were	 prepared	 with	 NEB-Next	 Ultra	 II	 Kit	 (NEB)	 according	 to	 the	
manufacturer’s	 instructions.	 Indexed	 libraries	 were	 sequenced	 on	 an	 Illumina	
NextSeq500	(Illumina)	to	generate	on	average	65	million	paired-end	75	bp	reads	
per	sample	as	described	previously.	The	mean	LC-WGS	coverage	was	3.3-fold	 for	
plasma	and	1.2-fold	for	tumor.	The	Quality	metrics	for	LC-WGS	for	tumor	samples	
is	 listed	 in	 Appendix	 4.	 Reads	 were	 aligned	 to	 the	 hg19	 genome	 using	 BWA	
(v0.7.13)	resulting	in	an	average	mapping	rate	of	97.5%	per	sample.	Copy	number	
analysis	was	performed	using	QDNASeq	 (v1.12.0).	 The	 genome	was	divided	 into	
non-overlapping	1kb	or	15 kb	bins	and	the	number	of	reads	mapping	within	each	
bin	 was	 counted	 and	 adjusted	 with	 a	 simultaneous	 two-dimensional	 loess	
correction	 accounting	 for	 read	 mappability	 and	 GC	 content.	 All	other	 QDNAseq	
parameters	 were	 set	 as	 default.	 Copy	 number	 changes	 were	 reported	 as	
transformed	absolute	copy	number	values	(log2	(absolute	copy	number)-1).		Thus,	
diploid	 regions	 were	 reported	 as	 0.	 	 The	 threshold	 utilized	 for	 calling	
amplifications	was	transformed	copy	number	>1	corresponding	to	>4	copies.		The	
threshold	 utilized	 for	 calling	 deletions	 was	 transformed	 copy	 number	 <	 -0.6	
corresponding	to	a	~35%	copy	number	loss.	
			
The	segmented	copy	number	calls	from	(i)	baseline	tumor	DNA	of	responders	and	
non-responders,	 or	 (ii)	 baseline	 plasma	DNA	 of	 responders	 and	 non-responders	
was	used	as	input	for	GISTIC	(v2.0.23)	analysis258.	Both	the	GISTIC	G-score,	which	
considers	the	amplitude	of	the	copy	number	change	as	well	as	its	frequency	across	
samples,	and	the	FDR	adjusted	q-value	were	considered	when	defining	significant	
copy	number	changes.	For	baseline	tumor	samples,	a	G-score	threshold	of	1	and	an	
FDR	 adjusted	 q-value	 threshold	 of	 0.25	 were	 applied.	 For	 plasma	 samples,	 an	
identical	G-score	 threshold	and	a	higher	q-value	 threshold	of	0.5	was	applied,	as	
the	tumour	fraction	was	lower	in	plasma	samples	due	to	the	high	fraction	of	cell-
free	DNA	compared	to	ctDNA.	

2.9	Digital	PCR	

Digital	 PCR	 was	 utilized	 as	 an	 orthogonal	 point	 of	 validation	 for	 the	 variants	
detected	 by	 targeted	 sequencing	 or	 whole	 exome	 sequencing.	 It	 also	 provided	
absolute	 quantification	 and	 was	 a	 more	 sensitive	 form	 of	 variant	 detection	
(~0.1%).	Each	assay	however	can	only	detect	one	variant	and	thus	the	use	is	very	
specific.	 Digital	 PCR	 uses	 a	 Poisson	 correction	 to	 determine	 the	 number	 of	
amplifiable	molecules,	which	was	used	 to	 further	derive	 the	number	of	 copies	of	
DNA	carrying	a	particular	mutation	per	milliliter	of	plasma.	
	
Workflow	
The	 workflow	 used	 for	 digital	 PCR	 is	 outlined	 below	 in	 Figure	 10.	 The	 Bio-Rad	
platform	was	used	for	the	analysis	of	the	MCL	cohort.	Digital	PCR	assays	used	are	
listed	in	Appendix	5.	
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Figure	10:	Workflow	for	droplet	digital	PCR	
 
The	master	mix	 preparation	 used	 is	 shown	 in	 Table	 14.	 The	 total	 PCR	 reaction	
volume	 was	 25μl.	 The	 input	 of	 DNA	 was	 1μl	 however	 up	 to	 5μl	 was	 used	 in	
samples	with	 low	DNA	concentrations.	Wild	 type	 (WT)	and	mutant	probes	were	
custom	designed	by	the	software	on	the	manufacturer	site	(Bio-Rad).	
	

Probe based reactions 
Component Volume per Reaction (µl) Final Concentration 

2x ddPCR Supermix for 
Probes 

12.5 1x 

20x WT Primer/probe 1.25 900nM/250nM 
20x Mutant Primer/probe 1.25 900nM/250nM 

Sample Variable 50ng to 100ng 
RNase/DNase free water Variable  

TOTAL 25µl  
	
Table	14:	Master	mix	preparation	for	digital	PCR	reactions	
 
Droplets	were	generated	on	the	Bio-Rad	QX200TM	droplet	generator	according	to	
manufacturer’s	 protocols.	 After	 generation,	 the	 droplet	 plate	 underwent	 PCR	 to	
allow	 for	 amplification	of	 the	DNA	 fragment	within	 each	droplet.	 The	 conditions	
for	PCR	are	shown	in	Table	15.	After	thermo	cycling,	the	droplets	were	then	read	
using	 the	 Bio-Rad	 QX200TM	 droplet	 reader	 and	 analysed	 using	 the	 QuantaSoft™	
software.	Each	sample	was	analysed	using	at	least	two	technical	replicates.	
 
 

Probe based reactions 
Cycling step Temperature Time Ramp Rate # Cycles 

Enzyme activation 95 10min 2 degrees/ 
sec 

1 
Denaturation 94 30sec 40 

Annealing/Extension 60 1min 40 
Enzyme deactivation 98 10min 1 

Hold 4 Infinite 1 
	
Table	15:	Bio-Rad	digital	PCR	thermocycling	protocol	
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2.10	Flow	cytometry	and	ASO-PCR	

8-color	 flow	cytometry	of	 the	bone	marrow	(minimum	sensitivity	of	10-3	 to	10-4,	
depending	on	 the	number	of	available	events)	and	ASO-PCR	on	peripheral	blood	
(targeting	 either	 the	 clonal	 IgH	 rearrangement	 or	 the	 t	 (11;	 14)	 translocation	
designed	to	reach	a	sensitivity	of	10-5)	was	performed	for	minimal	residual	disease	
detection	 in	 serial	 samples.	 Flow	 cytomery	 was	 performed	 at	 Pathology	
Department,	Peter	MacCallum	Cancer	Centre,	Melbourne,	Australia.	ASO-PCR	was	
performed	 at	 University	 Hospital	 of	 Schleswig-Holstein,	 Kiel,	 Germany	 and	
reported	in	accordance	with	EuroMRD	guidelines259. 

2.11	Fluorescence	in	situ	hybridization	(FISH)	analysis	

FISH	analysis	was	performed	in	Cytogenetics	Laboratory	of	St.	Vincent’s	Hospital,	
Melbourne,	 Australia	 on	 tumor	 samples	 for	 validation	 and	 confirmation	 of	 copy	
number	 changes	 detected	 by	 WES	 and	 LC-WGS.	 Sections	 were	 cut	 from	 tumor	
block	 and	put	 on	uncharged	 slides	 for	 FISH	 staining.	 Slides	were	de-paraffinised	
twice	 in	 xylene	 for	 5	min,	 rehydrated	 twice	 in	100%	and	 then	70%	ethanol	 and	
washed	 in	 distilled	 water	 (dH2O)	 for	 2	 min	 each.	 Slides	 in	 70ml	 Heat	 Pre-
treatment	Solution	(SPoT-Light	Tissue	Pre-treatment	Kit,	Life	Technologies)	were	
placed	under	high	pressure	for	2	min,	left	to	cool	for	30	min	and	rinsed	in	dH2O.	
Enzyme	 reagent	 (SPoT-Light	 Tissue	 Pre-treatment	 Kit,	 Life	 Technologies)	 was	
added	and	the	slides	were	incubated	for	30	min	in	a	humidified	chamber,	washed	
in	dH2O,	run	through	an	ethanol	series	(70%,	80%	and	100%)	for	1	min	each	and	
air-dried.	 Slides	 were	 co-denatured	 with	 the	 XL	 CDKN2A	 Deletion	 Probe	
(Metasystems)	 at	 85°C	 for	 5	 min	 and	 hybridized	 overnight	 in	 a	 humidified	
chamber	at	37°C.	They	were	then	washed	in	2xSSC/0.1%	NP40	at	73°C	for	2	min,	
air-dried	and	cover-slipped	with	4’-6-diamidino-2-phenylindole	(10mg/mL).	

2.12	IgH	PCR	analysis	

IgH	sequencing	of	baseline	tumor	samples	was	performed	for	all	patients	by	next-
generation	 sequencing	 using	 the	 BIOMED-2	 FR1	 primers260	 containing	 the	
Fluidigm	 universal	 forward	 and	 reverse	 sequencing	 tags	 (CS1	 and	 CS2).	
Approximately	200ng	genomic	DNA	was	PCR	amplified	using	the	Roche	FastStart	
High	Fidelity	PCR	System.	PCR	conditions	were	an	initial	denaturation	step	of	95°C	
for	2min	followed	by	35	cycles	of	95°C	for	45	s,	60°C	for	45	s	and	72°C	for	90	s,	and	
a	 final	elongation	step	of	72°C	for	10	min.	The	resulting	PCR	products	were	then	
used	as	 template	 in	a	second	PCR	reaction	with	sample-specific	barcode	primers	
(Fluidigm)	as	per	the	manufacturer’s	instructions.	Uniquely	indexed	samples	were	
pooled	 and	 the	 resulting	 library	 was	 purified	 using	 the	 Agencourt	 AMPure	 XP	
system	(Beckman	Coulter).	The	resultant	library	was	quantified	on	a	Tape	station	
2200	 (Agilent	 Technologies).	 Libraries	 were	 denatured	 and	 diluted	 as	 per	 the	
manufacturer’s	instructions	and	300	bp	paired-end	sequencing	was	performed	on	
the	 Illumina	 MiSeq	 sequencer.	 Paired-end	 reads	 were	 assembled	 using	 PEAR	
(v0.9.8)	 and	 analysed	 with	 an	 in-house-designed	 interactive	 web-based	 tool	
displaying	the	sequences	and	read-length	distribution	of	assembled	reads.		

2.13	Cell	culture		

The	human	MCL	cell	lines	JEKO,	MINO,	REC-1,	MAVER,	Z-138	and	Granta-519	were	
used	 for	 functional	 studies.	 These	 cell	 lines	 were	 obtained	 from	
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collaborators/ATCC	 and	 authenticated	 by	 STR	 profiling	 through	 the	 Victorian	
Centre	for	Functional	Genomics.	The	cell	lines	were	regularly	tested	and	verified	to	
be	 mycoplasma	 negative	 by	 PCR	 analysis	 by	 the	 Victorian	 Infectious	 Diseases	
References	Laboratory	(Melbourne,	Victoria).		Z-138	cell	line	was	grown	in	IMDM	
(ThermoFisher	Scientific)	 containing	10%	FBS,	GRANTA-519	cell	 line	was	grown	
in	DMEM	(ThermoFisher	Scientific)	containing	10%	FBS,	 JEKO,	MINO,	REC-1	and	
MAVER	 cell	 lines	was	 grown	 in	 RPMI	 (ThermoFisher	 Scientific)	 containing	 10%	
FBS.	All	cell	line	were	incubated	at	37°C	and	5%	CO2.	
	

2.14	IC50	assays		

IC50	assays	were	done	with	MCL	cell	lines	to	determine	appropriate	dose	of	drugs	
to	be	used	for	experiments.	For	dose–response	assays,	serial	dilutions	of	ibrutinib,	
ABT-199,	navitoclax	or	A-1331852	were	further	diluted	in	media	before	addition	
to	96-well	plates	seeded	with	between	5×103	and	1×104	cells	per	well	to	obtain	a	
0.1%	DMSO	final	concentration	in	a	200μL	volume.	After	72	h	incubation,	50μL	of	
the	resuspended	cells	were	added	to	150μL	of	FACS	buffer	containing	DAPI	into	96	
well	plates.	Cell	viability	was	determined	by	DAPI	exclusion	using	 the	FACSverse	
(BD	Biosciences).				

2.15	RNA	interference	

Cell	 lines	were	 transduced	with	 inducible	short	hairpin	RNA	(shRNA)	expression	
vectors;	 TtRMPVIR	 (27995,	 addgene)	 or	 constitutive	 shRNA	 expression	 vector;	
pGIPZ.	

Transduction	method	
	
Day	1	
HEK293T	 cells	 were	 seeded	 at	 approximately	 1x106	 cell	 into	 a	 T25	 flask,	 for	
approximately	70%	confluency	on	the	day	of	transfection	
	
Day	2	
For	second	generation	lentiviral	vectors:	
In	250μL	of	Optimem	(ThermoFisher	Scientific),	DNA	plasmids	were	added	at	the	
following	concentration-	
1.25μg	pRSV-REV	
0.83μg	pVSVG	
1.67μg	pSPX2	
2.5μg	DNA	
	
For	third	generation	lentiviral	vectors:	
In	250μL	of	Optimem	(ThermoFisher	Scientific),	DNA	plasmids	were	added	at	the	
following	concentrations-	
1.25μg	pRSV-REV	
2.5μg	pMDL	
1.5μg	pVSVG	
4-5μg	plasmid	of	interest	
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To	 the	 DNA	 mixture,	 4.5μL	 of	 PEI	 was	 added	 per	 ug	 of	 DNA,	 the	 mixture	 was	
vortexed,	 spun	 and	 incubated	 for	 10min	 at	 room	 temperature.	 The	 solution	was	
then	added	dropwise	to	HEK293T	cells	at	70%	confluency.	
	
Day	3	
Cell	media	was	changed	to	media	from	target	cells	
	
Day	4	
Lentiviral	supernatant	was	filtered	through	a	0.45μm	filter.	Polybrene	was	added	
to	a	final	concentration	of	8μg/mL.	In	a	6	well	plate,	add	1	million	cells	with	3	ml	of	
viral	supernatant.	Wrap	the	plate	with	clingwrap	and	spin	infect	by	centrifugation	
at	1250G	for	90min	at	RT.	Allow	cells	to	recover	for	4-5	hours	in	the	incubator	and	
change	to	fresh	media.		
	
Cells	 expressing	 shRNA	 were	 sorted	 by	 flow	 cytometry	 for	 GFP,	 2-3	 days	 after	
transduction.	 For	 inducible	 system,	 cells	 were	 exposed	 to	 48-72	 hours	 of	
doxycycline	and	sorted	for	cells	containing	GFP	and	dsRED.	Knockdown	efficiency	
of	 shRNA-expressing	 and	 non-shRNA-containing	 cells	 was	 assessed	 using	
quantitative	reverse	transcriptase	PCR	(qRT–PCR)	and	immunoblotting.	
	
	
shRNA	sequences	
shRNA		 Target		 sequence	
SCR	 	 scramble	 ATCTCGCTTGGGCGAGAGTAAG	
SM4	 	 SMARCA4	 CAGAAGAAATCATCACGGA	
SM4-2	 	 SMARCA4	 AGCCTCAACGACCTAGAGA	
ATF3	 	 ATF3	 	 GGGTTGTGCTTTCTAGCAA	
ATF3-2	 																ATF3	 	 AAGAGGCGACGAGAAAGAA	
	
2.16	Competition	assays	
Wild	type	Z-138	and	shRNA-containing	Z-138	cells	were	recombined	at	a	1:1	ratio,	
and	seeded	at	density	of	1x105	cells	per	well	in	24	well	plates.	For	drug	treatment,	
3µM	 venetoclax261,	 3µM	 ibrutinib,	 100nM	A-1331852262	 or	 50nM	navitoclax	 and	
1µg/mL	 of	 doxycycline	 final	 concentrations	 were	 added	 to	 each	 well	 or	 in	
combination,	 as	 a	 control	 DMSO	 of	 equivalent	 volume	 was	 used.	 Cells	 were	
passaged	1:4	every	two	days	 into	fresh	media	and	drug.	Every	two	days,	50μL	of	
cells	 were	 sampled	 and	 added	 to	 150μL	 of	 FACS	 buffer	 containing	 DAPI.	 Cell	
viability	 was	 measured	 using	 DAPI	 exclusion	 and	 the	 proportion	 of	 shRNA	
expressing	 (dsRED/Venus)	 cells	 using	 BD	 LSR	 II.	 Experiments	 were	 run	 in	
triplicates,	 and	 in	 at	 least	 three	 biological	 replicates.	 Flow	 cytometry	 gating	
strategy	is	shown	in	Figure	11.	
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Figure	 11:	 Flow	 cytometry	 gating	 strategies-Flow	cytometry	 gating	 strategies	 for	 competition	
(upper	panel),	viability,	proliferation	and	apoptosis	assays	(lower	panel)	
	

2.17	Cell	proliferation	and	viability	assays		

Z-138	and	Granta-519	cells	were	seeded	at	a	density	of	5x104	per	well	 in	24	well	
plates.	 Cells	 were	 cultured	 in	 the	 presence	 of	 drugs	 or	 equivalent	 DMSO	
concentrations.	For	single	 treatments,	venetoclax	and	 ibrutinib	were	used	at	1,	3	
and	5µM	each.		Venetoclax	and	ibrutinib	were	used	at	a	final	concentration	of	3µM	
each	was	used	together,	A-1331852	was	used	at	a	100nM,	navitoclax	was	used	at	
50nM,	 or	 in	 combination	 for	 Z-138.	 Venetoclax	 and	 ibrutinib	 with	 a	 final	
concentration	 of	 1	 and	 3µM,	 respectively	 for	 Granta-519	 cells.	 Every	 2-3	 days,	
50µL	of	cells	were	sampled	and	mixed	with	150µL	of	FACS	buffer	containing	DAPI.	
Cell	 viability	was	measured	 by	DAPI	 exclusion	 and	 cell	 numbers	 using	 BD	 FACS	
Verse.	 For	 apoptosis	 assays,	 annexin-V	 stain	 was	 added	 to	 cells	 at	 (1:50)	 and	
incubated	for	30min	prior	to	analysis	by	flow	cytometer.	Experiments	were	run	in	
triplicates,	and	in	at	least	three	biological	replicates.	Cell	viability	was	assessed	at	
24h	 for	 venetoclax,	 ABT-737,	 A-1331852	 and	 ibrutinib	 using	 a	 FACS	 Fortessa	
(Becton	Dickinson)	flow	cytometer	to	determine	cell	viability	by	propidium	iodide	
(PI)	exclusion.	FACS	data	were	analysed	using	Flowjo	software.	

2.18	qRT–PCR	

mRNA	 was	 prepared	 using	 the	 Qiagen	 RNeasy	 kit	 and	 cDNA	 synthesis	 was	
performed	 using	 SuperScript	 VILO	 kit	 (Life	 Technologies)	 as	 per	manufacturer’s	
instructions.	 qPCR	 analysis	 was	 undertaken	 on	 an	 Applied	 Biosystems	
StepOnePlus	System	with	SYBR	green	reagents	(Life	Technologies).	For	analysis	of	
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cell	 line	 samples,	 expression	 levels	were	 determined	 using	 the	DCT	method	 and	
normalized	to	beta-2-microglobulin	(B2M)	and/or	GADPH.	Experiments	were	run	
in	triplicates	and	differences	in	expression	were	assessed	using	a	one-sided	t-test	
for	statistical	significance.		
	
qRT-PCR	primer	sequences	
Amplicon	 Forward	primer		 Reverse	primer		
SMARCA4	 AGATGCACAAGCCCATGGAGTC	 CTGGACTAGAGGCATGCTCAG	
BCL-xL	 GATCCCCATGGCAGCAGTAAAGCAAG	 CCCCATCCCGGAAGAGTTCATTCACT	
B2M	 TGACTTTGTCACAGCCCAAG	 AGCAAGCAAGCAGAATTTGG	
GAPDH	 ACAGGGCACTGTAGGCAGAT	 TGGACTCCACGACGTACTCA		
ATF3																						CTGGAATCAGTCACTGTCA																																										CTTCTCCGACTCTTTCTG	
	
	

2.19	Immunoblotting	

One	 million	 cells	 were	 lysed	 in	 western	 blot	 lysis	 buffer	 containing	 complete	
protease	 inhibitors	(Roche),	and	briefly	sonicated.	Whole-cell	 lysates	were	mixed	
with	Laemmli	SDS	sample	buffer	and	separated	via	SDS–PAGE	and	transferred	to	
PVDF	or	nitrocellulose	membranes	(Millipore).	Membranes	were	blocked	with	5%	
milk-powder	 in	TBS	overnight	 at	40C.	After	washing	3	 times	 in	TBS-T	 for	5	min,	
membranes	 were	 then	 sequentially	 incubated	 with	 primary	 antibodies	 (see	
antibodies)	for	1	hour	at	RT.	The	membranes	were	washed	3	times	with	TBS-T	for	
5	 min	 then	 incubated	 with	 secondary	 antibodies	 conjugated	 with	 horseradish	
peroxidase	(Invitrogen)	for	1	hour	at	RT.	The	membranes	were	further	washed	3	
times	with	TBS-T	for	5	min	then	incubated	with	ECL	(GE	Healthcare)	for	1	min	at	
RT	and	the	proteins	detected	by	exposure	to	X-ray	film.	The	following	antibodies	
were	 used	 in	 immunoblotting	 assays:	 Brg-1/SMARCA4	 (G-7):	 sc-17796	 (Lot#	
K3016),	 HSP	 60	 (C-10):	 sc-376240	 (Lot#	 H1413),	 ATF3	 (c-19):	 sc-188,	 ATF3	
(44C3a):	 sc-81189,	 BCL2	 (BCL2-100,	 WEHI),	 BCL-xL	 (clone	 10112;	 BD	
Biosciences),	and	HSP70	(clone	N6;	WEHI).	

2.20	RNA-Sequencing	

Control	or	SMARCA4	knockdown	Z-138	cells	treated	with	3µM	venetoclax	and	3µM	
ibrutinib	or	equivalent	volume	of	DMSO	for	8	hours	in	complete	media	at	37°C	and	
5%	CO2,	were	analyzed	in	three	biological	replicates.	One	to	two	million	cells	were	
mixed	 with	 Drosophila	 S2	 cells	 at	 a	 ratio	 of	 19:1.	 RNA	 was	 isolated	 using	 the	
Qiagen	 RNeasy	 kit	 (Catalog	 no	 74106)	 following	 the	 manufactures	 instructions.	
RNA	 concentration	 was	 quantified	 with	 the	 NanoDrop	 spectrophotometer	
(Thermo	Scientific).	The	RNA	integrity	was	assessed	with	the	Agilent	TapeStation	
using	the	RNA	ScreenTape.	Libraries	were	prepared	using	the	lexogen	QuantSeq	3'	
mRNA-Seq	 Library	 Prep	 Kit.	 Libraries	were	 quantified	 by	 qPCR,	 normalised	 and	
pooled	 to	 2nM	 before	 sequencing	 with	 single-end	 75bp	 reads	 on	 an	 Illumina	
NextSeq500.	
	
Reads	were	aligned	 to	 the	human	genome	 (G1k	V37)	using	HiSAT2263	 and	 reads	
were	 assigned	 to	 genes	 using	 htseq-count264.	 Differential	 expression	 was	
calculated	using	edgeR265.	Genes	with	a	false	discovery	rate	corrected	for	multiple	
testing	using	the	method	of	Benjamini	and	Hochberg	below	0.05	and	a	fold-change	
greater	than	2	were	considered	significantly	differentially	expressed.		
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2.21	ChIP-Seq	

Z-138	 cells	 were	 cross-linked	 with	 1%	 formaldehyde	 for	 15	 min	 at	 room	
temperature,	 and	 cross-linking	was	 stopped	 by	 the	 addition	 of	 0.125	M	 glycine.	
Cells	 were	 then	 lysed	 in	 1%	 SDS,	 10	 mM	 EDTA,	 50	 mM	 Tris-HCl,	 pH	 8.0,	 and	
protease	inhibitors.	Lysates	were	sonicated	in	a	Covaris	ultrasonicator	to	achieve	a	
mean	 DNA	 fragment	 size	 of	 500	 bp.	 Immunoprecipitation	 with	 anti-Histone	 H3	
(acetyl	K27)	antibody	 (ab4729)	was	performed	 for	a	minimum	of	12	h	at	4°C	 in	
modified	RIPA	buffer	(1%	Triton	X-100,	0.1%	deoxycholate,	90	mM	NaCl,	10	mM	
Tris-HCl,	 pH	 8.0,	 and	 protease	 inhibitors).	 Equal	 volumes	 of	 protein	 A	 and	 G	
magnetic	beads	(Life	Technologies)	were	used	to	bind	the	antibody	and	associated	
chromatin.	 Reverse	 cross-linking	 of	DNA	was	 followed	 by	DNA	purification	with	
QIAquick	PCR	purification	kits	(Qiagen).	PCR	was	performed	in	BCL-xL	region	with	
the	 following	 primers	 (forward)	 CATATGAGGCAACAGGCAGA	 and	 (reverse)	
ATGCCTGGCACACAGTAGGT	
	
Z-138	 H3K27ac	 ChIP	 data	 was	 downloaded	 from	 publically	 available	 dataset	
(ERX926128).	 Reads	were	 aligned	 to	 the	 human	 genome	 (G1k	 V37)	 with	 BWA-
mem266.	 Peak	 calling	 was	 performed	 with	 MACS2267	 with	 default	 parameters.	
Genome-browser	 images	of	ChIP–seq	data	was	generated	by	converting	 the	bam	
files	 from	 BWA	 to	 TDF	 files	 with	 IgV	 tools	 and	 viewing	 in	 IGV268.	 ChIP–seq	
coverage	across	selected	genomic	regions	was	calculated	with	BEDtools269.		
	

2.22	ATAC-Seq	

Z-138	 cells	 were	 washed	 with	 ice	 cold	 PBS,	 then	 lysed	 in	 500µL	 of	 lysis	 buffer	
(10mM	 Tris-HCl	 pH	 7.4,	 10mM	 NaCl,	 3mM	 MgCl2,	 0.1%	 NP40).	 After	
centrifugation,	the	cell	pellet	was	resuspended	in	50µL	of	tagmentation	mastermix	
(1×	TD	buffer,	0.01%	digitonin	and	2.5µL	of	 transposase)	 from	 the	Nextera	DNA	
library	prep	kit	 (Illumina)	and	 incubated	at	37°C	 for	30	minutes.	The	 tagmented	
chromatin	 was	 purified	 with	 the	 MinElute	 PCR	 purification	 kit	 (Qiagen),	 then	
amplified	 for	 13	 PCR	 cycles	 with	 the	 Forward	 and	 Reverse	 Indexing	 primers	
(25uM)	 and	HotStart	 KAPA	 readymix.	 The	 PCR	 products	were	 purified	with	 the	
MinElute	PCR	purification	kit	(Qiagen),	then	analysed	with	the	Agilent	TapeStation	
using	 the	 D1000	 ScreenTape	 to	 assess	 the	 size	 of	 library	 fragments.	 ATAC-Seq	
libraries	 were	 quantified	 by	 qPCR,	 normalised	 and	 pooled	 to	 2nM	 before	
sequencing	with	paired-end	75	bp	reads	on	an	Illumina	NextSeq500.	

2.23	Mass	Cytometry	

Mass	cytometry	was	performed	at	Department	of	Medical	Biology,	University	of	
Melbourne,	Melbourne,	Australia.	
	
Sample	Preparation		
1.	Z-138	cells	were	grown	in	IMDM	media.		
2.	Aliquot	desired	cell	number	(3-5	million	cells	per	sample).		
3.	Spin	at	1,200	rpm	for	5	minutes.		
4.	Aspirate	media.	Disrupt	pellets	gently.		
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Viability	Stain		
5.	Dilute	25mM	stock	cisplatin	1:	1,000	into	warm	serum-free	media.	(Final	25uM)		
6.	Resuspend	pellets	in	cisplatin-containing	serum-free	media	at	1-2x106	cells/ml.	
Swirl	immediately	for	1	minute	exactly.		
7.	Immediately	add	at	least	4	volumes	of	serum	containing	media	(culture	media)	
and	gently	invert	several	times	to	mix	and	quench	the	reaction.		
8.	Spin	at	1,200	rpm	for	5	minutes	to	pellet	cells.	Aspirate	media.		
9.	Resuspend	pellets	in	1ml	culture	media.		
	
IdU	Treatment		
10.	Dilute	50mM	stock	IdU	1/50.	Add	10ul	to	490ul	water	(final	1mM)		
11.	 Add	 10uL	 of	 dilute	 1mM	 IdU	 to	 1ml	 cells	 (final	 10uM)	 and	 incubate	 for	 15	
minutes	at	RT.		
	
Fixation		
12.	Add	100ul	of	16%	Paraformaldehyde	(final	1.6%)	to	each	tube	and	incubate	10	
minutes	at	RT.	The	media	will	turn	yellow.		
13.	Incubate	at	RT	for	10min.		
14.	Wash	 cells	 2x	with	 Cell	 Staining	Media	 (centrifuge	 1,200	 rpm	 for	 5	minutes	
each	wash).		
15.	Resuspend	cells	in	500uL	Cell	Staining	Media.		
16.	Cells	can	now	be	stored	in	1.5	mL	Eppendorf	tubes	at	-80°C	or	stained.	
	
Cells	 were	 barcoded	 using	 20-plex	 palladium	 barcoding	 according	 to	
manufacturer’s	 instructions	 (Fluidigm,	 South	 San	 Francisco,	 CA,	 USA).	 Following	
barcoding,	 cells	were	 pelleted	 and	washed	 once	with	 cell	 staining	medium	 (PBS	
with	 0.5%	 BSA	 and	 0.02%	 sodium	 azide)	 to	 remove	 residual	 PFA.	 Cells	 were	
permeabilized	with	4°C	methanol	for	10	min.	Cells	were	washed	three	times	with	
CSM	and	stained	with	anti-BCL-2	 157Gd	 (clone	100,	WEHI)	and	anti-BCL-xL	 153Eu	
(Clone	E18,	Abcam)	for	30	min	at	room	temperature.	Cells	were	washed	with	cell	
staining	media,	 then	 stained	with	125	nm	 191Ir/193Ir	DNA	 intercalator	 (Fluidigm,	
South	San	Francisco,	CA,	USA)	in	PBS	with	1.6%	PFA	at	4°C	overnight.	Cells	were	
washed	 once	 with	 CSM,	 washed	 three	 times	 with	 double-distilled	 water	 and	
filtered	 to	 remove	 aggregates	 and	 resuspended	 with	 EQ	 normalisation	 beads	
immediately	before	analysis	using	a	Helios	mass	 cytometer	 (Fluidigm,	South	San	
Francisco,	 CA,	 USA).	 Throughout	 the	 analysis,	 cells	 were	maintained	 at	 4°C	 and	
introduced	at	a	constant	rate	of	~300	cells/sec.	
	
Data	 concatenation,	 normalization	 and	 debarcoding	 were	 done	 in	 the	 Helios	
software,	 version	6.7.1014	 (Fluidigm,	 South	 San	 Francisco,	 CA,	USA).	 Single	 cells	
were	 gated	 using	 the	 Flowjo	 (version	 10.4)	 and	 Cytobank	 software	
(http://www.cytobank.org)	 based	 on	 event	 length	 and	 191Ir/193Ir	 DNA	 contents	 to	
avoid	debris	and	doublets).		
	

2.24	Statistical	methods	

Statistical	significance	was	determined	using	Fisher’s	exact	test.	Survival	analyses	
were	performed	with	Cox’s	Proportional	Hazards	Model	using	R.	For	patient	
groups	with	no	events,	Cox	Regression	with	Firth’s	Penalized	Likelihood	was	used	
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to	estimate	significance	and	hazard	ratios270.	Computation	was	done	using	R	
packages	‘survival’	and	‘coxphf’.	
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CHAPTER	 3:	 Molecular	 determinants	 of	 response	 to	 ibrutinib	 and	 venetoclax	 in	

Mantle	Cell	Lymphoma	

	3.1	Introduction	

MCL	 is	 the	 single	 B-non-Hodgkin	 lymphoma	 subtype	 with	 the	 lowest	 5-year	
survival	 rate.	 Most	 of	 the	 patients	 present	 in	 advanced	 stage	 disease	 and	 show	
multiple	 relapses	 and	 develop	 chemo-refractory	 disease.	 Novel	 therapeutics	 are	
urgently	needed	to	 improve	outcomes	for	MCL	patients.	We	conducted	a	phase	2	
study	combining	ibrutinib	and	venetoclax	for	the	treatment	of	high-grade/relapse-
refractory	MCL	patients	(AIM	clinical	trial)	at	the	Peter	MacCallum	Cancer	Centre.	
The	AIM	study	has	revealed	the	potential	for	durable	complete	remissions	in	MCL	
patients	with	the	combination	of	ibrutinib	and	venetoclax82.	The	highly	promising	
results	of	the	AIM	study	are	likely	to	be	practice	changing	and	herald	a	new	era	of	
combination-targeted	 therapies	 for	MCL.	 It	 is	nonetheless	 important	 to	note	 that	
20%	of	patients	enrolled	on	the	AIM	study	demonstrated	primary	resistance	to	the	
combination	therapy	and	a	further	10%	relapsed	with	acquired	resistance.	It	is	of	
utmost	importance	to	identify	biomarkers	that	can	predict	response	to	these	novel	
therapeutics	 and	 help	 us	 select	 the	 appropriate	 cohort	 of	 patients	 for	 such	
treatment.	 Treatment	 based	 on	 genomic	 characterization	will	 help	 us	 to	 achieve	
the	best	outcomes	for	our	patients.	
	
We	 prospectively	 collected	 tissue	 and	 blood	 samples	 from	MCL	 patients	 on	 the	
AIM	study	at	baseline	(before	the	start	of	therapy),	at	serial	time	points	and	at	the	
time	of	disease	progression	(Figure	12	&	13).	Molecular	studies	were	performed	
on	these	samples	to	characterize	the	genomic	landscape	of	these	MCL	patients	and	
identify	 potential	 biomarkers	 of	 disease	 response	 to	 ibrutinib	 and	 venetoclax	
combination	therapy.		
	

3.2	AIMS	&	Objectives	

1)	 To	 characterise	 the	 genomic	 landscape	 of	 high-grade/relapse-refractory	MCL	
patients.	
2)	 To	 identify	 molecular	 biomarkers	 for	 disease	 response/resistance	 in	 MCL	
patients	on	ibrutinib	and	venetoclax	therapy.		
	

3.3	AIM	clinical	study	

Study	Design	and	Patient	Population	
The	ABT-199	and	Ibrutinib	 in	Mantle-Cell	Lymphoma	(AIM)	study	was	a	phase	2	
study	 conducted	 at	 two	 sites	 in	 Melbourne,	 Australia	 (Peter	 MacCallum	 Cancer	
Centre	and	Royal	Melbourne	Hospital).	The	eligibility	criteria	for	enrollment	in	this	
study	were-	

1) Adult	 patients	 with	 relapsed	 or	 refractory	 MCL	 or	 previously	 untreated	
MCL	not	suitable	for	conventional	cytotoxic	chemotherapy.	

2) Neutrophil	count	of	at	least	750	per	cubic	millimeter,	a	platelet	count	of	at	
least	 50,000	per	 cubic	millimeter,	 a	 creatinine	 clearance	of	 at	 least	 50	ml	
per	minute,	and	an	Eastern	Cooperative	Oncology	(ECOG)	score	of	0-2.	
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A	 total	 of	 24	 patients	were	 enrolled	 on	 the	 AIM	 study.	 All	 patients’	 commenced	
treatment	with	 ibrutinib	monotherapy	at	an	oral	dose	of	560	mg	per	day	 for	 the	
first	4	weeks	and	then	venetoclax	was	added	to	the	treatment	regimen	from	week	
5;	 mainly	 to	 reduce	 the	 risk	 of	 the	 tumor	 lysis	 syndrome	 that	 is	 known	 to	 be	
associated	 with	 venetoclax	 therapy.	 Venetoclax	 was	 introduced	 in	 week	 5	
according	to	a	dosing	schedule	that	started	at	50	mg	per	day	orally	and	increased	
weekly	in	a	stepwise	fashion	(ramp-up)	to	100	mg	per	day,	then	to	200	mg	per	day,	
and	finally	to	400	mg	per	day,	on	the	basis	of	the	recommended	dose	for	treating	
chronic	 lymphocytic	 leukemia	 at	 the	 time	 of	 study	 conception	 (Figure	 12).	
Subsequently,	the	recommended	phase	2	dose	in	MCL	was	reported	to	be	800	mg	
per	day,	and	the	study	protocol	was	amended	to	allow	escalation	to	a	dose	of	800	
mg	 per	 day	 after	 week	 16	 if	 a	 complete	 response	 had	 not	 occurred271.	 Risk	
stratification	for	the	tumor	lysis	syndrome	was	adapted	from	that	used	for	studies	
of	venetoclax	in	patients	with	chronic	lymphocytic	leukemia272,273.	Patients	at	high	
risk	were	those	who	had	a	largest	tumor	dimension	of	10	cm	or	more	or	who	had	a	
combination	 of	 the	 largest	 tumor	 dimension	 of	 5	 cm	 or	 more	 and	 a	 circulating	
lymphocyte	count	of	at	least	25,000	per	cubic	millimeter.	Patients	at	medium	risk	
were	 those	who	either	had	a	 largest	 tumor	dimension	of	5	 cm	or	more	or	had	a	
circulating	 lymphocyte	 count	 of	 at	 least	 25,000	 per	 cubic	millimeter.	 Patients	 at	
low	risk	had	neither	clinical	characteristic.	After	the	completion	of	the	venetoclax	
ramp-up	period,	all	the	patients	continued	both	ibrutinib	and	venetoclax	daily	until	
disease	progression	or	until	an	unacceptable	level	of	adverse	events	occurred.	The	
primary	endpoint	of	the	clinical	trial	was	complete	response	at	week	16. 

Assessments	
Disease	reassessment	was	performed	at	weeks	4,	16,	28,	40,	and	56	by	means	of	
computed	tomography	(CT),	with	and	without	the	use	of	18F-fluorodeoxyglucose–
positron-emission	 tomography	 (PET).	 Bone	 marrow	 biopsies	 (BM),	 and	 whole	
blood	samples	were	collected	 from	all	enrolled	patients	at	baseline,	weeks	4,	16,	
28,	40,	56	and	at	 the	 time	of	disease	progression	 (Figure	13).	WES,	LC-WGS	and	
targeted	amplicon	sequencing	was	performed	on	baseline	and	progression	tumor	
and	plasma	samples.	Serial	plasma	samples	were	evaluated	by	targeted	amplicon	
sequencing,	 digital	 PCR,	 ASO-PCR	 and	 flow	 cytometry	 for	 disease	 monitoring	
(Figure	13).	
 
 

	
Figure	12:	Schema	of	AIM	study	timeline	and	sample	collections	
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Plasma	for	ctDNA	analysis	was	collected	at	baseline,	4,	16,	28,	40,	56	weeks	and	at	times	of	disease	
progression.	At	these	times	imaging,	bone	marrow	biopsy	(BM)	and	peripheral	blood	(PB)	ASO-PCR	
for	MRD	 analysis	was	 also	 performed.	 Tumor	 tissue	 at	 baseline	 and	 progression	 (PD)	were	 also	
collected	 for	 exome	 sequencing	 and	 LC-WGS.	 The	 primary	 end	 point	 of	 the	 study	was	 complete	
response	measured	using	CT	at	16	weeks.	
	

	
Figure	13:	Schema	of	testing	performed	on	MCL	samples	
	

Outcomes	of	AIM	clinical	study	
The	 AIM	 study	 has	 shown	 remarkable	 responses	 in	 patients	 with	
relapsed/refractory	and/or	high	grade	MCL.	The	CR	rate	according	to	CT	at	week	
16	was	42%,	which	was	higher	than	the	historical	result	of	9%	at	this	time	point	
with	ibrutinib	monotherapy	(P<0.001).	The	rate	of	CR	as	assessed	by	PET	was	62%	
at	week	16	and	71%	overall.	In	a	time-to-event	analysis,	78%	of	the	patients	with	a	
response	were	estimated	to	have	an	ongoing	response	at	15	months.		
	
After	a	median	follow-up	of	15.9	months,	the	median	progression-free	survival	had	
not	been	reached,	with	estimated	rates	of	progression-free	survival	of	75%	(95%	
CI,	60	to	94)	at	12	months	and	57%	(95%	CI,	40	to	82)	at	18	months	(Figure	14A).	
A	 total	 of	 eight	 patients	 showed	 disease	 progression	 on	 AIM	 therapy-	 5/8	were	
primary	 refractory	 to	 drug	 combination	whiles	 3/8	 progressed	 on	 therapy	 after	
achieving	 complete	 remission	 at	 16	 weeks.	 In	 2/3	 patients	 that	 progressed	 on	
therapy,	disease	progression	was	timely	identified	due	to	highly	sensitive	minimal	
residual	disease	laboratory	investigations	performed	with	AIM	clinical	study.	One	
patient	had	low-volume	nodal	progression	detected	by	PET	at	week	16,	when	the	
CT	findings	were	non-diagnostic	and	flow	cytometry	for	MRD	on	bone	marrow	was	
negative.	 A	 second	 patient	 had	 reappearance	 of	 lymphoid	 aggregates	 in	 bone	
marrow	at	week	56,	when	both	the	PET	and	CT	scans	showed	an	ongoing	complete	
response.	As	of	the	time	of	analysis,	the	median	duration	of	response	had	not	been	
reached,	 and	 78%	 (95%	 CI,	 59	 to	 100)	 of	 the	 patients	 with	 a	 response	 were	
estimated	 to	 be	 progression-free	 at	 15	months	 (Figure	 14B).	 The	 rate	 of	 overall	
survival	was	79%	(95%	CI,	64	to	97)	at	12	months	and	74%	(95%	CI,	57	to	95)	at	
18	months	(Figure	14C).	
	
Tumor	lysis	syndrome	occurred	in	2	patients.	Common	side	effects	were	generally	
low	grade	 and	 included	diarrhea	 (in	 83%	of	 the	patients),	 fatigue	 (in	 75%),	 and	
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nausea	or	vomiting	(in	71%).	The	AIM	study	have	established	that	dual	targeting	of	
BTK	 and	 BCL2	 with	 ibrutinib	 and	 venetoclax	 was	 consistent	 with	 improved	
outcomes	 in	 patients	with	MCL	who	 had	 been	 predicted	 to	 have	 poor	 outcomes	
with	current	therapy.	
	

	
	
	

	
	
	
	

	
	
Figure	14:	Key	survival	outcomes	of	AIM	study:	Panel	A	shows	progression-free	survival	among	
all	24	patients.	The	rate	of	progression-free	survival	was	estimated	to	be	75%	(95%	CI,	60	to	94)	at	
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12	months	and	57%(95%	CI,	40	to	82)	at	18	months.	The	dashed	lines	indicate	the	95%	confidence	
interval,	 and	 tick	 marks	 censored	 data.	 Panel	 B	 shows	 the	 duration	 of	 response	 among	 the	 17	
patients	 who	 had	 a	 response.	 The	 rate	 of	 ongoing	 response	 was	 estimated	 in	 the	 time-to-event	
analysis	to	be	78%	(95%	CI,	59	to	100)	at	12	months	and	78%	(95%	CI,	59	to	100)	at	15	months.	
Panel	C	shows	overall	survival	among	all	24	patients.	The	overall	survival	rate	was	estimated	to	be	
79%	(95%	CI,	64	to	97)	at	12	months	and	74%	(95%	CI,	57	to	95)	at	18	months.	Taken	from	Tam	
et	al,	NEJM	2018.	
	

3.4	Clinico-pathological	features	of	MCL	patients	on	AIM	study 

Patient	cohort	
A	 total	 of	 24	 patients	 were	 enrolled	 on	 the	 AIM	 study.	 The	 median	 age	 of	 the	
patients	was	68	years	(range,	47	to	81)	and	the	M:	F	ratio	was	7:1	(21	males	and	3	
females).	Amongst	24	patients,	23	had	relapsed	or	refractory	MCL,	with	a	median	
of	 two	 previous	 therapies	 (range,	 one	 to	 six),	 and	 1	 patient	 had	 previously	
untreated	MCL	and	could	not	undergo	cytotoxic	chemotherapy	because	the	patient	
declined	 blood	 transfusions.	 The	 median	 time	 that	 the	 patients	 received	 study	
treatment	 was	 14.4	months	 (range,	 0.7	 to	 25.0),	 and	 the	median	 follow-up	was	
15.9	months	(range,	1.4	to	26.2).	Two	patients	never	received	venetoclax	owing	to	
rapid	disease	progression	during	 ibrutinib	monotherapy	 in	one	patient	 and	 fatal	
infection	in	the	other.		

Morphology	and	immunophenotyping	
Pre-treatment	(before	the	start	of	AIM	therapy)	biopsies	were	obtained	from	all	24	
patients	 and	morphological	 assessment	was	 performed	 on	H&E	 (Hemotoxylin	&	
Eosin)	 stained	 slides	 by	 two	 independent	 pathologists.	 Twenty	 patients	 had	
classical	 MCL,	 one	 patient	 had	 pleomorphic	 variant,	 while	 morphological	
assessment	 was	 not	 possible	 on	 three	 patients	 as	 the	 primary	 diagnostic	 tissue	
was	from	bone	marrow	biopsy	(Table	16).	The	majority	of	patients	in	our	cohort	
had	the	classical	subtype	at	baseline,	though	at	the	time	of	disease	progression	2/3	
patients	 (with	 tissue	 biopsies	 available	 at	 progression)	 had	 morphological	
transformation	from	classical	to	the	blastic	MCL	subtype	(patient	04	&	patient	07).	
Blastic	 and	 pleomorphic	 subtypes	 are	 known	 to	 be	 associated	 with	 inferior	
prognosis	 in	 MCL.	 All	 MCL	 cases	 in	 our	 study	 were	 CD5	 positive,	 and	 no	 CD5	
negative	 cases	 (usually	 associated	 with	 indolent	 course)	 were	 observed	 in	 our	
patient	cohort.	This	was	expected	because	the	patient	cohort	selected	for	ibrutinib	
and	venetoclax	combination	therapy	was	highly	aggressive	with	multiple	relapses	
and	refractoriness	to	conventional	therapies.	

Proliferation	index/Ki-67		
Ki-67	assessment	was	done	on	tissue	biopsies	using	immunohistochemistry.	Ki-67	
staining	 was	 classified	 as	 <30%	 or	 ≥30%	 as	 high	 proliferation	 index	 (≥30%)	 is	
known	to	be	associated	with	poor	prognosis	in	MCL25-27.	Amongst	the	21	patients	
whose	 tissue	 was	 available	 for	 Ki-67	 assessment,	 nine	 patients	 had	 high	 Ki-67	
(≥30%)	while	the	remaining	12	patients	had	 low	Ki-67	(<30%).	All	MCL	patients	
who	had	not	responded	to	AIM	therapy	(non-responders)	had	a	high	proliferation	
index	 (Table	 16;	 Figure15)	 that	 was	 associated	 with	 a	 reduced	 likelihood	 of	
response	(p=0.02)	to	treatment.	
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IgHV	status		
MCL	 is	 characterized	 by	 translocation	 of	 the	 immunoglobulin	 heavy	 chain	 locus,	
and	 somatic	 hypermutation	 of	 the	 rearranged	 variable	 region	 of	 the	
immunoglobulin	heavy	chain	(IGHV)	gene.	The	“mutated”	IGHV	status	is	defined	as	
<	98%	homology	 to	 the	germ-line.	 Studies	 suggest	 that	 the	 lack	of	 IGHV	somatic	
mutations	(un-mutated	subtypes)	correlates	with	a	more	aggressive	clinical	course	
and	possibly	with	 shorter	 survival	 of	MCL	patients.28	 IgH	 sequencing	of	 baseline	
tumor	 samples	 was	 performed	 for	 all	 patients	 by	 next-generation	 sequencing	
using	 the	BIOMED-2	FR1	primers.260	Patients	were	classified	as	mutated	and	un-
mutated	based	on	a	cut-off	of	98%	homology	to	the	germ-line.	18/24	patients	were	
un-mutated,	5/24	were	mutated	and	one	patient	was	classified	as	borderline	IgHV	
status	(Table	16).	

MIPI	score		
MIPI	score	 is	an	important	prognostic	score	that	 is	currently	used	to	risk	stratify	
MCL	 patients.	 It	 includes	 simple	 clinical	 parameters	 such	 as	 age;	 performance	
status,	 LDH	 and	 the	 leucocyte	 count22.	 MIPI	 stratifies	 newly	 diagnosed	 MCL	
patients	into	three	risk	classes	(low,	intermediate	&	high)	and	has	been	found	to	be	
useful	 in	 several	 studies.	 In	 our	 cohort	 18/24	 patients	 had	 high;	 5/24	 had	
intermediate	 and	 only	 1/24	 had	 low	 MIPI	 score.	 Most	 of	 the	 patients	 had	
intermediate-high	score	and	MIPI	score	was	not	predictive	of	treatment	response	
(p>0.5)	(Figure	15).	
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Study	No	 Age	
(years)	 Gender	 Morphology	 IgHV	mutation	 Ki67	 MIPI	score	

1	 77	 M	 Classical	 Unmutated	 30%	 High	
2	 69	 M	 Classical	 Mutated	 5%	 Intermediate	
3	 72	 M	 Classical	 Unmutated	 20-30%	 High	
4	 74	 M	 Pleomorphic	 Unmutated	 100%	 High	
5	 72	 M	 Classical	 Unmutated	 20-30%	 High	
6	 72	 M	 Classical	 Unmutated	 <10%	 High	
7	 66	 F	 Classical	 Unmutated	 90%	 High	
8	 53	 M	 Classical	 Unmutated	 50%	 High	
9	 68	 M	 Classical	 Unmutated	 20%	 Intermediate	
10	 71	 M	 Classical	 Unmutated	 30%	 High	
11	 74	 M	 Classical	 Unmutated	 20%	 High	
12	 62	 M	 Classical	 Unmutated	 20%	 Intermediate	
13	 47	 F	 Classical	 Unmutated	 20%	 Intermediate	
14	 79	 M	 N/A	 Unmutated	 N/A	 High	
15	 50	 M	 Classical	 Mutated	 20%	 Low	
16	 69	 M	 Classical	 Mutated	 20-30%	 High	
17	 67	 M	 N/A	 Borderline	 N/A	 High	
18	 64	 M	 Classical	 Unmutated	 40-50%	 High	
19	 68	 M	 Classical	 Unmutated	 20-30%	 High	
20	 55	 M	 Classical	 Mutated	 40%	 High	
21	 54	 M	 N/A	 Mutated	 N/A	 High	
22	 82	 F	 Classical	 Unmutated	 5%	 High	
23	 60	 M	 Classical	 Unmutated	 30-40%	 Intermediate	
24	 71	 M	 Classical	 Unmutated	 30-50%	 High	

		
Table	16:	Clinical	and	molecular	characteristics	of	MCL	cases	
M:	Male,	F:	Female,	N/A:	Not	Available	

	

3.5	Genomic	characterization	of	MCL	patients	

Mutations	detected	by	targeted	amplicon	sequencing		
Baseline	tumor	and	plasma	samples	from	all	24	patients	were	studied	by	targeted	
amplicon	 sequencing.	Mutations	were	 identified	 in	all	 tumor	 samples	at	baseline	
and	 are	 listed	 in	Table	17	with	 corresponding	MAF	 (mutant	 allele	 fraction).	 The	
MAF	 ranged	 from	 6%-90%	 depending	 upon	 the	 degree	 of	 tumor	 infiltration	 of	
primary	tissue	and	clonal	or	sub-clonal	nature	of	the	underlying	mutations.	
	
	
	
	
	
	
	
	



	 74	

Study No. Primary site Mutation Tumour MAF 
1 BM ATM G255* 60 

  CARD11 D357E 59 

  UBR5 L2789V 26 

  UBR5 C2768W 26 

  MLL2 R4536* 38 
2 BM ATM M838I 12 

  WHSC1 E1099L 10 
3 BM ATM L2750S 40 

  MLL2 K3563* 33 

  WHSC1 T1150A 33 
4 LN TP53 V216M 86 

  TRAF2 G10Wfs*70 79 

  NOTCH1 Q2394* 90 
5 BM ATM R3008H 19 
6 LN MYC A169T 15 
7 LN TP53 H179L 82 

  NOTCH2 Y2392* 47 
8 LN ATM L1545* 84 
9 BM ATM V2424del 15 

10 LN TP53 G105D 10 
11 BM ATM A2451P 10 

  TP53 C277F 10 

  UBR5 G2104L 6 
12 LN ATM D2448N 45 
13 LN TP53 L120E 45 

  WHSC1 E1099L 28 
14 BM TP53 Q38* 85 

  SMARCA4 H884L 44 
15 Gastric tissue UBR5 W1716C 35 
16 LN ATM C2770W 66 

  BIRC3 S441* 81 

  MLL2 P2210L 35 
17 BM TP53 E258G 95 
18 BM TP53 K132E 91 

  SMARCA4 G1162S 52 
19 LN CARD11 D401V 58 
20 LN TP53 R282W 92 

  NOTCH2 R2400* 45 

  SMARCA4 S1155R 47 
21 BM TP53 R175H 75 

  CCND1 Y44D 44 

  SMARCA4 R978* 45 
22 LN ATM E244L 30 

  BIRC3 E537L 8 
23 BM TP53 C141W 30 

  TP53 M237I 35 

  WHSC1E1099L 34 

  WHSC1 T1150A 15 
24 BM CARD11 I118V 25 

  CARD11 L215del 35 

  CARD11 Y98F 6 
	
Table	17:	Mutations	detected	by	targeted	amplicon	sequencing	
*LN-Lymph	node,	BM-Bone	marrow	

Whole	exome	sequencing	(WES)		
In	addition	 to	 targeted	amplicon	sequencing,	WES	was	also	performed	on	16/24	
patient	 samples	 (in	 which	 fresh	 tumor	 tissue	 and	 germline	 samples	 were	
available)	to	widely	characterize	the	genomic	landscape	of	the	MCL	patients	and	to	
confirm/validate	 the	mutations	 identified	 by	 targeted	 sequencing.	WES	was	 also	
done	at	the	time	of	disease	progression	in	three	patients	(that	have	progressed	on	
ibrutinib	 and	 venetoclax	 combination)	 to	 identify	 the	 genomic	 changes	 that	 can	
lead	 to	 disease	 progression	 and	 treatment	 resistance.	 A	 paired	 germline	 saliva	
sample	 was	 always	 sequenced	 with	 tumor	 sample	 by	WES	 to	 identify	 germline	
variants	and	 to	help	with	bioinformatics	analysis	 for	somatic	variant	calling.	The	
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exome	sequencing	data	from	this	thesis	has	been	deposited	into	the	sequence	read	
archive,	which	is	hosted	by	the	National	Centre	for	Biotechnology	Information.	The	
BioProject	 accession	 number	 is	 PRJNA489753.	WES	 identified	 and	 confirmed	 all	
mutations	 that	 were	 detected	 by	 targeted	 amplicon	 sequencing	 in	 patients	 that	
were	 sequenced	 by	 both	 techniques	 (n=16/24).	 WES	 also	 found	 additional	
mutations	 in	 the	genomic	regions	 that	were	not	covered	by	 targeted	sequencing.	
The	variants	identified	by	WES	are	listed	in	Table	18.	
	

Study No. Primary site Mutations Mutant allele fraction 
1 BM ATM G255* 60 

  CARD11 D357E 59 

  UBR5 L2789V 26 

  UBR5 C2768W 26 

  MLL2 R4536* 38 
3 BM ATM L2750S 40 

  MLL2 K3563* 33 

  WHSC1 T1150A 33 
4 LN TP53 V216M 86 

  TRAF2 G10Wfs*70 79 

  NOTCH1 Q2394* 90 
5 BM ATM R3008H 19 
7 LN TP53 H179L 82 

  NOTCH2 Y2392* 47 
8 LN ATM L1545* 84 

  ARID1B S35del 11 
9 BM ATM V2424del 15 

11 BM ATM A2451P 10 

  TP53 C277F 10 

  UBR5 G2104L 6 
15 LN UBR5 W1716C 35 
16 LN ATM C2770W 66 

  BIRC3 S441* 81 

  MLL2 P2210L 35 
17 BM TP53 E258G 95 
18 BM TP53 K132E 91 

  SMARCA4 G1162S 52 

  ARID2 K35* 21 

  CCND1 I117V 34 

  
SMARCA2 

Q296AfsTer62 12 

  TRAF2 R159AfsTer2 64 
19 LN CARD11 D401V 58 

  ARID1A Q561* 63 
20 LN TP53 R282W 92 

  NOTCH2 R2400* 45 

  SMARCA4 S1155R 47 
23 BM TP53 C141W 30 

  TP53 M237I 35 

  WHSC1E1099L 34 

  WHSC1 T1150A 15 
24 BM CARD11 I118V 25 

	  CARD11 L215del 35	
	

Table	18:	Mutations	detected	by	whole	exome	sequencing	
BM-Bone	marrow,	LN-lymph	node	
	

Low-coverage	whole	genome	sequencing		
Since	 the	 pathogenesis	 of	 MCL	 as	 like	 other	 lymphomas	 is	 not	 only	 driven	 by	
mutations	but	also	chromosomal	copy	number	aberrations;	we	also	performed	LC-
WGS	 (2-3x	depth)	 on	 all	 baseline	 and	progression	 tumor	 samples.	Multiple	 copy	
number	abnormalities	including	both	amplifications	and	deletions	were	identified	
in	 MCL	 patients.	 In	 general,	 patients	 who	 responded	 to	 AIM	 therapy	 had	 fewer	
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copy	 number	 changes	 as	 compared	 to	 patients	 who	 had	 not	 responded	 to	 AIM	
therapy.	 The	 plots	 for	 copy	 number	 changes	 for	 baseline	 samples	 (pre-AIM	
therapy)	by	LC-WGS	for	all	patients	are	listed	in	Appendix	6.	
	

3.6	Molecular	determinants	of	response	to	AIM	therapy	

Comprehensive	 genomic	 analyses	 from	 tumor	 tissue,	 using	 WES,	 targeted	
amplicon	sequencing	and	LC-WGS,	and	revealed	somatic	mutations/copy	number	
aberrations	 in	 all	 24	 cases	 (Figure	 15	&	 16).	 The	 genes	most	 commonly	 altered	
included	 ATM	 (13/24),	 TP53	 (12/24),	 SMARCA4	 (4/24),	 WHSC1	 (4/24),	 UBR5	
(3/24),	 MLL2	 (3/24),	 NOTCH1	 (3/24)	 and	 NOTCH2	 (3/24).	 Despite	 the	 small	
sample	size,	tumor	mutational	profiles	were	clearly	different	amongst	responders	
and	non-responders	to	combination	therapy	with	ibrutinib	and	venetoclax.			
	
For	 the	 analyses	 reported	 herein,	 responders	 (n=18/24)	 were	 defined	 as	 those	
who	achieved	PET	confirmed	CR,	or	who	had	sustained	response	in	the	absence	of	
an	informative	PET	(patient	02	whose	disease	was	non-evaluable	by	FDG-PET	but	
who	 remained	 progression	 free	 at	 27	 months).	 Non-responders	 (n=5/24)	 were	
defined	as	those	where	disease	was	primarily	refractory	to	treatment	and	who	did	
not	 achieve	 PET-confirmed	CR.	One	 case	was	 non-evaluable	 for	 response	 due	 to	
early	death	unrelated	to	progression.	This	patient	did	not	receive	venetoclax	and	
died	of	infection	(patient	14).	
	
Mutations	 in	WHSC1,	 UBR5,	MLL2	 and	 ATM	 were	 predominantly	 seen	 amongst	
responders.	 In	 contrast,	 SMARCA4,	 CCND1	and	NOTCH1	 alterations	 were	 mainly	
confined	amongst	non-responders.	TP53	 aberrations	 are	known	 to	be	 associated	
with	 inferior	 prognosis	 in	 MCL	 but	 TP53	mutations/deletions	 were	 observed	 in	
both	 responders	 and	non-responders	 in	 our	 cohort.	 It	 is	worthwhile	mentioning	
that	all	non-responders	had	TP53	aberrations	that	was	consistent	with	the	known	
association	 of	TP53	mutations	 and	 poor	 prognosis	 in	MCL	 (Figure	 15).	We	 have	
also	observed	that	mutations	 in	CARD11	and	BIRC3	that	are	previously	known	to	
mediate	resistance	to	ibrutinib	through	NF-KB	pathway	activation	were	present	in	
both	subgroups	and	did	not	preclude	response	to	AIM	therapy.	However,	none	of	
the	 three	 patients	with	 aberrations	 in	TRAF2,	 an	 upstream	negative	 regulator	 of	
NF-KB	 signaling,	 responded.	BTK	 and	PLCG2	mutations	 associated	with	 ibrutinib	
resistance	in	CLL	were	not	identified	in	this	cohort.		
	
In	 parallel	 to	 the	mutational	 analysis,	 as	 indicated	 above,	 tumor	 tissue	was	 also	
subjected	to	LC-WGS	to	comprehensively	profile	copy	number	alterations	genome-
wide	across	the	cohort.	GISTIC	analysis	was	performed	to	examine	differences	 in	
copy	 number	 alterations	 between	 responders	 and	 non-responders	 (Figure	 16).	
Notably,	 4	 of	 5	non-responders	were	 found	 to	harbor	 a	deletion	of	 chromosome	
9p21.1-24.3,	 previously	 described	 in	 MCL,	 whereas	 this	 deletion	 was	 only	
identified	 in	 1/18	 responders	 (Figure	 15).	 In	 3	 cases,	 the	 9p	 loss	was	 identified	
from	baseline	 tumor	material	 (prior	 to	 treatment),	while	 in	 the	 final	case,	 the	9p	
loss	was	only	identified	at	the	time	of	disease	progression	but	not	in	the	baseline	
tumor	sample	(patient	07,	who	had	a	44%	reduction	in	the	sum	of	perpendicular	
diameters	on	CT	scan	at	week	16,	but	then	progressed	at	week	24).	The	minimally	
deleted	 region	common	 to	all	 four	 cases	 spanned	a	 large	genomic	 region	of	33.4	
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Mb	 encompassing	 several	 potentially	 important	 genes	 including	 SMARCA2	 and	
CDKN2A/B	 (Figure	16).	Results	 from	 the	LC-WGS	were	 independently	 confirmed	
using	 fluorescent	 in	 situ	 hybridization	 (FISH)	 DNA	 probes	 on	 formalin	 fixed	
paraffin	embedded	tissue	where	available	(Figure	17).	
	
	

	
	
Figure	15:	Genomic	characterization	of	MCL	patients	enrolled	in	the	AIM	clinical	trial:		
The	landscape	of	somatic	mutations	detected	by	WES,	targeted	amplicon	sequencing	and	LC-WGS	
of	tumor	material	in	the	24	patients	enrolled	on	the	AIM	trial.	Each	column	represents	an	individual	
patient.	 Patients	 were	 divided	 into	 responders	with	 clinical	 remission	 at	 week	 16	 (primary	 end	
point	 of	 the	 study)	 and	 non-responders	 that	 were	 primarily	 refractory	 to	 the	 treatment.	 Three	
patients	(01#,	16#,	and	23#)	who	achieved	CR	relapsed	after	56	weeks.	One	patient	(14)	who	died	
early	was	considered	as	N/E	(not	evaluable).	The	bar	diagrams	on	the	right	show	the	frequency	of	
individual	 mutations	 amongst	 responders	 and	 non-responders.	 Statistical	 significance	 for	
differences	 between	 groups	was	 determined	 by	 two-tailed	 Fisher’s	 exact	 test;	 *	 denotes	 p-value	
<0.05,	 and	 **	 denotes	 p-value	 <	 0.01.	 The	 bottom	 panel	 shows	 clinico-pathological	 parameters	
assessed	 for	 the	 cohort	 (morphology,	 proliferation	 index	 -	 Ki67,	 IgHV	mutation	 status	 and	MIPI	
score).	
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Figure	16:	GISTIC	analysis	of	tumor	samples	
A.	GISTIC	analysis	for	deletions	between	tumor	samples	at	baseline	of	responding	(n=18)	and	non-
responding	 (n=5)	 patients.	 Green	 line	 indicates	 the	 significance	 threshold	 for	 copy	 number	
alterations	 (q-value	 0.25).	 Deletion	 of	 a	 region	 spanning	 p21.1-p24.3	 on	 chromosome	 9	 was	
significantly	 enriched	 amongst	 non-responders.	 Bottom	 panel	 of	 the	 figure	 shows	 genes	 located	
within	the	significantly	deleted	region	(9p21.1-p24.3).	
B.	 GISTIC	 analysis	 for	 amplifications	 between	 tumor	 samples	 of	 responding	 (n=18)	 and	 non-
responding	 (n=5)	 patients.	 Green	 line	 indicates	 the	 significance	 threshold	 for	 copy	 number	
alterations	(q-value	0.25).	
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Figure	17:	 FISH	 (left	 panel)	 and	LC-WGS	analysis	 (right	 panel)	 of	 non-responding	patients	
showing	 the	heterozygous	 loss	of	 chromosome	9p.	Red	 fluorescent	probe	 for	CDKN2A	and	green	
fluorescent	probe	for	chromosome	9	centromere	in	FISH	image.	The	green	arrow	in	the	log2	ratio	
plots	of	the	LC-WGS	shows	the	region	of	9p	loss.	
	

3.7	 SW1/SNF	 complex	 aberrations	 in	 MCL	 patients	 on	 ibrutinib	 and	 venetoclax	

combination	therapy		

Mutations	in	the	components	of	SW1/SNF	complex	were	predominantly	confined	
in	patients	that	have	not	responded	to	ibrutinib	and	venetoclax	combination	in	our	
cohort.	SMARCA4	mutations	were	present	in	4/5	patients	who	have	not	responded	
to	therapy	while	they	were	absent	in	patients	who	responded	well	to	AIM	therapy.	
All	mutations	were	localised	in	the	helicase	domain	of	SMARCA4	that	is	previously	
known	to	be	mutated	in	various	other	solid	tumors	and	haematological	
malignancies	(Figure	18).		Several	publications	have	shown	that	deleterious	
missense	mutations	of	SMARCA4	occur	more	frequently	than	truncating	mutations	
(Stanton	et	al,	Nature	Genetics	2017)	suggesting	that	functional	inactivation	rather	
than	loss	of	expression	for	SMARCA4	is	more	common	in	malignancies.		In	addition,	
4	of	5	non-responders	were	also	found	to	harbor	a	deletion	of	chromosome	
9p21.1-24.3,	whereas	this	deletion	was	only	identified	in	1/18	responder.	The	
deletion	of	this	genomic	region	causes	loss	of	several	important	genes	including	
SMARCA2	(component	of	SW1/SNF	complex).	It	is	worthwhile	mentioning	that	one	
patient	(#14)	amongst	responders	that	had	chromosome	9p	deletion	responded	
initially	to	therapy	and	achieved	complete	remission	at	week	16	but	subsequently	
progressed	on	therapy.	This	is	in	contrast	to	other	patients	without	chromosome	
9p	deletion	who	have	responded	to	ibrutinib	and	venetoclax	combination	and	
achieved	long	term	remission.	SMARCA4	mutations/9p	deletions	seem	to	be	
important	in	mediating	resistance	to	ibrutinib	and	venetoclax	combination	therapy	
in	our	patient	samples,	we	have	further	performed	functional	studies	with	MCL	cell	
lines	to	confirm/validate	these	observations	and	to	identify	underlying	
mechanisms	of	resistance	through	these	mutations.	
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Figure	18:	Schematic	 of	 the	 SMARCA4	protein	with	 identified	domains:	showing	the	various	
mutations	found	in	refractory	cases	(triangle)	as	well	as	those	previously	described	in	MCL	(circle).	

3.8	TP53	mutations	in	MCL	patients	

TP53	 mutations	 appear	 to	 be	 a	 critical	 prognostic	 factor	 in	MCL,	 being	 strongly	
associated	 with	 treatment	 resistance	 and	 inferior	 survival	 among	 patients	
receiving	 intensive	 chemotherapy	 and	 undergoing	 first-line	 autologous	 stem-cell	
transplantation274.	TP53	aberrations	were	 present	 in	 50%	of	 the	 patients	 in	 this	
study,	 half	 of	 whom	 had	 complete	 responses,	 most	 of	 which	 were	 durable.	 We	
compared	 the	 type	 of	 TP53	 aberration	 (mutation/deletion)	 and	 tumor	 mutant	
allele	 fraction	between	 responders	 and	non-responders	 and	 found	no	 significant	
difference	between	mutational	subtype	and	tumor	MAF	in	these	subgroups	(Table	
19).	The	combination	of	ibrutinib	and	venetoclax	therefore	appears	to	be	effective,	
even	 in	 the	 setting	of	TP53	 aberrations	 in	MCL,	 however	 additional	 studies	with	
longer	follow	up	are	required	to	confirm	these	findings.	
	
	

	 TP53	Mutations	 Tumor	MAF	 17p	deletion	

Non-Responders	 	 	 	
4	 V216M	 86%	 Present	
7	 H179L	 92%	 Absent	
18	 K132E	 91%	 Absent	
20	 R282W	 92%	 Absent	
21	 R172H	 75%	 Present	

Responders	 	 	 	
8	 Not	Detected	 Not	Detected	 Present	
10	 G105D	 10%	 Absent	
11	 C277F	 10%	 Absent	
17	 E258G	 95%	 Present	
23	 C141Y	 30%	 Absent	

M237I	 35%	
13	 L120E	 45%	 Absent	

Not	Evaluable	 	 	 	
14	 Q38*	 85%	 Present	

	
Table	19:	TP53	mutations	amongst	responders	and	non-responders	
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3.9	Genomic	changes	associated	with	disease	progression		

Three	(3/24)	patients	have	progressed	on	the	AIM	study	after	achieving	complete	
remission	at	week	16.	Paired	tumor	samples	were	available	for	two	patients	(#01	
&	#15)	at	baseline	(pre-AIM	therapy)	and	at	 the	time	of	disease	progression.	We	
performed	TS,	WES	and	LC-WGS	on	paired	tumor	samples	to	gain	insights	into	the	
mechanisms	of	acquired	resistance	in	these	two	patients.	

Genomic	changes	acquired	at	progression	in	Patient	#01		
Patient	 #01	 had	 ATM,	 CARD11,	 UBR5	 and	 MLL2	 mutations	 and	 multiple	 copy	
number	abnormalities	at	diagnosis	 from	a	bone	marrow	aspirate	 sample	 (Figure	
19).	This	patient	had	an	initial	response	to	ibrutinib	and	venetoclax	treatment	(CR	
at	week	 16)	 followed	 by	 disease	 progression	 at	week	 56.	 There	was	 a	 localized	
relapse	 in	 pleura	 initially	 at	 week	 56	 which	 later	 on	 progressed	 to	 widespread	
disease.	WES,	TS	and	LC-WGS	were	performed	on	the	progression	pleural	biopsy	
and	 the	 results	 were	 compared	 with	 baseline	 genomic	 changes.	 At	 the	 time	 of	
progression,	 the	 same	 mutations	 as	 baseline	 reappeared	 in	 the	 pleural	 biopsy	
(ATM,	 CARD11,	 UBR5	 and	 MLL2)	 but	 the	 LC-WGS	 revealed	 the	 acquisition	 of	
several	 new	 copy	 number	 alterations	 on	 chromosome	 6,	 including	 6p	 loss.	 This	
region	encompasses	several	genes	including	ARID1B,	part	of	the	SWI/SNF	complex	
(Figure	19).		
	

	
 
Figure	19:	Copy	number	abnormalities	acquired	at	progression	in	patient	#01	
	

Genomic	changes	acquired	at	progression	in	Patient	#07		
Patient	 #07	 had	 TP53	 and	 NOTCH2	 mutations	 and	 multiple	 copy	 number	
abnormalities	 at	 diagnosis	 on	 a	 lymph	 node	 biopsy	 sample	 (Figure	 20).	 This	
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patient	had	stable	disease	on	ibrutinib	and	venetoclax	treatment	(SD	at	week	16)	
followed	 by	 disease	 progression	 at	 weeks	 24.	 WES,	 TS	 and	 LC-WGS	 were	
performed	 on	 a	 progression	 lymph	 node	 biopsy	 and	 the	 results	were	 compared	
with	baseline	genomic	changes.	At	the	time	of	progression,	the	same	mutations	as	
baseline	were	identified	in	the	cervical	lymph	node	biopsy	(TP53	and	NOTCH2)	but	
the	 LC-WGS	 revealed	 the	 acquisition	 of	 new	 copy	 number	 alterations	 on	
chromosome	9p.	This	is	the	same	9p	region	loss	that	was	observed	in	patients	who	
were	primary	refractory	to	AIM	therapy	and	encompasses	several	genes	including	
SMARCA2,	part	of	the	SWI/SNF	complex	(Figure	15	and	20).		
	

	
Figure	20:	Copy	number	abnormalities	acquired	at	progression	in	patient	#07	
	
Both	the	patients	had	identification	of	 the	same	somatic	mutations	as	at	baseline	
but	 acquired	 additional	 copy	 number	 aberrations	 in	 genes	 known	 to	 be	
components	 of	 the	 SW1/SNF	 complex	 (ARID1B	 and	 SMARCA2)	 at	 the	 time	 of	
disease	progression.	These	findings	further	highlight	the	importance	of	SW1/SNF	
complex	in	mediating	resistance	to	ibrutinib	and	venetoclax	combination.	

3.10	Discussion 

The	 genomic	 characterization	 of	 the	 AIM	 clinical	 cohort	 in	 our	 study	 clearly	
identified	 chromosome	 9p	 loss	 containing	 SMARCA2	 (4/5),	 known	 pathologic	
mutations	 or	 deletions	 in	ARID2	 (3/5)	 and	mutations	 in	 the	 helicase	 domain	 of	
SMARCA4	 (3/5)	 in	all	 the	patients	who	 failed	 to	 respond	 to	combination	 therapy	
(Figure	 16	 &	 17).	 Moreover,	 we	 identified	 that	 these	 genomic	 features	 are	 not	
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infrequent	in	relapsed	MCL	and	can	be	identified	at	the	time	of	disease	progression	
in	 patients	 who	 initially	 responded	 to	 AIM	 therapy.	 Together,	 these	 data	
highlighted	 the	 SWI/SNF	 chromatin-remodeling	 complex	 as	 a	 potential	 major	
mutational	target	conferring	resistance	to	venetoclax	and	ibrutinib.		
	
We	have	also	shown	that	conventional	clinical-pathological	characteristics	such	as	
morphology,	 IgHV	 mutational	 status	 and	 MIPI	 score	 were	 not	 able	 to	 predict	
response	 across	 the	 cohort,	 except	 Ki-67	 ≥30%,	 which	 was	 associated	 with	 a	
reduced	likelihood	of	response	(p=0.02)	to	treatment.		
	
The	 genomic	 biomarkers	 associated	with	 disease	 response	 that	 are	 identified	 in	
this	 study	 have	 important	 clinical	 implications.	 These	 biomarkers	 can	 be	 used	
prospectively	to	select	patients	that	are	more	likely	to	respond	to	combination	of	
ibrutinib	 and	 venetoclax.	 Alternative	 therapeutics	 should	 be	 sought	 for	 patients	
that	have	genomic	features	that	predict	likely	non-response	or	primary	resistance.	
We	aim	 to	conduct	 future	studies	 in	 lymphomas	 including	MCL	where	 treatment	
selection	will	be	based	on	underlying	genomic	aberrations	in	the	patients.	We	hope	
that	genomic	characterization	will	help	us	to	further	improve	patient	outcomes	by	
selecting	the	right	cohort	of	patients	 for	 the	right	 therapy	and	bringing	precision	
oncology	closer	to	patient	care.	
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CHAPTER	 4	 –	 SW1/SNF	mutations	mediate	 resistance	 to	 ibrutinib	 and	 venetoclax	

combination	therapy	

4.1	Introduction	

Genomic	analysis	of	MCL	patients	on	 ibrutinib	and	venetoclax	suggested	that	 the	
SWI/SNF	 chromatin-remodeling	 complex	 is	 a	 potential	 major	 mutational	 target	
conferring	 resistance	 to	 combination	 therapy.	 We	 have	 modeled	 the	 resistance	
mechanisms	in	MCL	cell	lines	to	confirm	and	validate	the	importance	of	SW1/SNF	
complex	 mutations	 in	 mediating	 resistance	 and	 to	 understand	 the	 biological	
pathways	 that	 are	 involved	 in	 conferring	 resistance	 through	 these	 mutations.	
Better	understanding	of	resistance	mechanisms	will	help	us	to	develop	alternative	
therapeutics	 that	 can	 be	 useful	 to	 overcome	 resistance	 and	 eventually	 provide	
additional	treatment	options	for	MCL	patients.		

4.2	AIMS	&	Objectives	

1)	To	validate	and	confirm	that	SW1/SNF	complex	mutations	confer	resistance	to	
ibrutinib	and	venetoclax	combination	therapy	with	MCL	cell	lines	
2)	 To	 identify	 pathways/mechanisms	 that	 mediate	 resistance	 to	 ibrutinib	 and	
venetoclax	combination	via	SW1/SNF	mutations	
3)	To	identify	alternative	therapeutics	that	can	be	useful	to	overcome	resistance	to	
ibrutinib	and	venetoclax	combination	therapy.			

4.3	In-vitro	studies	with	MCL	cell	lines	

4.3.1	Selection	of	MCL	cell	lines	
MCL	 cell	 lines	 for	 in-vitro	 studies	were	 selected	 based	 on	 underlying	mutations	
and	 sensitivity	 to	 ibrutinib	 and	 venetoclax29,100.	 IC50	 assays	 were	 performed	 to	
determine	the	drug	doses	to	be	used	for	in-vitro	studies.	The	Z-138	MCL	cell	 line	
was	resistant	to	both	ibrutinib	and	venetoclax	(Figure	21).	JEKO,	MINO	and	REC-1	
cell	 lines	were	 sensitive	 to	 ibrutinib	while	 the	GRANTA	cell	 line	was	 resistant	 to	
ibrutinib.	GRANTA,	MINO	and	REC-1	cell	lines	were	sensitive	to	ABT-199	while	the	
JEKO	cell	line	was	resistant	to	ABT-199	(Figure	22).	
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Figure	21:	IC50	assay	for	Z138	MCL	cell	line	
	

	
	

	
	
Figure	22:	IC50	assays	for	JEKO,	MINO,	GRANTA	&	REC-1	MCL	cell	lines	
	



	 86	

The	relevant	mutations	and	drug	sensitivity	of	selected	MCL	cell	lines	are	shown	in	
Table	20.	
	

	 JEKO	 REC-1	 Z-138	 GRANTA-519	 MINO	
Ibrutinib	 Sensitive	 Sensitive	 Resistant	 Resistant	 Sensitive	
ABT-199	 Resistant	 Sensitive	 Resistant	 Sensitive	 Sensitive	
9p	deletion	 Absent	 Present	 Present	 Present	 Absent	
Mutations	 TP53	 NOTCH1	 NOTCH1	 ATM	 NRAS	

	 MLL2	 TP53	 TRAF2	 MLL2	 TP53	
	 	 	 RELA	 U2AF1	 ATM	
	 	 	 	 WHSC1	 NOTCH1	

Table	20:	Genomic	characteristics	of	MCL	cell	lines	
	

4.3.2	Modeling	of	resistance	in	MCL	cell	lines	
Amongst	MCL	cell	 lines,	chromosome	9p	deletion	(as	observed	with	our	resistant	
patient	 cohort)	was	present	 in	REC-1,	 Z-138	and	GRANTA	cell	 lines	while	 it	was	
absent	 in	 the	 JEKO	 and	 MINO	 cell	 lines.	 Hence,	 we	 chose	 to	 perform	 further	
experiments	with	the	MCL	cell	lines	with	9p	deletions	to	closely	mimic	the	genomic	
landscape	seen	with	the	AIM	patient	cohort.	
	
REC-1	appeared	to	be	the	ideal	cell	line	for	our	experiments	as	it	was	sensitive	to	
both	 ibrutinib	 and	 venetoclax	 without	 mutations	 in	 the	 NF-KB	 and	 SW1/SNF	
pathways.	We	planned	to	knock	down	TRAF2	(NF-KB	pathway	gene)	and	SMARCA4	
(SW1/SNF	complex	gene)	in	the	REC-1	cell	 line	and	perform	further	experiments	
to	understand	the	underlying	biology	for	drug	resistance.	However,	REC-1	proved	
to	 be	 a	 very	 slow	 growing	 cell	 line	 with	 extremely	 low	 transduction	 efficiency	
(Figure	 23).	 Despite	 trying	 various	 cell	 culture	 enrichment	 methods	 and	
modifications	to	improve	the	transduction	efficiency,	we	were	not	able	to	increase	
the	transduction	efficiency	of	REC-1	cell	line	to	>10%.	Furthermore,	the	REC-1	cell	
line	was	very	sensitive	to	any	manipulation	and	the	majority	of	cells	died	after	flow	
sorting.	Hence,	we	subsequently	performed	all	in-vitro	experiments	with	the	Z-138	
and	GRANTA	cell	lines.	
	
Z-138	was	best	suited	for	our	study	as	this	cell	 line	had	chromosome	9p	deletion	
and	TRAF2	 mutation	 (NF-KB	 pathway)	 and	we	 then	 layered	 SMARCA4	 mutation	
through	shRNA	to	closely	mimic	the	patient	profile	of	resistant	cases	in	our	clinical	
cohort.	The	results	with	Z138	cell	 line	were	also	validated	with	GRANTA	cell	 line	
(with	different	mutational	profile	than	Z138	MCL	cell	line)	to	further	establish	the	
importance	 of	 SW1/SNF	 complex	mutations	 in	mediating	 resistance	 to	 ibrutinib	
and	venetoclax	combination.	The	limitations	of	relying	on	only	two	MCL	lines	were	
recognized	 including	 the	 restricted	 ability	 of	 these	 models	 to	 reflect	 the	 full	
spectrum	of	MCL.		Future	work	will	be	needed	to	understand	if	the	findings	can	be	
replicated	with	 additional	MCL	 cell	 lines	 that	 are	 sensitive	 to	 both	 ibrutinib	 and	
venetoclax	 (eg	 REC-1)	 with	 no	 pre-existing	 mutations	 in	 NF-KB	 or	 SW1/SNF	
pathway.	There	 is	ongoing	work	 in	our	 laboratory	 to	 further	refine	methods	and	
protocols	 to	make	 the	REC-1	 cell	 line	more	efficient	 so	 that	we	can	 replicate	 the	
findings	 as	 seen	 with	 the	 Z138	 and	 GRANTA	 cell	 lines	 and	 further	 confirm	 the	
results.		
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Figure	23:	Transduction	efficiency	of	MCL	cell	lines	
	
The	 Z-138	 cell	 line	 proved	 ideal	 for	 the	 experiments	 as	 it	 contained	 a	 TRAF2	
mutation	(NF-KB	pathway)	as	well	as	chromosome	9p	deletion	that	was	present	in	
non-responding	 patients.	 Furthermore,	 we	 have	 induced	 SMARCA4	 loss	 using	
inducible	 RNA	 interference	 in	 Z-138	 cell	 line	 to	 mimic	 the	 genomic	 profile	 of	
resistant	patients	in	our	cohort	(Figure	24).		
	
	

 
 
Figure	 24:	 Modeling	 resistance	 to	 ibrutinib	 and	 venetoclax:	 Shown	 here	 is	 a	 schematic	
overview	 of	 the	 experimental	 plan.	 Z-138	 cells	 containing	 chromosome	 9p	 deletion	 and	 TRAF2	
mutation	(green)	were	transduced	with	a	short	hairpin	RNA	targeting	SMARCA4	(shSM4,	purple)	or	
a	non-specific	control	sequence	(shSCR,	red).		
	
	
The	 knockdown	 of	 SMARCA4	 was	 performed	 with	 two	 shRNA	 guides	 (shSM4	 &	
shSM4-2)	and	confirmed	by	western	blot	and	real-time	quantitative	PCR	(qRT-PCR	
assays).	 Figure	 25	 shows	 the	 western	 blot	 of	 wild	 type,	 control,	 and	 SMARCA4	
knockdown	 in	 Z-138	 cells,	 using	 anti-SMARCA4	 antibody	 (top	 panel)	 and	 anti-
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HSP60	for	loading	control	(bottom	panel).	Figure	26	shows	the	qRT-PCR	assay	for	
SMARCA4	mRNA	performed	on	wild	type,	control	and	SMARCA4	knockdown	Z-138	
cells.	The	bar	graph	represents	the	relative	abundance	of	expression	compared	to	
the	wild	type	for	Z-138	cells.	
	

	
	
Figure	25:	Western	blot	of	SMARCA4	knockdown	Z138	cells:	Western	blot	of	wild	type,	control,	
and	SMARCA4	 knockdown	Z-138	 cells,	 using	 anti-SMARCA4	antibody	 (top	panel)	 and	anti-HSP60	
for	loading	control	(bottom	panel).		
			

	
	
Figure	26:	qRT-PCR	of	SMARCA4	knockdown	Z138	cells:	Real-time	quantitative	PCR	(qRT-PCR)	
for	SMARCA4	mRNA	was	performed	on	wild-type	(green),	control	(red)	and	SMARCA4	knockdown	
(purple	and	pink)	Z-138	cells	 in	triplicate,	shown	as	the	mean	with	data	points.	Graph	represents	
the	relative	abundance	of	expression	compared	to	the	wild	type	for	Z-138	cells.	
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4.3.3	Proliferation,	Competition	and	Apoptosis	Assays	for	Z-138	cell	lines	
	
Proliferation	assays		
Z-138	 control	 and	 SMARCA4	 knockdown	 cells	 were	 treated	 with	 1μM,	 3μM	 and	
5μM	of	 venetoclax	 or	 ibrutinib,	 or	 a	 combination	 of	 3μM	venetoclax	 and	3μM	of	
ibrutinib,	and	the	proliferation	of	the	cell	numbers	were	tracked	over	time.	
Proliferation	assays	showed	 interesting	 results.	SMARCA4	 loss	only	had	marginal	
effect	 on	 Z-138	 cells	 that	 were	 treated	 either	 by	 ibrutinib	 or	 venetoclax	 alone,	
which	in	the	case	of	venetoclax	was	best	seen	at	higher	concentrations	(Figure	27).	
However,	when	SMARCA4	knockdown	was	performed	in	presence	of	ibrutinib	and	
venetoclax	 combination,	 Z138	 cells	 become	 resistant	 to	 combination	 therapy	
(Figure	27	&	28).	 	The	development	of	resistance	 in	SMARCA4	knock	down	Z138	
cells	 in	 the	 presence	 of	 ibrutinib	 and	 venetoclax	 combination	 therapy	 was	
consistent	with	the	patient	results	of	AIM	clinical	trial.	These	findings	further	elude	
to	the	fact	that	deletion	of	chromosome	9p	and	NF-KB	pathway	activation	can	be,	
at	least	transiently,	overcome	by	ibrutinib	plus	venetoclax	(patient	16).	But,	when	
SMARCA4	 loss	was	 functionally	 induced	 in	 these	cells,	 they	selectively	acquired	a	
major	advantage	only	in	the	presence	of	ibrutinib	and	venetoclax	combination.	As	
Z-138	 cells	 are	 TP53	 wild	 type,	 this	 resistance	 to	 combination	 therapy	 was	 not	
dependent	on	TP53	inactivation.	
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Figure	 27:	 SMARCA4	 knockdown	 in	 mantle	 cell	 lymphoma	 cell	 line	 confers	 resistance	 to	
venetoclax	 and	 ibrutinib:	Z-138	control	and	SMARCA4	knockdown	cells	were	treated	with	1μM,	
3μM	and	5μM	of	venetoclax	(A)	or	ibrutinib	(B),	DMSO	(C)	or	a	combination	of	3μM	venetoclax	and	
3μM	 of	 ibrutinib	 (D),	 and	 the	 proliferation	 of	 the	 cell	 numbers	 were	 tracked	 over	 time.	 Graph	
represents	 the	mean	and	standard	deviation	of	 three	 independent	cell	 culture	 replicates,	 and	 the	
experiment	was	independently	repeated	on	three	separate	occasions.	
	
	

	
Figure	28-	Proliferation	assay	of	Z-138	cells:	Venetoclax	and	ibrutinib	inhibited	the	proliferation	
of	 Z-138	 control	 scramble	 cells	 (green)	 compared	 to	DMSO	 control	 (blue).	 Graph	 represents	 the	
mean	and	standard	deviation	of	three	independent	cell	culture	replicates,	and	the	experiment	was	
independently	repeated	on	three	separate	occasions.	
	
Competition	assays	
Wild	 type	 Z-138	 cells	 were	 co-cultured	 with	 Z-138	 cells	 containing	 a	 control	
shRNA	 or	 an	 shRNA	 targeting	 SMARCA4	 in	 a	 1:	 1	 ratio	 and	 were	 grown	 in	 the	
presence	of	venetoclax	and	ibrutinib	and	sampled	over	time.	The	proportion	of	the	
shRNA-expressing	 cells	 was	 determined	 by	 flow	 cytometry.	 The	 proportion	 of	
SMARCA4	 knockdown	Z-138	 cells	 increased	over	 time	 in	 competition	 assays	 and	
confirmed	that	SMARCA4	knockdown	provides	a	survival	advantage	to	Z-138	cells	
in	the	presence	of	ibrutinib	and	venetoclax	combination	therapy	(Figure	29).			
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Figure	29:	Competition	assays	for	Z-138	cell	line:	SMARCA4	knockdown	in	Z-138	cells	provided	
a	survival	advantage	in	the	presence	of	venetoclax	(3μM)	and	ibrutinib	(3μM).	Wildtype	Z-138	cells	
(green)	co-cultured	(1:1)	with	Z-138	cells	containing	a	control	shRNA	(red)	or	an	shRNA	targeting	
SMARCA4	(purple)	were	grown	in	the	presence	of	venetoclax	and	ibrutinib	and	sampled	over	time.	
The	 proportion	 of	 the	 shRNA-expressing	 cells	 was	 determined	 by	 flow	 cytometry.	 Experiments	
show	the	mean	of	independent	cell	culture	triplicates.	The	error	bars	shown	represent	the	standard	
deviation.	(p	value	0.01)	
	
Apoptosis	assay:	
The	proliferative	advantage	of	SMARCA4	knockout	Z-138	cells	was	also	confirmed	
by	 apoptosis	 assays	 that	 showed	 much	 less	 apoptosis	 (and	 hence	 increased	
survival)	 in	 the	 presence	 of	 the	 ibrutinib	 and	 venetoclax	 drug	 combination	 as	
compared	to	treatment	with	either	drug	alone	(Figure	30).		
	
	

	
	
Figure	30:	Apoptosis	assay	of	Z-138	cells:	Percentage	of	apoptosis	as	determined	by	annexin-V	
for	SMARCA4	knockdown	(purple)	and	control	(red)	Z-138	cells	cultured	for	72	hours	in	DMSO,	3	
concentrations	 of	 venetoclax	 and	 ibrutinib,	 and	 a	 combination	 of	 3µM	 venetoclax	 and	 3µM	
ibrutinib.	 Graph	 represents	 the	 mean	 and	 standard	 deviation	 of	 three	 independent	 cell	 culture	
replicates,	and	the	experiment	was	independently	repeated	on	three	separate	occasions.	
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4.3.4	Modeling	of	resistance	in	GRANTA	cell	line	
In	 addition	 to	 chromosome	 9p	 deletion,	 Z-138	 cells	 have	 also	 been	 known	 to	
contain	 mutations	 in	NOTCH1,	 TRAF2	 and	 RELA	 all	 of	 which	 may	 influence	 the	
response	 to	 ibrutinib	 and	 venetoclax.	 Hence,	 to	 specifically	 understand	 the	
importance	 of	 SMARCA4	 in	mediating	 resistance	 to	 the	 combination	 of	 ibrutinib	
with	 venetoclax	 we	 chose	 a	 second	 MCL	 cell	 line,	 Granta-519,	 which	 contains	
mutations	in	ATM,	MLL2,	U2AF1	and	WHSC1	but	not	NOTCH1	or	TRAF2.	Functional	
studies	with	GRANTA	cell	line	reproduced	the	results	as	seen	with	Z-138	cells.	The	
proliferation	 and	 viability	 of	Granta-519	 cells	were	 also	dramatically	 affected	by	
venetoclax	 plus	 ibrutinib	 (Figure	 31)	 and	 interestingly,	 knockdown	 of	 SMARCA4	
alone	 again	 resulted	 in	marked	 resistance	 to	 the	 combination	 therapy.	 Together	
these	 data	 highlight	 the	 importance	 of	 functional	 compromise	 of	 the	 SWI/SNF	
chromatin-remodeling	complex	in	mediating	resistance	to	these	highly	active	and	
potent	therapies	in	MCL.	
	
	

 
 
Figure	 31:	 Proliferation	 assay	 for	 GRANTA	 cell	 line:	 Venetoclax	 (1μM)	 and	 ibrutinib	 (3μM)	
inhibited	the	proliferation	of	Granta-519	control	scramble	cells	(red)	compared	to	Granta-519	cells	
with	SMARCA4	knockdown,	(purple	and	pink).	Graph	represents	the	mean	and	standard	deviation	
of	 three	 independent	 cell	 culture	 replicates,	 and	 the	 experiment	was	 independently	 repeated	 on	
three	separate	occasions.	
	
To	summarize;	our	experimental	results	with	Z-138	and	GRANTA	cell	lines	further	
confirmed	 the	 importance	 of	 SMARCA4	 mutations	 in	 mediating	 resistance	 to	
ibrutinib	and	venetoclax	combination	therapy	in	MCL	patients.	
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4.4	Therapeutic	resistance	is	mediated	by	increased	Bcl-xL	expression	

4.4.1	RNA-seq	analysis	
RNA	sequencing	was	performed	on	Z-138	cells	to	understand	the	gene	expression	
changes	associated	with	SMARCA4	knockdown	and	drug	treatment.	Four	sets	were	
analyzed-	Z138	cells	without	SMARCA4	 loss,	Z138	cells	with	SMARCA4	 loss,	Z138	
cells	 without	 SMARCA4	 loss	 treated	 with	 ibrutinib	 and	 venetoclax	 combination,	
Z138	cells	with	SMARCA4	 loss	treated	with	 ibrutinib	and	venetoclax	combination	
(Figure	 32).	 Interestingly,	 the	major	 changes	 in	 gene	 expression	were	 seen	with	
baseline	 loss	 of	 SMARCA4	 and	 treatment	 with	 ibrutinib	 and	 venetoclax	
combination	 had	 very	 little	 further	 influence	 on	 gene	 expression	 (Figure	 32).	
Moreover,	it	was	found	that	the	marked	transcriptional	changes	observed	with	loss	
of	SMARCA4	were	 not	 associated	with	 any	 proliferative	 or	 survival	 advantage	 in	
the	absence	of	therapeutic	pressure	(Figure	28-30).	Gene	set	enrichment	analyses	
did	 not	 identify	 any	 clear	 alteration	 in	 specific	 signaling	 or	metabolic	 pathways	
(Appendix	 7).	 However,	 assessment	 of	 the	 transcription	 changes	 in	 the	 anti-
apoptotic	 BCL2	 family	 members	 revealed	 that	 Bcl-xL	 expression	 was	 clearly	
increased	 following	 SMARCA4	 loss	 and	 cells	 expressing	 Bcl-xL	 were	 positively	
selected	 for	 with	 combination	 therapy	 (Figure	 33).	 The	 increase	 in	 BCL-xL	
expression	was	 confirmed	by	qRT-PCR	 in	both	 the	Z-138	 and	GRANTA	 cell	 lines	
(Figure	34	&	35).	
	
 

 
  
Figure	 32	 Heatmap	 of	 RNA-Seq	 data	 comparing	 the	 top	 differentially	 genes	 between	
samples:	 Red	 and	 blue	 indicates	 higher	 and	 lower	 expression	 respectively.	 Heatmap	 represents	
three	independent	cell	culture	replicates	that	were	sequenced	together.	
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Figure	33	Heatmap	comparing	the	expression	levels	of	BCL2,	Bcl-xL	and	MCL1	in	Z-138	cells	
containing	 shRNAs	 with	 or	 without	 combination	 treatment	 (8	 hours):	 The	 other	 BCL2-like	
proteins	 BCLw	 and	 BFL1	 were	 not	 expressed	 in	 Z-138	 cells.	 Darker	 color	 indicates	 higher	
expression.	
	
	

	
Figure	34	qRT-PCR	for	BCL-xL	mRNA	on	Z138	SMARCA4	knockdown	cells:	qRT-PCR	for	Bcl-xL	
mRNA	was	performed	on	control	(red)	and	SMARCA4	knockdown	(purple)	Z-138	cells	in	triplicate,	
with	or	without	7-day	treatment	of	3μM	venetoclax,	3μM	ibrutinib,	or	both	in	combination.	Graph	
represents	 the	mean	 with	 data	 points	 of	 the	 relative	 abundance	 of	 expression	 compared	 to	 the	
control	Z-138	cells.	
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Figure	 35	 qRT-PCR	 for	 BCL-xL	mRNA	 on	 GRANTA	 SMARCA4	 knockdown	 cells:	 qRT-PCR	 for	
Bcl-xL	mRNA	was	performed	on	 control	 (red)	 and	 two	 SMARCA4	knockdown	 (purple,	 and	pink)	
Granta-519	cells	in	triplicate.	Graph	represents	the	mean	with	data	points	of	the	relative	abundance	
of	expression	compared	to	the	control	Granta-519	cells.	

4.4.2	Mass-cytometry		
Increased	BCL-xL	expression	with	SMARCA4	knockdown	was	further	confirmed	by	
quantitative	mass	cytometry	in	MCL	cell	line-	Z138.	The	analysis	confirmed	higher	
levels	of	Bcl-xL	protein	after	SMARCA4	knockdown	that	was	not	further	increased	
by	drug	treatment	(Figure	36).		
	

	
	
Figure	 36	 Mass	 cytometry	 of	 SMARCA4	 knockdown	 Z138	 cells	 showing	 increased	 BCL-xL	
expression:	 Mass	 cytometry	 analysis	 performed	 in	 duplicate	 experiments	 comparing	 Bcl-xL	
expression	 in	 Z-138	 cell	 cells	 containing	 a	 control	 shRNA	 to	 shRNA	 targeting	 SMARCA4.	 Graph	
shows	 the	 mean	 and	 actual	 data	 points.	 The	 experiment	 was	 independently	 repeated	 on	 three	
separate	occasions.	

4.4.3	Increased	BCL-xL	expression	in	primary	patient	samples	
We	have	also	performed	gene	expression	analysis	on	baseline	(pre-therapy)	tissue	
in	 seven	 patients	 enrolled	 on	 the	 AIM	 study.	 Four	 of	 seven	 patients	 have	
responded	 to	 AIM	 therapy	 while	 remaining	 three	 were	 non-responders.	 These	
seven	 cases	 were	 selected	 for	 gene	 expression	 analysis	 as	 fresh	 tissue	 was	
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available	 only	 in	 these	 cases	 and	 they	 adequately	 represent	 samples	 from	 both	
responding	 and	 non-responding	 patients	 from	 AIM	 clinical	 cohort.	 The	 gene	
expression	analysis	in	these	patients	replicated	the	findings	as	seen	with	MCL	cell	
lines	 and	 showed	 increased	 BCL-xL	 expression	 in	 non-responders,	 all	 of	 which	
were	known	to	carry	SMARCA4	mutations	at	baseline	(Figure	37	&	38).	Together	
these	data	suggest	that	SMARCA4	 loss	leads	to	transcriptional	changes	that	prime	
the	cells	 to	survive	 the	 therapeutic	challenge	and	this	 is	reflected	 in	 the	 fact	 that	
SMARCA4	mutations	were	enriched	 in	patients	with	primary	progression	 (Figure	
15).	
	

	
	
Figure	37	qRT-PCR	of	patient	samples	showing	 increased	BCL-xL	expression	amongst	non-
responders:	 qRT-PCR	 for	 Bcl-xL	 mRNA	 was	 performed	 on	 cells	 isolated	 from	 bone	 marrow	
samples	of	responding	patients	(green)	and	non-responding	patients	(red)	in	triplicate.	All	three	of	
the	non-responding	patients	contained	SMARCA4	mutations.	Graph	represents	the	mean	with	data	
points	 of	 the	 relative	 abundance	 of	 expression	 compared	 to	 the	 responding	 patient	 sample.	
Percentage	of	tumor	burden	as	determined	by	flow	cytometry	is	indicated	above	each	sample.	
	
	

	
Figure	 38	 Bone	marrow	 samples	 from	AIM	 study	 analysed	 for	 Bcl-xL	 expression:	All	 three	
non-responding	 patients	 contained	 a	 SMARCA4	 mutation	 and	 showed	 higher	 levels	 of	 Bcl-xL	
compared	 to	 four	 responding	patients.	Graph	 represents	 the	mean	and	 standard	deviation	of	 the	
patients	in	the	respective	groups.	Each	data	point	was	performed	in	technical	triplicate.	p-value	=	
0.006	from	two-tailed	unpaired	t-test.		
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4.5	BCL-xL	inhibition	overcomes	ibrutinib	and	venetoclax	resistance	

4.5.1	IC50	assays	with	BCL-xL	inhibitors		
BCL-xL	 selective	 inhibitor	 A-1331852	 and	 navitoclax	 was	 used	 to	 understand	 if	
BCL-xL	 inhibition	 could	 overcome	 resistance	 to	 the	 ibrutinib	 and	 venetoclax	
combination.	 Firstly,	 IC50	 assays	 were	 performed	 to	 determine	 the	 appropriate	
dose	of	drugs	to	be	used	in	the	in-vitro	studies	(Figure	39	&	40)		
	

	
Figure	 39	 IC50	 assays	 for	 A-1331852	 on	 Z-138	 cells:	 Dose	 response	 of	 Z-138	 to	A-1331852.	
Shown	 here	 are	 cells	 with	 control	 shRNA	 (red,	 SMARCA4	 knockdown	 (purple)	 and	 SMARCA4	
knockdown	 grown	 in	 the	 presence	 of	 3μM	 venetoclax	 and	 3μM	 ibrutinib	 (green).	 Each	 point	
represents	 the	 mean	 of	 three	 independent	 cell	 culture	 replicates,	 and	 the	 experiment	 was	
independently	repeated	on	three	separate	occasions.	
	

	
	
Figure	 40	 IC50	 assays	 for	 navitoclax	 on	 Z-138	 cells:	 Dose	 response	 of	 Z-138	 to	 navitoclax.	
Shown	 here	 are	 cells	 with	 control	 shRNA	 (red)	 and	 SMARCA4	 knockdown	 (purple).	 Each	 point	
represents	 the	 mean	 of	 three	 independent	 cell	 culture	 replicates,	 and	 the	 experiment	 was	
independently	repeated	on	three	separate	occasions.	

4.5.2.	Proliferation	assays	with	A-1331852	and	navitoclax	
Z-138	 cells	 were	 treated	 with	 the	 selective	 Bcl-xL	 inhibitor	 A-1331852	 to	
determine	if	BCL-xL	upregulation	is	mainly	responsible	for	providing	resistance	to	
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ibrutinib	 and	 venetoclax	 combination.	 The	 proliferation	 assays	 were	 performed	
both	 in	 wild	 type	 (scrambled)	 and	 SMARCA4	 knock	 down	 Z138	 cells.	 Cells	 with	
SMARCA4	loss	were	far	more	sensitive	to	Bcl-xL	inhibition	and	importantly;	Bcl-xL	
inhibition	in	combination	with	ibrutinib	and	venetoclax	was	able	to	overcome	the	
resistant	 provided	 by	 ibrutinib	 and	 venetoclax	 (Figure	 41	&	 42).	 These	 findings	
were	reproduced	with	navitoclax,	a	clinically	available	BH3	mimetic	with	broader	
specificity	that	also	inhibits	Bcl-xL	(Figure	43	&	44).		
	
	
 

 
 
Figure	41	Proliferation	 assays	with	A-1331852:	A-1331852	alone	more	potently	 inhibited	the	
proliferation	of	SMARCA4	knockdown	cells	(right	panel)	as	compared	to	shSCR	cells	(left	panel).	In	
cells	with	loss	of	SMARCA4,	A-1331852	was	able	to	overcome	resistance	to	venetoclax	and	ibrutinib	
when	used	in	combination	with	these	drugs.	
 

 
Figure	42	Competition	assays	with	A-1331852:	Wild-type	Z-138	(green)	co-cultured	(1:1)	with	
Z-138	 cells	 containing	 shRNA	 control	 (red)	 or	SMARCA4-knockdown	 (purple)	were	 grown	 in	 the	
presence	 of	A-1331852	 alone	 (left	 panel)	 or	 in	 combination	with	 venetoclax	 and	 ibrutinib	 (right	
panel)	 and	 sampled	 over	 time.	 The	 proportion	 of	 the	 different	 cell	 types	were	 analysed	 by	 flow	
cytometry.		
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Figure	43	Proliferation	assays	with	navitoclax:	Proliferation	assay	of	control	shRNA	cells	(left	
panel)	 and	SMARCA4	 knockdown	 cells	 (right	 panel)	 in	 the	 presence	 of	 3μM	 venetoclax	 and	 3μM	
ibrutinib	 (green),	50nM	navitoclax	 (orange),	3μM	venetoclax,	3μM	 ibrutinib	and	50nM	navitoclax	
(red),	or	equivalent	volume	of	DMSO	(blue).	Graph	represents	the	mean	and	standard	deviation	of	
three	independent	cell	culture	replicates,	and	the	experiment	was	independently	repeated	on	three	
separate	occasions.	
 
 
	
 

 
 
 
Figure	44	Competition	assays	with	navitoclax:	Wildtype	Z-138	cells	(green)	co-cultured	with	Z-
138	 cells	 containing	 shRNA	 control	 (red)	 or	 SMARCA4-targeting	 (purple)	 were	 grown	 in	 the	
presence	of	50nM	navitoclax	 (left	panel)	or	 a	 combination	of	3μM	venetoclax,	3μM	 ibrutinib	 and	
50nM	navitoclax	 (right	 panel)	 in	 triplicate	 and	 sampled	 over	 time.	 The	 proportion	 of	 the	 shRNA	
expressing	cells	was	determined	by	flow	cytometry.	All	experiments	shown	represent	the	mean	and	
standard	 deviation	 of	 three	 independent	 cell	 culture	 replicates	 and	 this	 experiment	 was	
independently	 repeated	 on	 three	 separate	 occasions.	 Venetoclax	 (3μM),	 ibrutinib	 (3μM),	 A-
1331852	(100nM),	were	used	unless	otherwise	stated.	

4.6	Loss	of	SMARCA4	leads	to	de-repression	of	Bcl-xL	

We	next	wanted	to	gain	molecular	 insights	 into	the	mechanisms	by	which	loss	of	
SMARCA4	 results	 in	 increased	 Bcl-xL	 expression.	 As	 the	 SWI/SNF	 complex	 is	
known	to	 facilitate	chromatin	accessibility	and	the	recruitment	of	 transcriptional	
co-activators	 to	 increase	 transcription,	 we	 reasoned	 that	 the	 marked	
transcriptional	changes	observed	following	loss	of	SMARCA4	would	be	associated	
with	 significant	 alterations	 in	 chromatin	 accessibility.	 Consistent	 with	 this	 we	
found	that	genes	that	were	repressed	following	loss	of	SMARCA4	show	decreased	
chromatin	 accessibility	 by	 ATAC-seq	 at	 the	 cis-regulatory	 elements	 adjacent	 to	
these	 genes	 (Figure	 45).	 In	 contrast,	 genes	 that	 showed	 increased	 expression	
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following	SMARCA4	loss	showed	no	changes	in	chromatin	accessibility	(Figure	46).	
These	data	suggest	that	the	increased	gene	expression	following	SMARCA4	 loss	is	
most	 likely	 indirect	via	 the	 loss	of	 transcriptional	 repressors.	 In	accordance	with	
this	notion,	assessment	of	the	Bcl-xL	locus	confirmed	that	chromatin	accessibility	
at	 the	 cis-regulatory	 elements	 was	 unchanged,	 but	 the	 active	 enhancer	
modification	 H3K27ac	 at	 the	 cis-regulatory	 elements	 in	 Bcl-xL	 were	 increased	
following	knock-down	of	SMARCA4	(Figure	46	&	47).	Together,	these	data	implied	
that	 the	 increased	 expression	 of	 Bcl-xL	 was	 most	 likely	 driven	 by	 a	 loss	 of	
transcriptional	repressors	of	this	locus.		
	
 
 

 
	
Figure	45	ATAC-seq	of	Z138	cells:	Averaged	chromatin	accessibility	derived	from	ATAC-Seq	and	
plotted	for	genes	that	were	significantly	up	and	down	regulated	following	SMARCA4	knockdown.	
	

	
Figure	46	RNA-seq,	ATAC-seq	and	CHIP-seq	at	BCL-xL	locus:	Genome	browser	snapshot	of	RNA	
expression	 level	 and	 chromatin	 accessibility	 at	 the	 Bcl-xL	 locus	 in	 control	 and	 SMARCA4	
knockdown	Z-138	cells.	H3K27ac	ChIP	in	wildtype	Z-138	cells	is	also	shown	to	highlight	enhancer	
regions.	
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Figure	 47	 ChIP-PCR	 of	 H3K27ac	 locus:	 ChIP-PCR	of	H3K27ac	 at	 an	 enhancer	 region	 following	
control	or	SMARCA4	knockdown	in	Z-138	cells.	Graph	represents	the	mean	of	technical	triplicates,	
and	this	experiment	was	independently	repeated	on	two	separate	occasions.	

4.7	SMARCA4	regulates	the	expression	of	ATF3	

Although	 the	 transcriptional	 control	 of	 the	 BCL2	 family	 of	 proteins	 is	 not	 fully	
understood,	recent	reports	have	suggested	that	the	bZIP	transcription	factor	ATF3	
is	 a	 direct	 repressor	 of	 Bcl-xL	 transcription.	 Interestingly,	 we	 find	 that	 loss	 of	
SMARCA4	 leads	 to	 a	 dramatic	 reduction	 in	 chromatin	 accessibility	 at	 the	 ATF3	
locus	and	this	is	associated	with	decreased	ATF3	gene	expression	(Figure	48).	To	
assess	the	functional	role	of	ATF3	 in	mediating	resistance	secondary	to	SMARCA4	
loss	we	used	RNAi	to	knockdown	ATF3.	This	resulted	in	an	increased	expression	of	
Bcl-xL	 (Figure	 49)	 and	 remarkably	 phenocopied	 the	 effects	 of	 SMARCA4	 loss	 by	
providing	resistance	to	venetoclax	and	ibrutinib	(Figure	50).	Together	these	data	
provide	 important	 insights	 into	 the	 molecular	 mechanisms	 by	 which	 functional	
compromise	of	 the	SWI/SNF	chromatin	 remodeling	 complex	mediates	 resistance	
to	venetoclax	and	ibrutinib	(Figure	51).	Although	ATF3	is	not	frequently	mutated	
in	MCL	 these	data	highlight	 the	 importance	 of	 understanding	 the	 transcriptional	
control	 of	 the	 BCL2	 family	 of	 proteins	 to	 identify	 other	 potential	 avenues	 of	
resistance.	 Moreover,	 whilst	ATF3	 is	 a	 major	 regulator	 of	Bcl-xL	 in	 the	 cells	 we	
have	 studied	 it	 remains	 possible	 that	 other	 transcriptional	 repressors	 of	 Bcl-xL	
may	be	important	in	different	cellular	contexts	where	these	drugs	are	used	as	anti-
cancer	therapies.	
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Figure	48	ATF3	expression	is	decreased	by	SMARCA4	knockdown:	Genome	browser	snapshot	
of	 RNA	 expression	 level	 and	 chromatin	 accessibility	 at	 the	 ATF3	 locus	 in	 control	 and	 SMARCA4	
knockdown	Z-138	cells.	
 

 
 
Figure	 49	 qRT-PCR	 of	 ATF3	 knockdown	 cells	 for	 BCL-xL	 expression:	 ATF3	 (left)	 and	Bcl-xL	
(right)	mRNA	 levels	 following	 control	 and	ATF3	knockdown	 in	Z-138	cells.	Graph	 represents	 the	
mean	of	 technical	 triplicates,	 and	 this	 experiment	was	 independently	 repeated	on	 three	 separate	
occasions.	
 
 

 
Figure	50	Proliferation	assay	of	ATF3	knockdown	Z138	cells:	Proliferation	assay	of	Z-138	cells	
with	control	and	ATF3	knockdown,	cultured	in	the	presence	of	3μM	venetoclax	and	3μM	ibrutinib.	
Graph	represents	the	mean	and	standard	deviation	of	three	independent	cell	culture	replicates,	and	
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this	experiment	was	independently	repeated	on	three	separate	occasions.	

4.8	 Model	 of	 emergence	 of	 resistance	 in	 MCL	 with	 ibrutinib	 and	 venetoclax	

combination	therapy	

We	propose	that	before	drug	treatment	in	Z-138	cells,	there	was	a	heterogeneous	
population	of	tumor	cells	with	chromosome	9p	deletion	and	TRAF2	mutation	that	
expressed	varying	levels	of	pro-survival	proteins.	When	SMARCA4	knockdown	was	
introduced	in	these	cells,	a	resistant	clone	emerged	in	the	presence	of	ibrutinib	and	
venetoclax	 combination	 therapy.	 This	 resistant	 clone	 showed	 decreased	
expression	of	ATF3	and	increased	expression	of	Bcl-xL	with	SMARCA4	inactivation	
and	expands	 in	 the	presence	of	 ibrutinib	and	venetoclax.	However,	when	BCL-xL	
inhibitors	 (A-1331852	 or	 navitoclax)	 were	 added	 to	 ibrutinib	 and	 venetoclax	
combination,	 they	 overcome	 the	 resistance	 and	 killed	 the	 resistant	 clone.	 These	
results	provide	a	paradigm	for	future	clinical	trial	design	with	BCL-xL	inhibitors	to	
overcome	resistance	to	ibrutinib	and	venetoclax	combination	therapy	(Figure	52).	
	

	
	
Figure	51	Model	of	emergence	of	drug	resistance	with	treatment:	Heterogeneous	population	of	
MCL	cells	with	loss	of	chromosome	9p	and	TRAF2	mutation	express	varying	levels	of	pro-survival	
proteins	(red,	green	and	purple).	Upon	treatment	with	venetoclax	and	 ibrutinib,	a	resistant	clone	
with	 functional	 compromise	 of	 SMARCA4	 survives	 due	 to	 a	 decreased	 expression	 of	 ATF3	 and	
increased	expression	of	Bcl-xL	(dark	purple).	Combination	treatment	with	venetoclax,	ibrutinib	and	
A-1331852	kills	the	resistant	cells. 

4.9	Non-AIM	MCL	patient	

We	have	also	analyzed	a	relapsed/	refractory	MCL	patient	outside	of	AIM	clinical	
trial	 to	 establish	 the	 wide	 applicability	 of	 our	 findings.	 This	 patient	 received	
sequential	ibrutinib	and	venetoclax	for	the	treatment	of	MCL.	Genomic	analysis	at	
the	 time	 of	 final	 relapse	 when	 patient	 was	 resistant	 to	 both	 ibrutinib	 and	
venetoclax	showed	9p	deletion	as	well	as	a	focal	deletion	of	the	5'-end	of	SMARCA4	
(Figure	 52).	 Immunohistochemistry	 for	 BCL2	 expression	 showed	 a	 marked	
decrease	 in	 BCL2	 expression	 between	 samples	 pre	 and	 post	 venetoclax	 therapy	
(Figure	53).	 Importantly,	 the	 resistant	 cells	 from	patient	 sample	 containing	both	
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chromosome	9p	deletion	and	SMARCA4	loss	also	showed	a	marked	increase	in	Bcl-
xL	protein	levels	by	western	blot	(Figure	54)	and	mass	cytometric	analysis	(Figure	
55).	These	resistant	cells	also	showed	sensitivity	to	BCL-xL	inhibitors	(A-1331852	
&	 ABT-737)	 as	 seen	 with	 MCL	 cell	 lines	 (Figure	 56).	 These	 data	 in	 a	 primary	
patient	 sample	were	 consistent	with	 the	 findings	 from	 the	AIM	 clinical	 trial	 and	
our	functional	modeling	in	MCL	cell	lines.	
	

	
	

	
	
Figure	52	Genomic	characterization	of	a	non-AIM	patient	with	MCL:	LC-WGS	(top	panel)-	The	
green	arrow	highlights	the	heterozygous	loss	of	chromosome	9p.	LC-WGS	(bottom	panel)-	showing	
a	region	of	chromosome	19	encompassing	the	SMARCA4	locus.		
	

	
Figure	53	Tissue	biopsy	(H&E)	with	BCL2	immunohistochemistry:	(inset)	prevenetoclax	(left)	
and	postvenetoclax	(right)	showing	marked	reduction	in	BCL2	expression	with	venetoclax	therapy.		
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Figure	54	Western	blot	of	non-AIM	patient	with	MCL:	comparing	BCL2	and	Bcl-xL	expression	in	
primary	patient	sample	and	two	MCL	cell	lines.		
	

	
	
Figure	55	Mass	Cytometry	Analysis	of	non-AIM	patient	with	MCL:	The	expression	of	BCL2	and	
Bcl-xL	 measured	 by	 mass	 cytometry	 analysis	 of	 MCL	 cells	 isolated	 from	 a	 patient	 resistant	 to	
ibrutinib	and	venetoclax	relative	to	peripheral	blood	B	cells	collected	from	a	normal	donor	and	to	
another	primary	MCL	sample	taken	from	a	patient	not	exposed	to	either	ibrutinib	or	venetoclax.	 
	

	
Figure	56	Viability	assay	of	non-AIM	patient	with	MCL:	Cells	from	the	additional	patient	whose	
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MCL	was	resistant	to	ibrutinib	and	to	venetoclax	in	vivo	were	incubated	with	ibrutinib,	venetoclax,	
ABT-737	and	A-1331852	for	24	hours.	The	resistant	cells	showed	sensitivity	to	BCL-xL	inhibitors	
(A-1331852	&	ABT-737).		
	

4.10	Discussion	

We	 have	 confirmed	 through	 in-vitro	 studies	 that	 mutations	 in	 the	 SW1/SNF	
complex	 represent	 the	 major	 resistance	 pathway	 to	 ibrutinib	 and	 venetoclax	
combination	 therapy	 in	 MCL.	 We	 have	 also	 established	 that	 impairment	 of	
SWI/SNF	resulted	in	the	up	regulation	of	Bcl-xL,	which	is	a	key	survival	molecule	
able	 to	 subvert	 the	 effects	 of	 ibrutinib	 and	 venetoclax	 in	MCL.	Whilst	 it	 remains	
possible	 that	 other	 gene	 expression	 changes	 may	 contribute	 to	 the	 resistance	
phenotype	our	 findings	highlight	 that	 the	 increased	Bcl-xL	expression	present	 in	
cell	 lines	 and	 patients	 represents	 a	 dominant	 escape	 mechanism	 from	 the	
combination	of	ibrutinib	and	venetoclax.	Importantly,	drugs	that	specifically	target	
Bcl-xL	 are	 able	 to	 synergize	 with	 these	 therapies	 to	 overcome	 this	 resistance.	
These	 findings	 generate	 the	 prediction	 that	 patients	 with	 this	 molecular	 profile	
may	benefit	from	broader	targeting	of	the	pro-survival	proteins;	a	hypothesis	that	
we	 seek	 to	 pursue	 in	 clinical	 trials	 of	 novel	 combination	 strategies	 to	 further	
improve	the	outcome	for	patients	with	MCL.	
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CHAPTER	5	–	Molecular	disease	monitoring	using	circulating	tumor	DNA	in	Mantle	

Cell	Lymphoma	

5.1	Introduction	

Novel	 targeted	 therapeutics	 like	 ibrutinib	 and	 venetoclax	 are	 poised	 to	
significantly	change	the	natural	history	of	MCL.	Critical	to	achieving	this	goal	is	the	
ability	 to	 accurately	 monitor	 minimal	 residual	 disease	 (MRD)	 and	 detect	
emergence	of	 resistant	 clones.	The	current	gold	 standard	 for	MRD	monitoring	 in	
MCL	 involves	 allele-specific	 oligonucleotide	 polymerase	 chain	 reaction	 to	 assess	
patient	 specific	 immunoglobulin	 heavy	 chain	 rearrangements.	 Whilst	 the	
prognostic	 importance	 of	 molecular	 MRD	 has	 been	 demonstrated	 in	 several	
studies,	 there	 are	 several	 limitations	 that	 still	 remain.	 For	 instance,	 IgH	
rearrangements	 are	 useful	 in	 MRD	 monitoring	 for	 only	 80%	 of	 patients	 with	
MCL86.	 An	 alternative	 MRD	 strategy	 is	 PCR	 detection	 of	 the	 chromosomal	
translocation	 t	 (11;	14)	but	 this	 is	only	possible	 in	25%	-	40%	of	patients	as	 the	
breakpoints	on	chromosome	11	can	be	distributed	over	2kb.	Importantly,	current	
available	methodologies	for	MRD	monitoring	in	MCL	do	not	provide	any	scope	for	
detecting	 clonal	 heterogeneity	 and/or	 evaluating	 clonal	 evolution	 of	 the	
malignancy	 during	 disease	 progression	 and	 under	 the	 selective	 pressure	 of	
therapy.	 These	 limitations	 highlight	 the	 need	 for	 novel	 biomarkers	 to	 address	
these	 deficiencies.	We	 hypothesize	 that	 cell	 free	 circulating	 tumor	DNA	 (ctDNA)	
may	be	ideal	for	this	task	and	sought	to	prospectively	validate	its	utility	in	the	first-
in-world	combination	study	of	ibrutinib	and	ABT-199.	
	

5.2	AIMS	&	Objectives	

1)	 To	 use	 ctDNA	 for	 molecular	 monitoring	 of	 treatment	 response	 and	 minimal	
residual	disease	detection	in	MCL.	
2)	To	use	ctDNA	for	detecting	the	emergence	of	treatment	resistance	in	MCL.	
	

5.3	Targeted	sequencing	vs	digital	PCR	assay	for	disease	monitoring	in	ctDNA		

Having	 established	 candidate	mutations	 at	 baseline	 in	 the	 clinical	 cohort	 (Table	
16),	 serial	 bone	marrow/tissue	biopsy	 and	plasma	 samples	were	 analyzed	using	
targeted	 sequencing	 and	 digital	 PCR	 to	 track	 mutational	 burden	 within	 each	
compartment.	There	was	excellent	correlation	between	targeted	sequencing	MAF	
and	digital	PCR	MAF	(r2=0.95)	across	all	matched	time-points	(n=249),	reaffirming	
that	both	methodologies	could	be	used	 interchangeably	to	track	clonal	burden	 in	
MCL	(Figure	57).	We	have	also	performed	dilution	studies	using	a	patient	sample	
with	ATM	255*	mutation	such	that	the	MAF	ranged	between	0.1%-99%,	and	found	
excellent	correlation	between	expected	MAF	and	measured	MAF	(r2	=0.95,	p	value	
<0.0001)	by	droplet	digital	PCR	again	confirming	the	sensitivity	of	these	assays	for	
disease	monitoring	(Figure	58).	
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Figure	57	Correlation	of	quantitative	data	from	digital	PCR	and	targeted	sequencing:	
Mutant	allele	fractions	(MAF)	of	16	mutations	across	all	cases	obtained	separately	using	digital	PCR	
and	 targeted	 sequencing	 were	 compared.	 MAFs	 obtained	 using	 both	 techniques	 showed	 strong	
correlation	(r2	=0.95,	n=249).	
 

 
 
Figure	 58	 Titration	 curves	 for	 ATM	 G255*	 mutation	 assay	 using	 the	 Biorad	 digital	 PCR	
platform:	Serial	dilution	of	sample	(harbouring	an	ATM	G255*	mutation)	into	wild-type	DNA,	such	
that	 the	 MAF	 ranged	 from	 0.1%	 to	 99%.	 Digital	 PCR	 was	 used	 to	 analyse	 the	 serial	 dilutions,	
showing	strong	correlation	between	the	expected	and	measured	MAF	(r2	=0.99	p	value	<0.0001).	

5.4	Correlation	between	disease	detection	by	ctDNA	and	tissue	biopsy		

Baseline	tumor	and	plasma	samples	from	all	24	patients	were	studied	by	targeted	
amplicon	 sequencing.	Mutations	were	 identified	 in	all	 tumor	 samples	at	baseline	
and	are	listed	in	Table	21	with	corresponding	MAF.	At	baseline,	prior	to	treatment,	
mutations	in	ctDNA	were	detected	in	17/24	individuals	(71%).	In	all	of	the	7	cases	
where	 ctDNA	 was	 not	 detected,	 disease	 was	 localized	 (early	 stage	 disease)	 and	
confined	to	the	lymph	nodes	(without	evidence	of	bone	marrow	involvement).	Of	
the	17	cases	with	detectable	ctDNA	at	baseline,	MAFs	ranged	from	0.4-60%	(Table	
21).	
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Study No. Primary site Mutation Tumour MAF Plasma MAF 
1 BM ATM G255* 60 30 

  CARD11 D357E 59 42 

  UBR5 L2789V 26 29 

  UBR5 C2768W 26 28 

  MLL2 R4536* 38 30 
2 BM ATM M838I 12 Not Detected 
  WHSC1 E1099L 10 

3 BM ATM L2750S 40 5.54 

  MLL2 K3563* 33 3.86 

  WHSC1 T1150A 33 5.54 
4 LN TP53 V216M 86 0.435 

  TRAF2 G10Wfs*70 79 1 

  NOTCH1 Q2394* 90 0.715 
5 BM ATM R3008H 19 7 
6 LN MYC A169T 15 Not Detected 
7 LN TP53 H179L 82 1 

  NOTCH2 Y2392* 47 1.5 
8 LN ATM L1545* 84 Not Detected 
9 BM ATM V2424del 15 9 

10 LN TP53 G105D 10 Not Detected 
11 BM ATM A2451P 10 5 

  TP53 C277F 10 6 

  UBR5 G2104L 6 5 
12 LN ATM D2448N 45 6 
13 LN TP53 L120E 45 6 

  WHSC1 E1099L 28 4 
14 BM TP53 Q38* 85 25 

  SMARCA4 H884L 44 16 
15 Gasrtic tissue UBR5 W1716C 35 Not Detected 
16 LN ATM C2770W 66 44.5 

  BIRC3 S441* 81 43.6 

  MLL2 P2210L 35 35 
17 BM TP53 E258G 95 60 
18 BM TP53 K132E 91 16 

  SMARCA4 G1162S 52 9.43 
19 LN CARD11 D401V 58 Not Detected 
20 LN TP53 R282W 92 32 

  NOTCH2 R2400* 45 10 

  SMARCA4 S1155R 47 8 
21 BM TP53 R175H 75 35 

  CCND1 Y44D 44 30 

  SMARCA4 R978* 45 25 
22 LN ATM E244L 30 Not Detected 

  BIRC3 E537L 8 
23 BM TP53 C141W 30 30 

  TP53 M237I 35 27 

  WHSC1E1099L 34 34 

  WHSC1 T1150A 15 14 
24 BM CARD11 I118V 25 3 

  CARD11 L215del 35 3 

  CARD11 Y98F 6 0 

	
Table	21:	Correlation	between	tumor	and	plasma	mutant	allele	fraction	
BM-bone	marrow,	LN-lymph	node	

5.5	Disease	monitoring	by	ctDNA	

ctDNA	dynamics	closely	mirrored	treatment	responses	in	our	patient	cohort.	Serial	
samples	 (n=91;	 median	 6	 samples/patient)	 from	 16/17	 cases	 with	 detectable	
ctDNA	were	available	for	targeted	amplicon	sequencing	and	droplet	digital	PCR	to	
evaluate	serial	changes	in	ctDNA	levels.	Serial	ctDNA	collection	was	not	performed	
for	 one	 of	 the	 non-responding	 patients	 (patient	 21),	 who	 had	 rapid	 disease	
progression	 on	 ibrutinib.	 ctDNA	 dynamics	 showed	 a	 strong	 correlation	 with	
disease	kinetics.	 ctDNA	became	undetectable	by	16-28	weeks	 in	 all	patients	 that	
had	 ongoing	 response	 to	 AIM	 therapy	 (ongoing	 responders;	 n=8)	 and	 remained	
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undetectable	for	the	remaining	course	of	the	therapy.	In	contrast,	in	patients	that	
were	primary	refractory	 to	AIM	therapy,	ctDNA	was	detectable	at	all	 time	points	
(non-responders;	 n=4).	 Patients	 who	 initially	 responded	 to	 treatment	 but	
progressed	later	on	had	ctDNA	that	became	undetectable	at	the	time	of	response	
but	increased	again	on	progression	(relapse	after	CR;	n=3)(Figure	59).	
	
 

 
 
Figure	59	Serial	analyses	of	ctDNA	levels	and	treatment	responses	in	patients	on	treatment:	
Green	 lines	 indicate	 individual	 patients	 who	 achieved	 CR	 showing	 that	 ctDNA	was	 undetectable	
after	16-28	weeks	of	treatment.	Red	lines	indicate	patients	with	stable	or	progressive	disease	with	
ctDNA	 remaining	detectable	 at	 all-time	points.	Blue	 lines	 indicate	patients	 that	 relapsed	after	CR	
with	ctDNA	levels	rising	concomitantly	with	disease	progression.	The	shaded	area	represents	 the	
period	of	ibrutinib	monotherapy	between	study	commencement	and	the	end	of	week	4.	All	analyses	
were	performed	in	duplicate	from	the	same	plasma	samples.	
 

5.6	ctDNA	dynamics	in	ongoing	responders	

Ongoing	responders	were	defined	as	those	patients	who	achieved	PET	confirmed	
complete	 remission,	 or	 who	 had	 sustained	 response	 in	 the	 absence	 of	 an	
informative	PET.	Changes	in	ctDNA	levels	paralleled	disease	responses	in	patients	
who	 had	 ongoing	 responses	 to	 ibrutinib	 and	 venetoclax	 combination	 therapy.	
Mutations	in	ctDNA	were	undetectable	by	16-28	weeks	in	all	cases	and	remained	
undetectable	throughout	the	course	of	therapy	(Figure	60). 
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Figure	60	ctDNA	dynamics	in	ongoing	responders:	
a-h:	 Results	 of	 ctDNA,	 ASO-PCR	 and	 radiological	 assessment	 in	 eight	 patients	 that	 have	 shown	
ongoing	 complete	 response	 to	 ibrutinib	 and	 venetoclax	 combination	 therapy	 and	 had	 serial	
measurements	 using	 both	 techniques.	Mutations	 in	 ctDNA	were	 undetectable	 by	 28	weeks	 in	 all	
cases	 and	 remained	 undetectable	 throughout	 the	 course	 of	 therapy.	 Responses	 by	 radiological	
assessment	are	annotated	as	CR	(complete	response)	or	PR	(partial	response)	in	the	figure.	Each	
ctDNA	timepoint	was	analyzed	in	duplicate	from	the	same	plasma	sample.	
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5.7	ctDNA	dynamics	in	non-responders	

Non-responders	 were	 defined	 as	 those	 patients	 where	 disease	 was	 primarily	
refractory	to	treatment	and	who	did	not	achieve	PET-confirmed	remission.	ctDNA	
was	detectable	at	all-time	points	amongst	non-responders	again	correlating	with	
disease	kinetics	(Figure	61).	 In-patient	18,	 the	patient	has	responded	partially	 to	
the	 treatment	 until	 16	 weeks	 and	 achieved	 partial	 remission	 (PR)	 but	 then	
progressed	 on	 therapy	 after	 16	 weeks.	 ctDNA	 beautifully	 captured	 the	 disease	
kinetics	in	this	patient;	ctDNA	MAF	went	down	from	15-20%	to	<1%	between	the	
start	of	treatment	and	week	16	but	then	again	increased	gradually	to	~40%	at	the	
time	 of	 disease	 progression	 (Figure	 61-b).	 In-patient	 04,	 no	 clonal	 IgH	
rearrangement	was	detected	by	ASO-PCR	and	hence	disease	monitoring	was	done	
by	digital	PCR	and	targeted	sequencing	only	(Figure	61-d).	
 
 

 
	
Figure	61	ctDNA	dynamics	in	non-responders	(primary	refractory	patients):	
a-d:	 Results	 of	 ctDNA,	 ASO-PCR	 and	 radiological	 assessment	 in	 four	 patients	 that	 were	 primary	
refractory	to	ibrutinib	and	venetoclax	combination.	Mutations	in	ctDNA	were	detectable	at	all	time	
points	 in	 these	 cases.	 No	 IgH	 clonal	 rearrangement	 was	 identified	 in-patient	 04	 and	 hence	 the	
disease	 was	 not	 serially	 monitored	 by	 ASO-PCR	 in	 this	 patient.	 Responses	 by	 radiological	
assessment	are	annotated	as	SD	(stable	disease)	or	PD	(progressive	disease)	in	the	figure.	
*	Patient	18	was	CRu	by	CT	criteria	at	week	16	 (SPD	reduction	 from	3570	 to	230mm2),	but	had	
progressive	disease	by	PET,	as	a	new	(small)	lesion	was	identified.	
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5.8	ctDNA	dynamics	in	patients	that	progressed	after	achieving	complete	remission	

Amongst	 patients	 that	 had	 progressed	 after	 achieving	 complete	 remission	 on	
therapy,	 ctDNA	 dynamics	 also	 reflected	 changes	 in	 disease	 burden	 with	 the	
mutations	that	were	identified	at	baseline	showing	reduction	in	MAF	at	the	time	of	
response	followed	by	subsequent	rise	in	MAF	coincident	with	disease	progression	
(Figure	 62).	 One	 individual	 (patient	 23)	 remained	 positive	 by	 all	 three	 assays,	
despite	 complete	 remission	 documented	 on	 imaging	 at	 week	 16.	 However,	 this	
patient	 manifested	 asymptomatic	 relapse	 with	 progressive	 disease	 in	 the	 bone	
marrow	 documented	 at	 week	 56,	 which	 highlights	 the	 greater	 sensitivity	 of	 the	
laboratory	assays	over	imaging	assessment	(Figure	62-c).	
 

 
 
 
Figure	62	ctDNA	dynamics	in	patients	that	progressed	after	achieving	complete	remission:	
a-c:	 Results	 of	 ctDNA,	 ASO-PCR	 and	 radiological	 assessment	 in	 three	 patients	 that	 achieved	 a	
complete	response	to	therapy	followed	by	disease	progression.	ctDNA	dynamics	reflect	changes	in	
disease	burden	with	the	mutations	that	were	identified	at	baseline	showing	reduction	in	MAF	at	the	
time	of	response	followed	by	subsequent	rise	in	MAF	coincident	with	disease	progression.	
Patient	23	remained	positive	by	ctDNA	and	ASO-PCR	at	all-time	points,	despite	CR	documented	on	
imaging	at	week	16.	This	patient	experienced	clinically	occult	relapse	with	progressive	disease	 in	
the	bone	marrow	documented	at	week	56,	reflecting	the	greater	sensitivity	of	the	laboratory	assays	
over	 imaging	 assessment.	 Responses	 by	 radiological	 assessment	 are	 annotated	 as	 CR	 (complete	
response),	PR	(partial	response)	or	PD	(progressive	disease)	in	the	figure.	
 
 

5.9	Utility	of	ctDNA	in	Ibrutinib	induced	lymphocytosis	

Ibrutinib	 is	 known	 to	 be	 associated	 with	 increase	 in	 lymphocyte	 count	 in	
peripheral	 blood	 (ibrutinib	 associated	 lymphocytosis)	 due	 to	 redistribution	 of	
lymphoma	cells	from	tissue	compartment	to	peripheral	blood275.	This	negates	the	
use	 of	 peripheral	 blood	 lymphocyte	 counts	 to	monitor	disease	 in	 lymphomas	on	
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ibrutinib	 therapy,	 as	 it	 will	 not	 necessarily	 correlate	 with	 disease	 response.	We	
have	performed	both	digital	PCR	and	ASO-PCR	at	concordant	serial	time	points	for	
disease	monitoring	in	our	cohort.	As	shown	by	cases	like	(#05,	#11,	#12)	(Figure	
63),	 the	 initial	 increase	 in	 peripheral	 blood	 lymphocyte	 counts	 observed	 post	
ibrutinib	 treatment	coincided	with	an	 increase	 in	 the	abundance	of	 the	mutation	
load	 by	 ASO-PCR.	 In	 contrast,	 ctDNA	 did	 not	 show	 this	 transient	 increase,	
consistent	with	 previous	 studies	where	we	 showed	 that	 ctDNA	more	 accurately	
reflects	disease	 response	 and	 is	not	 influenced	by	 the	 transient	 redistribution	of	
malignant	lymphocytes	following	ibrutinib	treatment250.	
	

	
	
Figure	63	Ibrutinib	associated	lymphocytosis:	ctDNA	assessment	is	not	influenced	by	transient	
redistribution	of	lymphocytes	during	ibrutinib	therapy.	

5.10	ctDNA	for	MRD	monitoring	

The	achievement	of	MRD	negative	status	following	treatment	was	assessed	using	
ctDNA	and	 compared	 to	 flow	 cytometry	 and	ASO-PCR	 in	 evaluable	 patients	who	
had	 positivity	 for	 the	 MRD	marker	 prior	 to	 the	 commencement	 of	 combination	
therapy	 and	 had	 serial	 samples	 available	 for	 assessment.	 Of	 the	 MRD-evaluable	
patients	 who	 achieved	 CR	 by	 imaging,	 10	 of	 11	 (91%)	 achieved	 MRD	 negative	
status	 by	 ctDNA	 analysis,	 with	 a	 similar	 proportion	 becoming	 negative	 when	
assessed	by	BM	 flow	cytometry	 (14	of	15	 (93%))	and	ASO-PCR	(9	of	11	 (82%)).	
One	 individual	 (patient	 23)	 remained	 positive	 by	 all	 three	 assays,	 despite	 CR	
documented	 on	 imaging	 at	 week	 16.	 However,	 this	 patient	 manifested	
asymptomatic	 relapse	with	progressive	disease	 in	 the	bone	marrow	documented	
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at	week	56,	which	highlights	the	greater	sensitivity	of	 the	 laboratory	assays	over	
imaging	assessment.	In	the	final	case	(patient	17),	ASO	PCR	has	remained	positive	
at	very	low	levels,	despite	achievement	of	MRD	negative	status	by	ctDNA	and	flow	
cytometric	analysis;	notably	this	patient	continues	to	remain	in	CR	at	65	weeks	on	
treatment	(Figure	64).	
	
	
	

	
Figure	 64	 Assessment	 of	 MRD	 in	 evaluable	 patients	 by	 ctDNA,	 BM	 flow	 cytometry	 and	
peripheral	blood	ASO-PCR:	Yellow	boxes	represent	achievement	of	MRD	negative	status	and	pink	
boxes	represent	persistent	MRD	positivity	at	the	time	of	best	response.	Grey	boxes	represent	cases	
that	were	considered	not	evaluable	for	MRD	assessment.	
	
In	a	few	cases,	ctDNA	was	able	to	detect	disease	recurrence	much	earlier	than	ASO-
PCR	and	radiological	assessment.	Patient	16	exemplifies	this	early	MRD	detection	
in	our	study	(Figure	65).	The	patient	attained	CR	at	16	weeks	and	 then	relapsed	
with	 disease	 progression.	 ctDNA	 detected	 disease	 relapse	 at	 28	 weeks	 with	 the	
increase	 in	 mutant	 allele	 fraction	 for	 ATM	 and	 BIRC3	 mutations.	 This	 relapse	
detection	 by	 ctDNA	 was	 much	 earlier	 than	 other	 methods	 of	 MRD	 monitoring-	
relapse	was	detected	at	40	weeks	by	ASO-PCR	and	56	weeks	by	imaging.	
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Figure	65	The	disease	kinetics	of	a	relapsing	patient	(16)	using	ctDNA	analysis,	ASO-PCR	and	
radiological	 imaging:	 the	 patient	 attained	 CR	 at	 16	 weeks	 and	 then	 relapsed	 with	 disease	
progression.	Disease	relapse	was	most	sensitively	detected	by	ctDNA	at	28	weeks	with	an	increase	
in	mutant	allele	fraction	(MAF)	for	ATM	and	BIRC3	mutations.	In	comparison,	relapsed	disease	only	
became	detectable	at	40	weeks	by	ASO-PCR	and	56	weeks	by	imaging.	
	

5.10.1	ctDNA	vs	flow	cytometry	
Serial	 assessment	 of	BM	MRD	 status	by	 flow	 cytometry	was	performed	 in	 all	 24	
individuals.	ctDNA	and	BM	MRD	results	were	directly	compared	across	108	time	
points	where	both	analyses	were	performed	and	showed	concordance	 in	92/108	
(85%)	of	samples	(Table	22).	In	five	of	the	discordant	time	points,	flow	cytometry	
of	bone	marrow	became	transiently	positive	for	low	volume	disease	following	the	
initial	 4	weeks	 of	 ibrutinib	 treatment.	 Serial	BM	assessment	 showed	 subsequent	
clearance	following	the	addition	of	venetoclax.	In	contrast,	ctDNA	did	not	show	this	
transient	increase,	consistent	with	previous	studies	where	we	showed	that	ctDNA	
more	 accurately	 reflects	 disease	 response	 and	 is	 not	 influenced	 by	 the	 transient	
redistribution	of	malignant	lymphocytes	following	ibrutinib	treatment250.	
	

 
Table	22:	Disease	detection	by	ctDNA	and	peripheral	bone	marrow	flow	cytometry	
 
 

5.10.2	ctDNA	vs	ASO-PCR	
In	 parallel	 to	 the	 ctDNA	 analysis,	 IgH	 rearrangements	 were	 identified	 in	 tumor	
tissue	 of	 16/24	 (67%)	 cases	 and	 serial	 ASO-PCR	 analysis	 was	 performed	 on	
peripheral	 blood	 in	 all	 16	 individuals.	 ctDNA	 and	ASO-PCR	 results	were	 directly	
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compared	across	74	serial	 time	points	where	both	analyses	were	performed	and	
showed	concordance	in	62/74	(83.8%)	of	samples	(Table	23).	
	

 
Table	23:	Disease	detection	by	ctDNA	and	peripheral	blood	ASO-PCR	
	

5.11	LC-WGS	for	ctDNA	

LC-WGS	 of	 plasma	 samples	 was	 performed	 on	 selected	 cases	 (including	 both	
responders	and	non-responders)	to	establish	if	plasma	could	detect	copy	number	
aberrations	 that	were	detected	 in	 tissue	biopsy	samples	and	 thus	used	as	a	non-
invasive	biomarker	 for	disease	diagnosis	and	monitoring	 (Appendix	8).	We	were	
able	to	identify	and	replicate	all	copy	number	aberrations	that	were	identified	with	
tissue	biopsy	in	ctDNA.	Hence,	we	have	confirmed	that	ctDNA	can	be	established	as	
a	non-invasive	biomarker	for	both	mutations	and	copy	number	changes	detection	
in	diagnostic	and	follow-up	samples	in	MCL.	The	LC-WGS	plots	for	plasma	samples	
are	shown	in	Appendix	9.	
	

5.12	GISTIC	analysis	for	ctDNA	

GISTIC	 analysis	 was	 performed	 between	 plasma	 samples	 of	 responder’s	 vs	 non-
responders.	 Chromosome	 9p21.1-p24.3	 loss	 was	 statistically	 significant	 and	
enriched	in	plasma	samples	as	was	seen	with	primary	tissue	samples	(Figure	66).		
	

	
	
Figure	 66	 GISTIC	 analyses	 of	 plasma	 samples: GISTIC	 analysis	 for	 deletions	 between	 plasma	
samples	 of	 responding	 (n=5)	 and	 non-responding	 patients	 (n=5).	 Green	 line	 indicates	 the	
significance	threshold	for	copy	number	alterations	(q-value	0.5).	Deletion	of	chromosome	9p21.1-
p24.3	was	significantly	enriched	amongst	non-responders	in	plasma	samples	also.		
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5.13	ctDNA	for	clonal	evolution	

ctDNA	 also	 proved	 to	 be	 very	 useful	 in	 detecting	 clonal	 evolution	 at	 the	 time	 of	
disease	progression.	This	 is	 exemplified	by	 two	cases	 in	our	 study	 (Patient	01	&	
Patient	07).		
	
Patient	 01:	 In	Patient	01,	ATM,	CARD11,	BIRC3,	UBR5	 and	MLL2	mutations	were	
present	in	the	diagnostic	bone	marrow	biopsy.	Copy	number	analysis	by	LC-WGS	
showed	multiple	copy	number	aberrations	at	diagnosis	(Figure	67-b).	This	patient	
progressed	 after	 56	weeks	with	 a	 localized	 pleural	 relapse.	 The	 same	mutations	
reappeared	 at	 the	 time	 of	 disease	 relapse.	 Copy	 number	 analysis	 of	 the	 pleural	
biopsy	 showed	 acquired	 chromosome	 6	 abnormalities	 at	 the	 time	 of	 disease	
progression	 that	 were	 readily	 detectable	 in	 the	 corresponding	 plasma	 sample	
(Figure	 67-c).	 These	 acquired	 copy	 number	 changes	 at	 chromosome	 6	
encompassed	several	genes	including	ARID1B,	part	of	the	SWI/SNF	complex.		
	

	
	
Figure	67	ctDNA	dynamics	in	patient	01:	
a.	 Dynamic	 changes	 in	 ctDNA	 levels	 correlate	with	 response	 to	 therapy	 as	 assessed	 by	 FDG-PET	
imaging	 in	 a	 patient	 with	 ATM	 G255*	 and	 CARD11	 D357E	 mutations	 who	 displayed	 an	 initial	
response	to	ibrutinib	and	venetoclax	treatment	followed	by	disease	progression.	*at	weeks	56	and	
64	 there	was	development	of	 small	 volume	 right	pleural	 thickening/nodularity	with	 the	possible	
differential	 diagnosis	 of	 disease	 recurrence	 or	 focal	 imflammation/infection	 on	 radiological	
assessment.	 The	 disease	was	 clinically	 and	 radiologically	 evident	 from	week	 88	 and	 ctDNA	 also	
showed	an	increase	in	MAF	at	this	time	point.	Each	ctDNA	timepoint	was	analysed	in	duplicate	from	
the	same	plasma	sample.	
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	b.	The	log2	ratio	plots	from	LC-WGS	of	tumor	sample	at	baseline	(pretreatment	bone	marrow)	and	
at	 the	 time	 of	 progression	 (progression	 pleural	 biopsy).	 Multiple	 copy	 number	 changes	 were	
present	at	baseline.	Similar	changes	were	detectable	at	the	time	of	progression	in	the	pleural	biopsy	
along	with	acquisition	of	chromosome	6	copy	number	changes.	
	
	c.	 The	 log2	 ratio	 plots	 from	LC-WGS	 of	 plasma	 at	 baseline	 and	 at	 the	 time	 of	 progression.	 Copy	
number	changes	in	plasma	mirrored	the	copy	number	changes	in	tumor	samples	both	at	baseline	
and	at	the	time	of	progression.	
	
	
Patient	 07:	 Patient	 #07	 had	 TP53	 and	 NOTCH2	 mutations	 and	 multiple	 copy	
number	 abnormalities	 at	diagnosis	 from	 the	 cervical	 lymph	node	biopsy	 sample.	
This	patient	had	stable	disease	on	ibrutinib	and	venetoclax	treatment	(SD	at	week	
16)	 followed	 by	 disease	 progression	 at	 weeks	 24.	 WES,	 TS	 and	 LC-WGS	 were	
performed	on	serial	plasma	samples	and	a	progression	lymph	node	biopsy	and	the	
results	were	compared	with	baseline	genomic	changes.	At	the	time	of	progression,	
the	 same	 mutations	 as	 baseline	 reappeared	 in	 the	 cervical	 biopsy	 and	 plasma	
samples	 (TP53	 and	 NOTCH2),	 LC-WGS	 revealed	 the	 acquisition	 of	 new	 copy	
number	alterations	on	chromosome	9p.	This	was	the	same	9p	region	loss	that	was	
observed	 in	 patients	 who	 were	 primary	 refractory	 to	 AIM	 therapy	 and	
encompassed	several	genes	including	SMARCA2,	part	of	the	SWI/SNF	complex.	It	is	
worthwhile	noting	that	the	chromosome	9p	loss	was	detectable	in	plasma	samples	
at	week	16	 (8	weeks	 before	 the	 disease	 progression	was	 detected	 radiologically	
and	clinically).	This	patient	exemplifies	the	potential	and	sensitivity	of	ctDNA	as	a	
noninvasive	biomarker	for	disease	monitoring	(Figure	68).	
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Figure	 68	 ctDNA	 dynamics	 in	 patient	 07,	 Detection	 of	 emerging	 resistance	 by	 ctDNA	 in	 a	
patient	(07)	with	disease	progression	after	having	stable	disease	for	16	weeks:	Copy	number	
alterations	by	LC-WGS	were	compared	between	tumor	biopsies	before	the	start	of	treatment	and	at	
disease	progression.	The	deletion	of	chr9p21.1-p24.3	was	only	identified	in	the	progression	tumor	
biopsy.	The	bottom	panel	shows	LC	WGS	plots	for	plasma	samples.	The	deletion	of	chr9p21.1-p24.3	
was	 evident	on	 the	 ctDNA	analysis	 at	16	weeks,	 8	weeks	before	 the	 identification	of	progressive	
disease	by	radiological	imaging	
	

5.14	Prognostic	significance	of	ctDNA	

We	 next	 explored	 the	 relationship	 between	 baseline	 tumor	 genomic	
characteristics,	 ctDNA	 levels	 and	 patient	 outcomes	 in	 this	 cohort.	 Patients	 who	
harbored	 either	 a	 SMARCA4	mutation	 and/or	 chromosome	 9p21.1-p24.3	 loss	 at	
baseline	 showed	 inferior	 progression	 free	 survival	 (HR	 21,	 p=0.00012)	 (Figure	
69).	 Similarly,	 detection	 of	 ctDNA	 at	 baseline	 prior	 to	 treatment	was	 associated	
with	 inferior	progression	free	survival	(HR	11,	p=0.018)	(Figure	69).	Presence	of	
SMARCA4	 mutation	 and/or	 chromosome	 9p21.1-p24.3	 loss	 at	 baseline	 and	
detection	 of	 ctDNA	 at	 baseline	 were	 also	 associated	 with	 inferior	 time	 to	
progression	(Figure	70).	
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Figure	 69	Genomic	 characteristics	 and	 ctDNA	 levels	 predict	 patient	 outcome	 (progression	
free	survival	analysis):	Cox	proportional	hazard	analyses	at	baseline	showing	that	the	detection	of	
SMARCA4	mutations	and/or	chromosome	9p21.1-p24.3	deletion	(upper	panel)	and	the	detection	of	
ctDNA	(lower	panel)	are	associated	with	inferior	progression	free	survival	(PFS).	The	shaded	area	
represents	 95%	 confidence	 intervals;	 survival	 analyses	 were	 performed	 using	 the	 Cox’s	
Proportional	 Hazards	 Model.	 For	 patient	 groups	 with	 no	 events,	 Cox	 Regression	 with	 Firth’s	
Penalized	Likelihood	was	used	to	estimate	significance	and	hazard	ratios.	
	



	 122	

 
Figure	70	Genomic	characteristics	and	ctDNA	levels	predict	patient	outcome	(time	to	progression	
analysis):	Cox	proportional	hazard	analyses	at	baseline	showing	that	(A)	the	detection	of	SMARCA4	
mutations	 and/or	 chromosome	 9p21.1-p24.3	 deletion	 and	 (B)	 the	 detection	 of	 ctDNA	 are	
associated	with	inferior	time	to	progression	(TTP).	
	

5.15	DISCUSSION	

The	 data	 presented	 in	 this	 chapter	 is	 the	 first	 to	 describe	 ctDNA	 analysis	 in	 the	
molecular	 monitoring	 of	 MCL	 patients	 receiving	 ibrutinib	 and	 venetoclax	
combination	therapy.	We	have	established	the	ability	of	ctDNA	to	characterize	the	
genomic	 alterations	 governing	 treatment	 response	 using	 a	 minimally	 invasive	
approach.	 We	 establish	 that	 ctDNA	 performs	 at	 least	 as	 well	 as	 the	 existing	
methods	 of	 flow	 cytometry	 and	 ASO-PCR	 for	 the	measurement	 of	MRD.	 Beyond	
quantitative	 MRD	 monitoring,	 ctDNA	 additionally	 provides	 valuable	 prognostic	
information	and	enables	the	real-time	assessment	of	tumor	evolution	to	reveal	the	
emergence	of	genomic	changes	associated	with	treatment	resistance.		
	
Analysis	of	ctDNA	has	the	potential	to	transform	clinical	care	paradigms	and	future	
trial	 designs.	 The	 ability	 of	 ctDNA	 to	 assess	 disease	 burden	 and	 follow	 it	
dynamically	will	undoubtedly	help	us	 in	delivering	better	care	to	our	patients.	 In	
addition,	 ctDNA	 has	 the	 potential	 to	 identify	 disease	 progression/treatment	
resistance	through	serial	sample	monitoring;	it	can	serve	as	a	complementary	tool	
for	 minimal	 residual	 disease	 monitoring	 with	 traditional	 methods	 as	 flow	
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cytometry	 and	 ASO-PCR.	 It	 is	 important	 to	 standardize	 ctDNA	 collection,	
processing	 and	 interpretation	 techniques	 for	 its	 wider	 applicability	 in	 both	
diagnostic	and	research	settings.	Reliable	data	evaluation	and	data	interpretation	
with	 ctDNA-based	 assays	 are	 still	 challenging.	 Easy	 to	 use	 bioinformatics	 tools	
need	to	be	developed,	standardized	and	validated	 in	comprehensive	studies	with	
defined	reference	material,	to	result	in	clinically	useful	results	in	order	to	influence	
treatment	decisions.	
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CHAPTER	6:	DISCUSSION	

6.1	The	role	of	targeted	therapies	in	MCL	in	the	age	of	genomic	technologies	

With	 the	 advent	 of	 latest	 genomic	 technologies,	 a	 significant	 increase	 in	 the	
understanding	 of	 disease	 biology	 has	 evolved	 in	 the	 last	 few	 years.	 This	 is	 in	
particular	 true	 for	 haematological	 malignancies	 where	 a	 number	 of	 targeted	
therapeutics	 has	 been	 developed	 based	 on	 underlying	 disease	 biology.	 Some	 of	
these	therapeutics	are	well	established	(e.g.	BCR-ABL	inhibitors	in	chronic	myeloid	
leukaemia)	and	have	completely	changed	the	course	of	the	disease	while	other	are	
still	 evolving.	 Targeted	 therapeutics	 are	 of	 particular	 interest	 for	 malignant	
lymphomas,	 constituting	 a	 heterogeneous	 tumor	 category	 with	 substantial	
variation	 in	 clinical	 outcome,	 ranging	 from	 indolent	 forms	 that	 do	 not	 require	
treatment	 over	 years	 to	 aggressive	 cases	 for	 which	 an	 immediate	 treatment	 is	
mandatory.		
	
History	 has	 proved	 that	 dramatic	 gains	 can	 be	 made	 in	 survival	 when	 new	
therapeutic	 agents	 with	 mechanisms-of-action	 distinct	 from	 standard	 cytotoxic	
chemotherapy	 have	 been	 introduced.	 For	 B	 cell	 lymphomas,	 both	 indolent	 and	
aggressive	DLBCL,	survival	outcomes	were	markedly	improved	by	the	addition	of	
rituximab	 to	 the	 standard	 chemotherapy	 regimens.	 Even	 more	 strikingly,	 the	
introduction	 of	 imatinib	 has	 halved	 the	 disease-specific	 mortality	 of	 chronic	
myeloid	 leukemia276.	 Thus,	 outcomes	 for	 incurable	 haematological	 malignancies	
can	be	transformed	by	the	application	of	new-targeted	therapies.	
	
Mantle	Cell	Lymphoma	is	a	rare	and	distinct	type	of	non-Hodgkin	lymphoma	with	
disproportionately	poor	survival	and	high-unmet	medical	need277.	Recent	insights	
into	 molecular	 biology	 has	 revealed	 that	 MCL	 is	 no	 longer	 characterised	 by	 a	
uniformly	dismal	prognosis	and	 is	a	spectrum	of	different	diseases,	ranging	 from	
very	 indolent	 cases	 to	 highly	 aggressive	 and	 refractory	 ones.	 Thus,	 there	 is	 an	
urgent	 need	 to	 adapt	 therapy	 to	 accommodate	 the	 diverse	 presentations	 of	 the	
disease	 and	 deliver	 personalized	 therapeutics	 based	 on	 underlying	 genomics.	
Several-targeted	 therapeutics	 has	 recently	 shown	 promising	 results	 in	 MCL	 in	
early	 phase	 clinical	 trials.	 Two	 such	 drugs	 that	 show	 exciting	 potential	 in	 B	 cell	
lymphoid	disorders	including	MCL	are	the	BTK	inhibitor,	ibrutinib62,	and	the	BH3-
mimetic	BCL2	inhibitor,	venetoclax272.		
	
Although	 these	 targeted	 therapeutics	 are	 highly	 effective	 and	 promising,	
development	 of	 primary	 or	 acquired	 resistance	 is	 still	 a	 big	 unsolved	 problem.	
Moreover,	it	has	also	been	shown	that	MCL	patients	who	fail	primary	therapy	with	
targeted	drugs	 like	 ibrutinib	have	poor	outcomes	and	are	unlikely	 to	 respond	 to	
salvage	 chemotherapy87,88.	 With	 these	 novel	 agents	 so	 early	 in	 clinical	 use,	 the	
optimal	 therapy	 to	 treat	 patients	 with	 resistant	 disease	 has	 not	 yet	 been	
established.	One	way	to	overcome	resistance	is	to	identify	genomic	and	epigenetic	
aberrations	underlying	resistance,	thus	enabling	the	selection	of	patients	that	will	
most	likely	benefit	from	a	specific	therapy.	Since	resistance	often	ensues	as	a	result	
of	 the	concomitant	activation	of	multiple,	often	overlapping,	 signalling	pathways,	
another	possibility	is	to	interfere	with	multiple,	cross-talking	pathways	involved	in	
growth	and	survival	control	in	a	rational,	mechanism-based,	fashion.	A	number	of	
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studies	are	currently	underway	exploring	different	drug	combinations	in	MCL	with	
the	aim	to	find	more	effective	therapeutics	with	longer	disease	free	survival.		
	
In	the	AIM	phase	II	clinical	trial,	we	have	combined	ibrutinib	and	venetoclax	for	
the	 treatment	 of	 highly	 aggressive	 and/or	 relapsed-refractory	 MCL	 patients	
based	on	 the	preclinical	 synergistic	 effects	 seen	with	 the	 combination	of	 these	
two	drugs.	Results	of	 the	AIM	study	were	highly	promising	and	confirmed	that	
these	two	drugs	could	be	combined	safely	to	enhance	clinical	responses	in	MCL.	
This	 historically	 controlled	 trial	 included	 23	 patients	 with	 relapsed	 and/or	
refractory	MCL	 and	one	with	untreated	disease,	 75%	of	whom	had	 a	 high-risk	
prognostic	score.	True	to	preclinical	models,	ibrutinib	and	venetoclax	proved	to	
be	 synergistic	 in	 the	 clinic	 with	 a	 final	 complete	 remission	 rate	 of	 71%	
and >80%	of	patients	in	complete	remission	achieving	minimal	residual	disease	
negativity.	 These	 results	 were	 significantly	 better	 than	 those	 of	 either	 drug	
alone.	 Indeed,	 the	 complete	 remission	 rate	 at	 week	 16	 was	 42%,	 double	 that	
observed	 previously	 with	 long-term	 continuous	 use	 of	 either	 ibrutinib	 or	
venetoclax	 alone	 (21%).	 Importantly,	 78%	 of	 responses	 to	 the	 combination	
therapy	were	ongoing	at	15	months.	Common	adverse	events	were	generally	of	a	
low	 grade,	 and	 included	 diarrhoea,	 fatigue,	 and	 nausea	 or	 vomiting;	 although	
tumor	lysis	syndrome	occurred	in	two	patients	(8%).	
	
The	 combination	 of	 ibrutinib	 and	 venetoclax	 appeared	 to	 overcome	 the	 adverse	
effect	 of	 tradition	 risk	 factors	 as	 high	 MIPI	 score	 and	 immunoglobulin	 gene	
mutation	 status,	 as	 patients	with	 these	 adverse	 features	 responded	well	 to	 AIM	
therapy.	 AIM	 therapy	 was	 also	 effective	 in	 heavily	 pretreated	 and	
relapsed/refractory	MCL	patients.	However,	MCL	patients	with	highly	proliferative	
disease	 (as	 indicated	by	a	Ki-67	 level	>30%)	were	 less	 likely	 to	have	a	 complete	
response	 than	 patients	 without	 these	 characteristics.	 	 TP53	 mutations	 are	 well	
described	 adverse	 prognostic	 factor	 in	 MCL,	 being	 strongly	 associated	 with	
treatment	 resistance	 and	 inferior	 survival	 among	 patients	 receiving	 intensive	
chemotherapy	 and	 undergoing	 first-line	 autologous	 stem-cell	 transplantation274.	
TP53	aberrations	were	present	in	50%	of	the	patients	in	this	study,	half	of	whom	
had	 complete	 responses,	 most	 of	 which	 were	 durable.	 However,	 the	 number	 of	
such	patients	was	 small,	 and	 the	 follow-up	 less	 than	2	years.	Other	 studies	have	
highlighted	 the	 role	 of	 mutations	 in	 the	 NF-KB	 pathway	 (CARD11	 &	 BIRC3)	 as	
mediators	of	a	poor	response	to	ibrutinib	or	chemo-	therapy100,101.	Preexisting	NF-
KB	pathway	mutations	(except	TRAF2)	appeared	to	have	no	effect	on	the	response	
to	 combination	 therapy	 with	 ibrutinib	 and	 venetoclax	 in	 our	 study.	 The	 small	
number	 of	 patients	 in	 these	 genetically	 defined	 subgroups	 means	 that	 these	
conclusions	 are	 preliminary.	 Larger	 studies	 will	 be	 needed	 to	 determine	 their	
validity.	
	
The	results	of	 the	AIM	study	are	 likely	 to	be	practice	changing	and	herald	a	new	
era	of	combination-targeted	therapies	for	MCL.	Ultimately,	this	combination	could	
provide	 an	 effective	 chemotherapy-free	 treatment,	 rather	 than	 the	 current	
standard	of	indefinite	single-agent	targeted	therapy.	Future	phase	3	clinical	trials	
are	needed	 to	 further	 evaluate	 the	 efficacy	of	 this	 combination	 therapy	 in	 larger	
cohorts.	
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6.2	The	role	of	SW1/SNF	complex	mutations	in	haematological	malignancies		

Despite	 the	 highly	 promising	 results	 of	 the	 AIM	 trial,	 approximately	 30%	 of	 the	
patients	 were	 primary	 refractory	 or	 progressed	 on	 combination	 therapy	 of	
ibrutinib	 and	 venetoclax.	 The	 genomic	 profile	 of	 these	 patients	 showed	 a	
preponderance	 of	 SW1/SNF	 complex	 mutations	 as	 compared	 to	 responding	
patients.	 The	 association	 of	 SW1/SNF	 complex	 mutations	 with	 treatment	
resistance	was	further	confirmed	and	validated	with	the	help	of	MCL	cell	lines.	Our	
studies	 suggested	 that	 functional	 impairment	 of	 the	 SWI	 /	 SNF	 complex	 in	MCL	
results	 in	 marked	 transcriptional	 changes	 that	 do	 not	 selectively	 influence	
particular	 metabolic	 or	 signaling	 pathways.	 Instead,	 the	 transcriptional	 noise	
created	by	functional	compromise	of	SWI/SNF	provides	the	ideal	adaptive	milieu	
whereby	 a	 population	 of	 cells	 is	 always	 present	 and	 poised	 with	 the	 right	
transcriptional	program	to	survive	the	selective	pressure.	Analysis	suggested	that	
impairment	 of	 SWI/SNF	 resulted	 in	 the	 up	 regulation	 of	 Bcl-xL,	 which	 is	 a	 key	
survival	molecule	 able	 to	 subvert	 the	 effects	 of	 ibrutinib	 and	 venetoclax	 in	MCL.	
Whilst	 it	 remains	possible	 that	other	gene	expression	changes	may	contribute	 to	
the	 resistance	 phenotype	 our	 findings	 highlight	 that	 the	 increased	 Bcl-xL	
expression	 present	 in	 cell	 lines	 and	 patients	 represents	 a	 dominant	 escape	
mechanism	from	the	combination	of	ibrutinib	and	venetoclax.		
	
The	SWI/SNF	complexes	are	the	chromatin	remodelling	complexes	that	utilize	the	
energy	 of	 ATP	 to	 modulate	 chromatin	 structure.	 With	 the	 advent	 of	 deep	
sequencing	 technologies,	 mutations	 in	 various	 subunits	 of	 SW1/SNF	 complexes	
were	 seen	 in	 approximately	 20%	 of	 cancers,	 comparable	 to	 mutation	 rates	 for	
iconic	tumour	suppressors	such	as	TP53	or	PTEN.	Most	of	the	SW1/SNF	mutations	
are	truncating	mutations	causing	 loss	of	 function	of	 the	protein	and	implying	the	
role	 of	 SW1/SNF	 complex	 as	 tumor	 suppressors.	 Some	 of	 the	 genes	 (SMARCA4,	
ARID1A,	and	PBRM1)	are	more	commonly	mutated	than	other	SW1/SNF	subunits.	
Although	 most	 of	 the	 SW1/SNF	 mutations	 are	 distributed	 across	 full	 coding	
regions	 of	 the	 genes	 with	 no	 particular	 hotspots,	 some	 cancers	 show	 high	
frequency	 of	 particular	 subtype	 of	mutation	 or	 association	with	 specific	 gene	 of	
SW1/SNF	complex.	These	 include	rhabdoid	 tumors,	 synovial	 sarcomas	and	small	
cell	carcinoma	of	the	ovary.		
	
In	the	majority	of	tumors	including	haematological	malignancies,	the	exact	role	of	
SW1/SNF	 mutations	 is	 still	 undefined.	 These	 mutations	 have	 recently	 been	
observed	 in	 acute	 myeloid	 leukemia	 and	 some	 lymphomas	 (Burkitt	 lymphoma,	
follicular	 lymphoma,	mantle	 cell	 lymphoma)174,175-176	 as	 a	 result	 of	 evolution	 of	
deep	sequencing	techniques.	It	is	yet	to	be	established	if	these	mutations	are	driver	
mutations	 leading	 to	 disease	 phenotype	 or	 just	 innocent	 bystander	mutations	 in	
these	neoplasms.	Although	the	high	frequency	of	SW1/SNF	mutations	in	different	
cancer	subtypes	definitely,	elude	towards	their	role	in	direct	disease	pathogenesis.	
Moreover,	 the	role	of	SW1/SNF	complex	 in	defining	chromatin	structure	and	 the	
underlying	 reasons	 why	 specific	 subunits	 are	 associated	 with	 distinct	 cancer	
subtypes	 is	 also	 not	 understood.	 It	 is	 important	 to	 study	 the	 role	 of	 SW1/SNF	
complexes	 in	 mediating	 transcription,	 how	 these	 complexes	 effect	 chromatin	
structure	and	underlying	mechanisms	by	which	mutations	in	these	subunits	drive	
cancer	formation.	
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Our	 study	 is	 the	 first	 study	 to	 describe	 the	 association	 of	 SW1/SNF	 complex	
mutations	with	ibrutinib	and	venetoclax	resistance	in	MCL.	We	have	also	shown	
that	 increased	 BCL-xL	 expression	 to	 be	 the	 likely	 underlying	 pathway	 for	
resistance	 through	SW1/SNF	mutation,	 although	 it	 remains	possible	 that	other	
pathways	 might	 also	 be	 effected	 in	 mediating	 drug	 resistance.	 Our	 study	 was	
limited	 by	 small	 patient	 numbers;	 further	 large	 scale,	 comprehensive	 and	
statistically	 powered	 studies	 are	 needed	 to	 understand	 the	 different	 biological	
pathways	that	may	be	affected	by	these	mutations	and	lead	to	carcinogenesis.	Gene	
editing	techniques	like	CRISPR	assays	and	in-vivo	modelling	might	prove	useful	to	
understand	some	of	these	disease-driving	mechanisms.	In	addition,	future	work	in	
structural	biology	will	be	helpful	to	understand	how	particular	subunit	loss	effects	
remaining	SW1/SNF	complex	organisation	and	transcription.	
	
Several	therapeutic	agents	have	been	recently	developed	to	target	tumor	cells	with	
SW1/SNF	mutations.	Recently,	it	has	been	shown	that	functional	antagonism	exists	
between	 SWI/SNF	 complexes	 and	 the	 polycomb	 repressive	 complex	 (PRC2)167.	
Crabtree	 and	 Kadoch	 have	 shown	 that	 the	 SWI/SNF	 complex	 is	 associated	with	
direct	eviction	of	PRC1	from	chromatin168,278.	They	found	that	upon	deletion	of	the	
catalytic	 subunit	SMARCA4	in	mouse	 embryonic	 stem	 cells,	 there	was	 a	 genome-
wide	 increase	 in	 the	 localization	 of	 PRC1	 and	 PRC2,	 as	 well	 as	 enrichment	 of	
H3K27me3.	 These	 finding	 suggests	 that	 pharmacological	 inhibition	 of	 polycomb	
repressive	 complexes	 can	 be	 used	 as	 a	 therapeutic	 strategy	 for	 SWI/SNF-
inactivated	tumours. 
	
SMARCB1	 deficient	 rhabdoid	 and	 ovarian	 tumors	 show	 a	 persistent	 increase	 in	
polycomb	repressive	complex	activity	 that	can	be	 inhibited	with	EZH2	 inhibitors	
167,279.	 EZH2	 inhibitors	 were	 shown	 to	 inhibit	 rhabdoid	 tumors	 growth	 in	 vivo,	
further	clinical	trials	are	ongoing	to	establish	the	role	of	EZH2	inhibition	in	human	
malignancies	 with	 SW1/SNF	 mutations167,279.	 A	 synergistic	 effect	 of	 EZH2	
inhibitors	 with	 etoposide,	 a	 topoisomerase	 II	 inhibitor,	 was	 also	 described	 in	 a	
subset	of	SMARCA4	deficient	neoplasms280.	This	synergistic	effect	was	 thought	 to	
be	related	 to	 the	physical	 interaction	of	SWI/SNF	complexes	with	 topoisomerase	
during	 the	 cell	 cycle281.	 It	was	 also	 shown	 that	 SMARCA4	 transcript	 levels	were	
increased	 in	 vivo	 studies	 after	 topoisomerase	 inhibition	 in	wild	 type	 cells280	 but	
this	increase	was	not	seen	in	SMARCA4	mutated	cells.	Some	of	the	studies	have	also	
shown	 that	 SMARCB1	 inhibition	 causes	 cyclin	D1	 up	 regulation	with	 cell	 lines272	
and	 hence	 phase	 two	 trials	 with	 ribociclib	 (LEE011),	 a	 cyclin-dependent	 kinase	
(CDK)	4/6	inhibitor282	are	currently	undergoing	to	explore	this	further.		
	
Finally,	 an	 interesting	 concept	 of	 synthetic	 lethality	 is	 defined	 with	 SW1/SNF	
complex	 mutations	 that	 can	 be	 further	 exploited	 for	 therapeutic	 purposes.	
Synthetic	 lethality	 is	 defined	 as	 a	 type	 of	 genetic	 interaction	 where	 the	 co-
occurrence	 of	 two	 genetic	 events	 results	 in	 organismal	 or	 cellular	 death.	 With	
SW1/SNF	 complex,	 synthetic	 lethality	 is	 defined	 in	 the	 context	 of	 SMARCA4	 and	
SMARCA2	 mutations.	 Tumors	 with	 SMARCA4	 mutations	 are	 shown	 to	 rely	 on	
residual	 SMARCA2	 function	 for	 chromatin	 remodeling	 and	 transcription,	 when	
SMARCA2	was	targeted	in	SMARCA4	deficient	tumors,	tumor	cells	were	not	able	to	
survive	 and	 lost	 their	 proliferative	 and	 carcinogenic	 potential173,283.	 Similar	
dependence	was	notice	on	ARID1B	in	ARID1A	deficient	tumors.	However,	a	number	
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of	 questions	 still	 need	 to	 be	 answered.	 For	 example,	 SMARCA2	 mutations	 are	
known	 to	 be	 associated	 with	 high	 incidence	 of	 neurological	 disorders,	 hence	 if	
treatment	with	SMARCA2	inhibitors	would	increase	the	incidence	of	neurological	
abnormalities	in	SMARCA4	deficient	tumors.	Also	in	some	of	the	tumors	like	small	
cell	carcinoma	of	the	ovary	and	thoracic	tumors159,284,	concurrent	loss	of	SMARCA4	
and	 SMARCA2	 is	 reported,	 it	 is	 important	 to	 understand	 the	 underlying	
mechanisms	 of	 carcinogenesis	 of	 these	 tumors	 and	 the	 importance	 of	 residual	
SW1/SNF	 subunits	 for	maintaining	 cellular	 function	 and	 transcription.	 It	 is	 also	
important	to	identify	potential	therapeutic	options	for	tumors	with	dual	SMARCA4	
and	SMARCA2	mutations.	
	
The	recent	identification	of	the	high	frequency	of	SW1/SNF	mutations	in	different	
cancer	 subtypes,	 identification	 of	 synthetic	 lethal	 dependence	 between	 various	
SW1/SNF	 subunits	 and	 increase	 in	 polycomb	 repressive	 complex	 activity	 with	
SW1/SNF	 mutations	 has	 introduced	 the	 possibilities	 of	 exploring	 various	
therapeutic	 modalities	 including	 epigenetic	 therapies	 for	 malignancies	 with	
SW1/SNF	aberrations.	Ongoing	future	research	is	needed	to	further	establish	these	
therapeutic	options.	
	

6.3	 BCL-xL	 inhibitors	 as	 alternative	 therapeutics	 for	 MCL	 patient’s	 resistant	 to	

ibrutinib	and	venetoclax	combination	therapy	

Venetoclax	is	a	selective	BCL2	inhibitor	that	kills	the	malignant	cells	by	enhancing	
cellular	 apoptosis.	 Apoptosis	 is	 a	 tightly	 controlled	 phenomenon	 in	 the	 human	
body	 and	 is	 carried	 out	 by	 extrinsic	 and	 intrinsic	 pathways.	 BCL2	 family	 of	
proteins	 consisting	 of	 pro-apoptotic	 and	 anti-apoptotic	 subgroups	 regulates	
intrinsic	pathway	of	apoptosis.	The	pro-apoptotic	 family	consist	of	members	 like	
BAX,	BAK,	BIM	while	the	anti-apoptotic	subfamily	includes	the	proteins	BCL-2,	BCL-
xL,	 BCL-w,	 BCL-2-related	 protein	 A1	 (Bfl-1/A1),	 and	 MCL-1.	 Mitochondrial	
disruption	occurs	in	response	to	death	signals	that	lead	to	release	of	pro-apoptotic	
proteins	and	caspases,	which	causes	cellular	disruption	and	apoptosis285-287.		
	
High	 BCL-2	 expression	 is	 observed	 in	 a	 variety	 of	 malignancies,	 including	
haematopoietic	 neoplasms	 and	 solid	 tumors	 and	 provides	 cancer	 cells	 with	 a	
survival	 advantage	 through	 escaping	 cell	 death	 by	 apoptosis.	 Amongst	
haematological	 malignancies,	 high	 levels	 of	 BCL-2	 are	 observed	 in	 acute	
leukaemia’s	(AML,	ALL)	and	various	lymphomas	including	FL,	CLL,	MCL	and	WM.	
Increased	 levels	 of	 BCL-2	 can	 be	 driven	 by	 diverse	 mechanisms,	 including	
chromosomal	 translocations,	 gene	 amplification,	 and	downregulation/deletion	 of	
genes	 encoding	microRNAs	 (miRNAs)	 involved	 in	 BCL-2	 RNA	 degradation288.	 In	
CLL,	 the	most	common	leukaemia	 in	humans,	overexpression	of	BCL-2	originates	
from	the	loss	of	repression	by	miRNA	15/16289.		
	
BCL2	inhibitors	were	developed	to	target	malignancies	with	high	BCL2	expression	
and	 are	 successfully	 used	 in	 different	 tumors	 with	 high	 BCL2	 expression.	
Venetoclax	is	a	selective	BCL-2	inhibitor	and	displaces	BIM	to	cause	BAX	mediated	
apoptosis	 in	 sensitive	 cells.	 However,	 as	 venetoclax	 does	 not	 target	 other	
antiapoptotic	BCL2	family	members	such	as	MCL-1	and	BCL-xL,	it	remains	possible	
that	 up	 regulation	 of	 these	 alternative	 anti-apoptotic	 proteins	 can	 provide	
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resistance	 to	 venetoclax.	 These	 alternative	 BCL-2	 family	 proteins	 might	 confer	
resistance	 by	 sequestering	 BIM	 that	 is	 displaced	 from	BCL-2.	 It	 is	 reasonable	 to	
speculate	that	targeting	BCL-xL	or	MCL-1	in	resistant	cells	on	BCL2	inhibitors	can	
restore	drug	sensitivity	and	cause	cellular	death	by	enhancing	apoptosis.		
	
In	 our	 study,	we	 have	 found	 that	 high	BCL-xL	 expression	 via	 SW1/SNF	 complex	
mutations	 is	 likely	 to	 be	 an	 escape	mechanism	 in	MCL	patients	 on	 ibrutinib	 and	
venetoclax	combination	therapy.	MCL-1	levels	were	not	increased	in	resistant	cells	
in	 our	 cohort.	 We	 also	 tested	 if	 BCL-xL	 inhibitors	 can	 overcome	 high	 BCL-xL	
expression	 in	 resistant	 cells;	 and	 can	 be	 used	 as	 alternative	 therapeutics	 to	
overcome	resistance.	Critically,	 the	BCL-xL	 targeting	agent	navitoclax	 is	 clinically	
available,	and	we	therefore	performed	additional	assays	adding	navitoclax	 to	 the	
ibrutinib-venetoclax	 combination.	 Although	 navitoclax	 does	 have	 activity	 against	
BCL2,	 we	 also	 confirmed	 that	 it	 was	 its	 activity	 exclusively	 against	 BCL-xL	 that	
overcame	 the	 resistance	 by	 recapitulating	 the	 effect	 with	 a	 selective	 BCL-xL	
inhibitor	compound	(A-1331852).	In	these	experiments,	the	addition	of	navitoclax	
resulted	in	effective	elimination	of	both	the	wild	type	and	SMARCA4	knock	down	
clones,	with	a	LD50	of	1nM	that	is	known	to	be	readily	achievable	clinically.	These	
observations	 validate	 the	 role	 of	 BCL-xL	 as	 a	major	 survival	 factor	 in	 cells	with	
SWI/SNF	mutations.		
	
In	variance	to	previous	reports	in	diffuse	large	B	cell	lymphoma,	linking	venetoclax	
resistance	 to	 up	 regulation	 of	 MCL-1	 and	 BCL-xL118,	 our	 results	 indicate	 that	
resistance	in	MCL	cell	lines	is	mediated	primarily	by	increased	BCL-xL	expression. 
Steinbrecher	et	al	also	 found	similar	results	with	their	work	on	MCL	cell	 lines123.	
They	found	that	MCL-1	up	regulation	occurred	in	both	wild	type	and	resistant	cells	
upon	 treatment	 with	 venetoclax	 and	 normalized	 when	 treatment	 was	 stopped,	
suggesting	that	MCL-1	is	stabilized	by	binding	to	proteins	released	from	BCL-2.	In	
contrast,	 BCL-xL	 levels	 were	 permanently	 upregulated	 and	 caused	 venetoclax	
resistance. 
 
Given	 that	 navitoclax	 targets	 BCL2	 as	 well	 as	 BCL-xL,	 the	 option	 of	 replacing	
venetoclax	with	navitoclax	in	future	clinical	trials	could	be	considered.	However,	in	
phase	I	testing	in	CLL,	navitoclax	was	far	less	effective	than	venetoclax	(response	
rates	 35%	 vs	 79%;	 CR	 rates	 0%	 vs	 20%)	 indicating	 its	 BCL2	 inhibition	 was	
insufficient	 to	elicit	high	response	rates	 in	patients	with	 relapsed	/	 refractory	B-
cell	malignancies75.	In	contrast,	its	BCL-xL	inhibition	was	sufficient	to	elicit	highly	
reproducible	 pharmaco-dynamic	 effects	 on	 platelet	 counts,	 suggesting	 that	
navitoclax	will	effectively	inhibit	BCL-xL	in	MCL	patients75.	We	therefore	propose	
to	 add	 navitoclax	 to	 ibrutinib-venetoclax,	 rather	 than	 replacing	 venetoclax	 with	
navitoclax	 in	 future	 clinical	 trials.	 It	 is	worth	noting	 that	AbbVie	have	 initiated	a	
trial	in	relapsed	pediatric	acute	lymphoblastic	leukemia	combining	venetoclax	and	
navitoclax	(NCT03181126),	based	on	the	need	to	fully	inhibit	both	BCL2	and	BCL-
xL	in	that	disease290.	
	
To	 summarize,	 we	 have	 shown	 that	 BCL-xL	 inhibitors	 like	 navitoclax	 can	 be	
effective	 in	 overcoming	 resistance	 to	 ibrutinib	 and	 venetoclax	 combination	
therapy.	 They	 can	 be	 included	 in	 the	 treatment	 of	 high	 risk	 patients	 with	
underlying	genomic	aberrations	 like	SW1/SNF	complex	mutations	 that	are	 likely	



	 130	

to	 predispose	 to	 resistance	 to	 these	 combination	 therapies.	 Future	 clinical	 trials	
are	 needed	 to	 test	 these	 novel	 combinations	 in	 MCL	 as	 well	 as	 other	
haematological	 malignancies	 to	 establish	 if	 these	 new	 combinations	 can	 further	
help	us	to	improve	the	outcomes	of	our	patients.	
	

6.4	 Circulating	 tumor	 DNA	 is	 a	 promising	 noninvasive	 biomarker	 for	 disease	

monitoring	in	MCL	

To	 assess	 the	 efficacy	 of	 emerging	 novel	 targeted	 therapeutics,	 it	 is	 critical	 to	
monitor	 disease	 burden	 and	 identify	 emergence	 of	 treatment	 resistance	 by	
established	biomarkers.	In	addition,	with	the	advent	of	targeted	therapeutics,	it	is	
important	 to	 establish	 monitoring	 technologies	 that	 can	 assess	 tumor	
heterogeneity	 across	 different	 disease	 sites291,292.	 Circulating	 tumour	 DNA	 has	
established	 its	 role	 in	 detecting	 tumor	 heterogeneity	 and	 noninvasively	 assess	
molecular	 changes	 over	 time.	 DNA	 from	 different	 compartments	 is	 shed	 in	 the	
circulation	and	hence	ctDNA	accurately	represent	overall	genomic	changes	rather	
than	molecular	changes	from	single	site.	In	this	study,	we	have	established	the	role	
of	 ctDNA	analysis	 as	 a	 “liquid	biopsy”	 alternative	 to	 tissue	biopsies,	 to	 allow	 the	
noninvasive	molecular	monitoring	 of	 tumor	 dynamics,	 treatment	 responses	 and	
the	 presence	 of	 minimal	 residual	 disease	 in	 MCL.	 Furthermore,	 we	 have	 shown	
that	 ctDNA	 analysis	 can	provide	 fundamental	 insights	 into	 the	 evolving	 genomic	
landscape	under	the	selective	pressure	of	ibrutinib	and	venetoclax	treatment.		
	
The	 current	 gold	 standard	 for	 disease	 monitoring	 in	 MCL	 is	 ASO-PCR	 and	 flow	
cytometry,	 but	 both	 have	 several	 limitations	 including	 lack	 of	 standardization,	
need	of	highly	specialized	laboratories	to	design	patient	specific	primers	for	ASO-
PCR,	 and	 inability	 to	 identify	 clonal	 heterogeneity	 and	 evolution.	 Another	
alternative	approach	is	to	monitor	disease	by	radiological	assessment	(CT	and	PET	
imaging).	 However,	 radiological	 assessment	 provides	 macro	 estimates	 of	 the	
disease	burden	and	is	not	 ideal	 for	minimal	residual	disease	monitoring.	 Imaging	
scans	are	also	 limited	by	 the	 risk	of	 ionizing	 radiations293-295.	 Imaging	scans	also	
cannot	 provide	 information	 about	 the	 disease	 dynamics	 for	 e.g.	 clonal	 evolution	
and	 emergence	 of	 treatment	 resistance296,297.	 Hence,	 we	 need	 to	 establish	
biomarkers	that	can	help	us	to	accurately	and	dynamically	monitor	disease	burden	
across	various	compartments.		
	
In	 this	 study,	we	prospectively	 collected	 serial	 plasma	 samples	 from	patients	 on	
the	 AIM	 clinical	 study	 and	 sequenced	 them	with	 targeted	 amplicon	 sequencing,	
digital	PCR	assays	and	LC-WGS.	 ctDNA	precisely	and	accurately	 reflected	disease	
kinetics	 in	 both	 responders	 and	 non-responders	 in	 our	 cohort.	 Amongst	
responders,	 ctDNA	 levels	 become	 undetectable	 at	 the	 time	 of	 remission	 and	
remained	 undetectable	 throughout	 the	 course	 of	 therapy.	 In	 contrast,	 non-
responders	always	had	detectable	levels	of	ctDNA.	In	several	patients	ctDNA	levels	
predicted	 clinical	 relapse	 even	 before	 detection	 of	 the	 disease	 by	 radiology	 and	
ASO-PCR	 (patient	 16),	 further	 showing	 the	 increased	 sensitivity	 of	 ctDNA	 over	
other	methods	of	disease	monitoring.		
	
ctDNA	 was	 also	 helpful	 in	 identifying	 clonal	 evolution	 and	 emergence	 of	 drug	
resistance.	 ctDNA	analysis	 identified	 emergence	of	 new	 copy	number	 changes	 at	
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the	time	of	disease	progression	in	two	patients	that	progressed	on	therapy	and	had	
tissue	 and	 plasma	 samples	 available	 for	 assessment.	 Moreover,	 in	 one	 patient	
(patient	 07)	 ctDNA	 identified	 emergence	 of	 disease	 resistance	 by	 acquisition	 of	
chromosome	 9p	 loss	 about	 eight	 weeks	 earlier	 than	 the	 disease	 detection	 by	
radiology	and	tissue	biopsy.	
	
We	have	confirmed	that	ctDNA	performs	at	least	as	well	as	the	existing	methods	of	
flow	cytometry	and	ASO-PCR	for	the	measurement	of	minimal	residual	disease	in	
MCL.	Moreover,	ctDNA	accurately	reflected	disease	response	and	is	not	influenced	
by	 the	 transient	 redistribution	 of	 malignant	 lymphocytes	 following	 ibrutinib	
treatment298,299	 as	 seen	 with	 flow	 cytometry	 and	 bone	 marrow	 morphological	
assessment.	 Beyond	 quantitative	 minimal	 residual	 disease	 monitoring,	 ctDNA	
additionally	provides	valuable	prognostic	 information,	as	detection	of	ctDNA	was	
associated	with	inferior	outcome	in	our	patient	cohort.		
	
Analysis	of	ctDNA	has	the	potential	to	transform	clinical	care	paradigms	and	future	
trial	designs.	ctDNA	can	be	used	for	a	variety	of	genomic	applications	ranging	from	
single	 gene	 analysis	 to	 next	 generation	 sequencing	 of	 multiple	 genes	 and	 also	
methylation	analysis.	 ctDNA	analysis	 can	be	very	helpful	 for	 serial	monitoring	of	
disease	 dynamics	 and	 identification	 of	 emergence	 of	 treatment	 resistance.	
However,	some	limitations	remain	that	needs	future	work.	The	current	established	
sensitivity	 for	 ctDNA	 is	 0.01%,	 techniques	 to	 further	 increase	 the	 sensitivity	 by	
using	approaches	like	unique	molecular	identifiers	or	DNA	capture	devices	should	
be	developed.	Furthermore,	methods	for	ctDNA	collection	and	analysis	should	be	
standardized	 and	 established	 guidelines	 should	 be	 developed	 to	 harmonize	 the	
collection	 and	 reporting	 between	 different	 institutions.	 Also,	 standard	
bioinformatics	 pipelines	 should	 be	 developed	 for	 ctDNA	 analysis.	 ctDNA	 has	 the	
potential	 to	 become	 the	 ideal	 biomarker	 for	 disease	 monitoring,	 further	 work	
needs	to	be	done	to	establish	its	full	potential	for	diagnostic	use.		
	

6.5	Future	directions	

The	current	study	has	provided	critical	insights	into	the	resistance	mechanisms	to	
ibrutinib	 and	 venetoclax	 novel	 combination	 therapy.	Mutations	 in	 the	 SW1/SNF	
complex	 leading	 to	 increased	 BCL-xL	 expression	 has	 emerged	 as	 the	 likely	
underlying	 mechanism	 for	 drug	 resistance.	 We	 want	 to	 further	 expand	 and	
translate	the	knowledge	learnt	from	the	current	study	to	a	follow-up	study,	AIM2.	
In	 AIM2,	 MCL	 patients	 will	 be	 stratified	 at	 baseline	 by	 genomic	 risk	 into	 those	
highly	 likely	 to	 respond	 to	 ibrutinib-venetoclax	 (standard	 risk),	 and	 those	
predicted	to	be	resistant	(presence	of	SW1/SNF	mutations	and/or	chromosome	9p	
deletions).	 Standard	 risk	patients	will	 receive	 anti-CD20	 therapy	 in	 additional	 to	
ibrutinib-venetoclax,	with	the	objective	of	achieving	earlier	and	higher	proportions	
of	 MRD-negative	 responses.	 High-risk	 patients	 will	 be	 treated	 with	 navitoclax	
(BCL-xL	inhibitor)	in	addition	to	anti-CD20-ibrutinib-venetoclax,	as	guided	by	our	
experimental	observations	(Figure	71-73).	Circulating	tumor	DNA	will	be	used	to	
track	clonal	dynamics,	tumor	burden,	and	clonal	evolution	as	a	potential	harbinger	
of	clinical	relapse.	As	with	the	current	study,	serial	tumor	specimens	will	be	taken	
at	 baseline,	 and	 at	 tumor	 progression,	 in	 order	 to	 provide	 insights	 into	 the	
mechanisms	of	treatment	resistance.	This	proposed	study	extends	our	pioneering	
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work	on	the	ibrutinib-venetoclax	combination,	completes	the	circle	of	translating	
clinical	findings	to	the	bench	and	back	to	the	clinic,	and	has	the	potential	to	lead	to	
a	 paradigm	 shift	 in	 the	 treatment	 of	MCL	which	 currently	 has	 disproportionally	
low	survival	among	B-cell	malignancies.	
	

	
	
Figure	71:	AIM2	Study	Design	Patients	are	stratified	to	receive	the	standard	risk	(green)	protocol,	
or	 the	 high-risk	 protocol	 (red).	 All	 first	 line	 patients	 are	 considered	 standard	 risk,	 while	
relapsed/refractory	 patients	 are	 genetically	 stratified.	 The	 primary	 efficacy	 measures	 for	 each	
cohort	are	shown,	as	well	as	key	secondary	measures	(far	right)	
	

	
	
Figure	72:	Treatment	schedule	for	standard	risk	patients	
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Figure	73:	Treatment	schedule	for	high-risk	patients	
	
The	AIM	2	study	will	help	us	to	further	explore	some	of	the	observations	from	the	
AIM	 study	 like	 the	 effect	 of	TP53	 mutations	 on	 these	 novel	 combinations.	TP53	
mutations/deletions	 are	 known	 to	 be	 associated	 with	 inferior	 prognosis	 and	
resistance	to	conventional	chemotherapy	in	MCL.	In	the	AIM	study,	almost	50%	of	
MCL	 patients	 with	 TP53	 aberrations	 responded	 to	 therapy	 although	 all	 non-
responders	 had	 TP53	 mutations	 in	 addition	 to	 other	 genetic	 abnormalities.	 The	
adverse	 effect	 of	TP53	mutations	 seemed	 to	 be	 overcome	by	 the	 combination	 of	
ibrutinib	and	venetoclax	in	MCL	but	we	were	not	able	to	confirm	these	findings	as	
the	patient	numbers	and	follow	up	was	small	(<2	years).	The	larger	cohort	of	the	
AIM2	study	(n=60)	will	 further	help	us	 to	clarify	 the	role	of	TP53	mutations	and	
their	effect	on	prognosis	in	MCL	in	the	era	of	targeted	combination	therapies.		
	
In	addition	to	SW1/SNF	complex	mutations,	deletion	of	chromosome	9p21.1-24.3	
was	also	found	to	be	significantly	enriched	amongst	non-responders	in	AIM	cohort.	
This	 region	 is	 gene	 rich	 with	 a	 number	 of	 potential	 oncogenes	 and	 tumor	
suppressors	 including	 JAK2,	 SMARCA2,	 MTAP	 and	 CDKN2A/B.	 Interestingly,	
homozygous	 deletions	 of	 CDKN2A/B	 have	 recently	 been	 associated	 with	
venetoclax	resistance	in	chronic	lymphocytic	leukaemia	(CLL)124.	In	our	functional	
analysis	 Granta-519	 cells,	 which	 are	 homozygous	 null	 for	 CDKN2A/B	 are	 still	
responsive	to	therapy	but	rapidly	acquire	resistance	when	SMARCA4	is	lost.	These	
data	 suggest	 that	 CDKN2A/B	 loss	 by	 itself	 is	 insufficient	 to	 confer	 resistance	 in	
MCL.	 However,	 it	 certainly	 remains	 possible	 that	 loss	 of	 CDKN2A/B	 facilitates	
resistance	to	these	therapies	in	the	context	of	impaired	SWI/SNF	activity.		
	
We	 want	 to	 further	 study	 the	 importance	 of	 chromosome	 9p	 deletions	 in	
mediating	 resistance	 in	 MCL	 with	 the	 help	 of	 techniques	 like	 CRISPR-Cas9	
mediated	gene	editing.	It	will	also	be	important	to	develop	methods	for	the	routine	
screening	of	chromosome	9p	deletions	 to	decide	the	best	 therapeutic	options	 for	
MCL	 patients.	 Since	 LC-WGS	 is	 not	 routinely	 available	 in	 many	 diagnostic	
laboratories,	 this	 could	 be	 done	 by	 incorporating	 probes	 for	 chromosome	 9p	 in	
targeted	 capture	 based	 panels	 and	 modifying	 bioinformatics	 pipelines	 to	 detect	
copy	number	changes.	These	 targeted	panels	once	designed	need	to	be	validated	
with	 LC-WGS/FISH	 based	 assays	 but	 will	 provide	 a	 cost	 effective	 and	
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comprehensive	genomic	analysis	on	patient	samples.	We	are	currently	validating	a	
targeted	 capture	 based	 lymphoma	 panel,	 which	 includes	 the	 detection	 of	
chromosome	9p	deletions	so	that	this	panel	can	be	routinely	used	to	screen	MCL	
and	 other	 lymphoma	 patients	 for	 both	 somatic	 mutations	 and	 copy	 number	
changes	including	chromosome	9p	deletions.	The	expected	sensitivity	of	this	panel	
is	approximately	5-10%	(based	on	initial	observations)	for	copy	number	detection	
but	further	validation	is	ongoing.	
	
Role	of	tumour	microenvironment	in	mediating	drug	resistance	
Recently,	 there	 has	 been	 a	 lot	 of	 interest	 in	 studying	 the	 role	 of	 tumour	
microenvironment	 in	 mediating	 resistance	 to	 novel	 therapeutics.	 Like	 normal	
hematopoietic	 cells,	 which	 rely	 on	 interactions	 with	 stromal	 cells	 and	 certain	
immune	cells	as	 they	develop	and	differentiate,	 cancer	cells	 retain	a	dependence	
on	 supportive	 cells	 in	 lymphoid	 organs	 such	 as	 the	 bone	 marrow,	 spleen	 and	
lymph	 nodes.	 Within	 these	 organs	 stromal	 cells	 and	 immune	 cells	 deposit	
extracellular	matrix	and	secrete	growth	factors,	chemokines,	and	interleukins	that	
provide	 tumor	 cells	 with	 homing,	 adhesion,	 growth,	 proliferation	 and	 survival	
signals300.	For	example,	malignant	B-cells	receive	survival	signals	from	supporting	
T	 follicular	 helper	 cells	 expressing	 the	CD40	 ligand	 (CD40L),	which	drives	NFκB	
signalling	 downstream	 of	 CD40	 engagement.	 B-cell	 receptor	 (BCR)	 signalling,	
crucial	 to	 normal	 B-cell	 survival	 and	 development,	 also	 remains	 active	 in	 most	
lymphomas	 and	 certain	 leukaemia’s,	 either	 as	 a	 function	 of	 self-antigen	
engagement	in	the	tumor	microenvironment	or	through	mechanisms	that	leave	the	
BCR	 constitutively	 activated	 and	 antigen-independent.	 Toll-like	 receptors	 (TLR)	
like	 TLR9	 have	 also	 shown	 a	 role	 in	 mediating	 tumor	 cell	 survival	 signals	
originating	 in	 lymphoid	 organs.	 A	 recent	 work	 has	 demonstrated	 that	 kinase	
signalling	 cascades	downstream	of	CD40	engagement	 signal	 the	up	 regulation	of	
anti-apoptotic	proteins	like	BCL-xL,	MCL1	and	BFL-1/A1	in	B-cells116,	so	CLL	cells	
co-cultured	with	CD40L-expressing	 fibroblasts	were	 found	 to	upregulate	BCL-xL,	
MCL-1	and	BFL-1301—changes	 that	 rendered	 these	cells	essentially	 insensitive	 to	
venetoclax.	 Consistent	 with	 other	 reports302,	 BCL-xL	 seemed	 to	 play	 the	 most	
prominent	role	 in	this	resistance,	as	 its	siRNA-mediated	silencing,	but	not	that	of	
MCL-1,	 led	 to	 some	 re-sensitization	 of	 these	 cells	 to	 venetoclax.	 Based	 on	 the	
elucidation	of	signalling	pathways	known	to	function	downstream	of	CD40,	these	
teams	 began	 to	 assess	 kinase	 inhibitors	 that	 might	 desensitize	 tumor	 cells	 to	
venetoclax.	ABL	tyrosine	kinase	inhibitors	like	imatinib	and	dasatinib	were	able	to	
prevent	CD40L-dependent	up	regulation	of	BCL-xL,	MCL-1,	and	BFL-1	and	reverse	
resistance	to	venetoclax,	whereas	BCR	signalling	inhibitors	like	the	BTK	inhibitor	
ibrutinib	 and	 the	 PI3Kδ	 inhibitor	 idelalisib	 had	 little	 effect.	 Similarly,	 in	 another	
study	 of	 venetoclax	 resistance	 mediated	 by	 BCR	 pathway	 stimulation,	 ibrutinib	
and	idelalisib	were	less	effective	than	the	SYK	tyrosine	kinase	inhibitors	R406	and	
entospletinib	at	 reducing	MCL-1	 levels	and	sensitizing	CLL	cells	 to	venetoclax303.	
The	 SYK/JAK	 inhibitor	 cerdulatinib	 has	 also	 been	 shown	 to	 synergize	 with	
venetoclax	by	inhibiting	the	up	regulation	of	BCL-xL	and	MCL-1	in	CLL	cells	treated	
with	CD40L	and	IL-4	or	co-cultured	with	nurse-like	cells304.	Significant	resistance	
to	the	BCL-2/BCL-xL	inhibitor	ABT-737	was	also	observed	in	CLL	cells	cultured	in	
the	 presence	 of	 IL-4	 and	 CD115-	 expressing	 fibroblasts,	 which	 induced	 the	
expression	of	BCL-xL	and	BCL2A1116.	We	want	 to	 further	 explore	 the	 role	of	 the	
tumour	microenvironment	 in	effecting	 resistance	 to	 the	 ibrutinib	and	venetoclax	
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combination	in	our	cohort,	especially	as	the	chromosome	9p	deleted	region	in	the	
resistant	cases	contain	important	genes	like	PDL1	and	PDL2	that	directly	influence	
T-cells	and	the	 tumour	microenvironment.	 	 It	will	be	 interesting	 to	 further	study	
the	 role-played	 by	 these	 genes	 and	 the	 tumor	 microenvironment	 in	 mediating	
resistance	 to	 ibrutinib	 and	 venetoclax	 in	 MCL	 patients.	 This	 work	 will	 provide	
further	 novel	 insights	 into	mechanisms	 of	 resistance	 to	 ibrutinib	 and	 venetoclax	
combination	 therapies	 and	 help	 to	 explore	 alternative	 ways	 to	 overcome	 drug	
resistance.	

6.6	Conclusions	

We	have	 for	 the	 first	 time	 identified	 the	 role	 of	 SW1/SNF	 complex	mutations	 in	
mediating	 resistance	 to	novel	 combination	of	 ibrutinib	 and	 venetoclax	 in	mantle	
cell	lymphoma	patients.	The	potential	of	BCL-xL	inhibitors	to	overcome	resistance	
to	 this	 combination	 therapy	 is	 also	 shown	with	 functional	 assays.	 Future	 clinical	
trials	 with	 large	 patient	 cohorts	 are	 needed	 to	 validate	 these	 observations	 and	
establish	 the	role	of	BCL-xL	 inhibitors	 in	 the	 treatment	of	high-grade	mantle	cell	
lymphoma	patients.	It	will	be	interesting	to	find	out	if	BCL-xL	inhibition	along	with	
the	 ibrutinib	 and	 venetoclax	 combination	 will	 result	 in	 sustained	 prolonged	
remission	in	high-grade	MCL	patients	with	SW1/SNF	complex	abnormalities	or	 if	
the	cells	will	evolve	additional	escape	mechanisms.	Results	of	the	proposed	AIM2	
study	 will	 provide	 further	 mechanistic	 insights	 into	 the	 disease	 biology	 and	
resistance	mechanisms	and	help	us	 to	answer	 some	of	 these	clinically	 important	
questions,	to	ultimately	improve	outcomes	for	individuals	with	this	disease.		
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Chapter	8:	Appendices	

Appendix	1:	Primer	sequences	for	targeted	amplicon	sequencing	

	
Assay_Name	 Chr	 From	 To	 Forward	 Reverse	

ATM-Exon-10-1	 11	 10812560	 108121723	 ACGATGCCTTACGGAAGTTG	 TGGCTCCAAGTAAGCCAAAG	
ATM-Exon-12-1	 11	 108123500	 108123643	 TGGCTTTTGGTCTTCTAAGTGA	 ATACCATTCTGGCACGCTTT	
ATM-Exon-17-1	 11	 108137916	 108138053	 CCATTTGACCGTGGAGAAGT	 CTCTCCAGGTTCGTTTGCAT	
ATM-Exon-18-1	 11	 108139089	 108139261	 GGCTGTTGTGCCCTTCTCT	 AGCTGCCCTAAAGGACACAG	
ATM-Exon-20-1	 11	 108142054	 108142191	 AACCTAGGTCAAAGCAATATGGA	 GCATTCGTATCCACAGATAGCA	
ATM-Exon-26-1	 11	 108155003	 108155156	 GATGAGGTGAAGTCCATTGCT	 TGGTAGCAGTCTCTCTTTGCTG	
ATM-Exon-34-1	 11	 108170450	 108170583	 GAAGCTGCTTGGGAGAAGTG	 GGTCAGCATTATGAAGGTCCA	
ATM-Exon-39-1	 11	 108180943	 108181100	 AAGTTGCCAAGGTAGCTCAGTC	 CCTTATTGAGACAATGCCAACA	
ATM-Exon-39-2	 11	 108180786	 108180973	 TCTGTTAAGCAGTCACTACCATTG	 GCAGCACAAGACTGAGCTACC	
ATM-Exon-4-1	 11	 108099957	 108100108	 CCAAATGTATCAGCCTCAACAC	 Aaactcacgcgacagtaatctg	
ATM-Exon-4-2	 11	 108099879	 108100050	 Tgaaattgcattttgttttcttg	 TTCTGTTTGCACATTTGATGAAG	
ATM-Exon-41-1	 11	 108186530	 108186709	 TGTTGTTTCCATGTTTTCAGGA	 TGGGTTTTACACACACATAACTCC	
ATM-Exon-42-1	 11	 108186703	 108186879	 AAACCCAAAGCTATTTTCACAATC	 CACTAGTGATGGCTTTACCAAATC	
ATM-Exon-43-1	 11	 108188096	 108188251	 TTAGGCCTTGCAGAATTTGG	 TACCTGACGGAAGTGCAATG	
ATM-Exon-44-1	 11	 108190678	 108190847	 CAGCAAAGAAGTAGAAGGAACCA	 TTTCAGAAAAGAAGCCATGACA	
ATM-Exon-49-1	 11	 108199870	 108200047	 CATGAAATCATCGGAATTTGAA	 GACCAAGTCACTCTTTCTATGCAA	
ATM-Exon-49-2	 11	 108199745	 108199914	 AAGGCAGTAGAAGTTGCTGGA	 CTTTTCAGGAGAGCTTGCTTGT	
ATM-Exon-49-3	 11	 108191967	 108192130	 CATTTATTTCCCTGAAAACCTCTT	 AATGCTTTCCAGCTCTCCAA	
ATM-Exon-5-1	 11	 108106455	 108106633	 TTCATCTAATGGTGCTATTTACGG	 Gacagagtgctttctttggtga	
ATM-Exon-5-2	 11	 108106331	 108106483	 Tgccattccaagtgtcttatttt	 CAGCTCCGTAAATAGCACCAT	
ATM-Exon-50-1	 11	 108200987	 108201152	 CTGCGTGCACTGAAAGAGG	 TTGCCTTCATCATGCCATT	
ATM-Exon-50-2	 11	 108200900	 108201019	 GTTCATGGCTTTTGTGTTTTACC	 GAAGCGTTTACGATCCTCTTTC	
ATM-Exon-51-1	 11	 108202174	 108202312	 GACGGAATGAAGATTCCAACA	 TTGTGGTTTGATTTTCAGGTTTAC	
ATM-Exon-53-1	 11	 108203490	 108203632	 ATCGAACAGAGGCTGCAAAT	 CATACTTCTCTGAGTCTTCCACTGA	
ATM-Exon-55-1	 11	 108205695	 108205848	 GGTGGACCACACAGGAGAAT	 GGGAAGGCTCACCTTAACAA	
ATM-Exon-56-1	 11	 108206595	 108206765	 TGCTGTCATGCAACAGGTCTTCCAG	 Gggcatgagccacttcaccca	
ATM-Exon-56-2	 11	 108206481	 108206658	 Ggtttgagcctttgcta	 CCTAGTTTCCGTGTTTCTCTGC	
ATM-Exon-57-1	 11	 108213998	 108214162	 CTGTCCCCATTGGTGAATTT	 Gctgtcagctttaataagccatt	
ATM-Exon-57-2	 11	 108213881	 108214070	 Gctgaatgatcatcaaatgctct	 CTGAAATCATTTGGCCTGTATCT	
ATM-Exon-58-1	 11	 108216519	 108216681	 TTTGCCAAAATTTTCAACCA	 Gccaaacaacaaagtgctca	
ATM-Exon-58-2	 11	 108216363	 108216526	 Ttcatctttattgcccctatatctg	 TTGGCAAACATCCATGAAGA	
ATM-Exon-59-1	 11	 108218006	 108218166	 TTGGTTACATACTTGGACTTGGTG	 Ttggtaggcaaacaacattcc	
ATM-Exon-59-2	 11	 108217968	 108218087	 Atcagtgatttcagattgtttgtttc	 TCTATATGTACAAGTTCTGCTGACTGC	
ATM-Exon-60-1	 11	 108224520	 108224693	 TTCCTACTCCTGAGACAGTTCCTT	 Tgggattacaggtgcaaaga	
ATM-Exon-60-2	 11	 108224452	 108224596	 Agctgtcaaacctcctaacttca	 ACCTTCAACACCCGTAATGC	
ATM-Exon-61-1	 11	 108225505	 108225672	 Caaaatccgtatttataatgtgtttga	 Tgacttcctgatgagatacacagtc	
ATM-Exon-62-1	 11	 108235833	 108236011	 GACTGGACCATGAATCCTTTG	 TTAAAGGCCTTGGGAATAAGAA	
ATM-Exon-62-2	 11	 108235710	 108235889	 Catgtgactggcttatttgtatga	 TTCATCTTCCGGCCTCTG	
ATM-Exon-63-1	 11	 108236118	 108236270	 AGGAGTGGAAGAAGGCACTG	 AAGGCTGAATGAAAGGGTAATTC	
ATM-Exon-63-2	 11	 108235996	 108236167	 TTCCCAAGGCCTTTAAACTG	 GCAAATTCACTTGTCCACCA	
ATM-Exon-7-1	 11	 108115629	 108115800	 TCCCACTTTGCTTTATATTTGGA	 GTTTGAATGAAGAAGCAAATTCAA	
ATM-Exon-7-2	 11	 108115487	 108115650	 Ccagttgagcttgtttgtttctt	 CCAAATATAAAGCAAAGTGGGAAG	
ATM-Exon-8-1	 11	 108117692	 108117841	 TGCTTATGAATCAACAAAATGGA	 TCTGCCATCAATTCAATCAAA	
BCL2-Exon-1-1	 18	 60985791	 60985941	 CGAGAGGTGCCGTTGGCCC	 CGCCCACATCTCCCGCATCC	
BCL2-Exon-1-2	 18	 60985738	 60985895	 CGCACGCTGGGAGAACAGGG	 CCCGGGCTGGGAGGAGAAGA	
BCL2-Exon-1-3	 18	 60985612	 60985765	 ACCGGGCATCTTCTCCTC	 GGTCAGGTGGACCACAGGT	
BCL2-Exon-1-4	 18	 60985541	 60985696	 GACCTCGCCGCTGCAGACC	 TGCAGCTGGCTGGACATCTCG	
BCL2-Exon-1-5	 18	 60985446	 60985593	 GACTTCTCCCGCCGCTAC	 CAAAGAAGGCCACAATCCTC	
BCL2-Exon-1-6	 18	 60985341	 60985509	 GCCACGGTGGTGGAGGAGC	 TGTGCAGGTGCCGGTTCAGG	
BCL2-Exon-1-7	 18	 60985215	 60985385	 CTCCACAGCCTCCCATTG	 ACATCGCCCTGTGGATGA	
BCL2-Exon-2-1	 18	 60795900	 60796057	 Ggtggcattctctgctctct	 CACCAGGGCCAAACTGAG	
BCL2-Exon-2-2	 18	 60795809	 60795959	 CGGCCTCTGTTTGATTTCTC	 CTGCTTTAGTGAACCTTTTGCAT	
BIRC2-2-01	 11	 102220676	 102220830	 TGGACAAACAGCAACAAACAA	 TTGACCTTGTCATTCACACCA	
BIRC2-3-01	 11	 102221574	 102221736	 GGTCGCAATGATGATGTCAA	 GGCATGCCTACTTCTTTTAAGC	
BIRC3-Exo-	6-2	 11	 102201846	 102202024	 CAGAGAAAAATCCTAGCAACTGG	 Agactgatatcaaatccttatgaaaat	
BIRC3-Exon-6-1	 11	 102201802	 102201973	 CCGTGGAAATGGGCTTTAG	 cTTGATTCTTTTTCCTCAGTTGC	
BIRC3-Exon-6-3	 11	 102201792	 102201953	 ATTAATGCTGCCGTGGAAAT	 TGCTCTTTCTCTCTCCTCTTCC	
BIRC3-Exon-6-4	 11	 102201741	 102201878	 GAACCTGGAGAAGACCATTCA	 ATAATTCTCTCCAGTTGCTAGGATTT	
BIRC3-Exon-6-5	 11	 102201697	 102201827	 Cctaatatgtgttaaattctttgttcc	 GCTTCTACTAAAGCCCATTTCC	
BIRC3-Exon-7-1	 11	 102206887	 102207065	 TGCAGCCACTGTATTCAGAAA	 Caggcatgagtcaccacatt	
BIRC3-Exon-7-2	 11	 102206783	 102206959	 GCCGGAATTATTAATGAACAAGA	 tcactcacCAAATAAATGCTCA	
BIRC3-Exon-7-3	 11	 102206714	 102206867	 CGGAAGAATAGAATGGCACTTT	 TCGTATCAATCAGTTCTCTTGCTT	
BIRC3-Exon-7-4	 11	 102206637	 102206788	 Tggaaggaagtttgtgagca	 TCCGGCAGTTAGTAGACTATCCA	
BIRC3-Exon-8-1	 11	 102207480	 102207611	 ttctcccttagTGCAACAGGA	 Aggcagtttgcttcttcagtg	
BIRC3-Exon-8-2	 11	 102207369	 102207532	 Gacttctgttgccttgaaatga	 CTGAAACATCTTCTGTGGGAAT	
BIRC3-Exon-9-1	 11	 102207700	 102207857	 TGGACAAAGAAGTGTCCATAGTG	 TTTAGACGATGTTTTGGTTCTTCT	
BIRC3-Exon-9-2	 11	 102207650	 102207821	 GGAAGAACAATTGCGGAGAC	 TGTACGAACTGTACCCTTGATTG	
BIRC3-Exon-9-3	 11	 102207592	 102207769	 Actgaagaagcaaactgccttt	 GAAGGAGCACAATCTTTGCAT	
BRAF-Exon-15-1	 7	 140453086	 140453255	 TGGATCCAGACAACTGTTCAA	 CATAATGCTTGCTCTGATAGGAAA	
BTK-Exon-15-1	 X	 100611117	 100611248	 CCCATGAGAAGCTGGTGCAGTTGT	 GCTGAGTCTGGAAGCGGTGGC	
BTK-Exon-15-2	 X	 100611122	 100611239	 GTCTGGAAGCGGTGGCGCAT	 AGCTGGTGCAGTTGTATGGCGT	
CARD11-Exon-4-1	 7	 2985418	 2985589	 CCGGCTGTTGGACATTCTAC	 Agagtccagatgttcccaatg	
CARD11-Exon-5-1	 7	 2983807	 2983972	 GCGGGACAGCTACAATGACGAGC	 Cgggtcaccctggcggagta	
CARD11-Exon-5-2	 7	 2983903	 2984079	 GAGCTGCTGGCCAGGTTGCG	 TGCGTAGCGCATGGCTAAGTTGT	
CARD11-Exon-5-3	 7	 2984017	 2984158	 CGAGGGCCTCACGCACTTCC	 CACGCGCGTCAGCGTCATCT	
CARD11-Exon-5-4	 7	 2984076	 2984244	 GCTCGCAGCGTTGCAGGTC	 CCTGCCCTGCGTCTGGAACCT	
CARD11-Exon-6-2	 7	 2979423	 2979582	 Gcacccttggggtatttca	 ATTTCATTCTCCCGCTCCA	
CARD11-Exon-7-1	 7	 2978235	 2978396	 GCCCTGGAGGACAGGCAGGA	 Tgctgacacacaccactgccc	
CARD11-Exon-7-2	 7	 2978318	 2978488	 Gaaacctcctccctcccaccca	 CTCGCAGCTCCTCTGCCTGG	
CARD11-Exon-8-1	 7	 2977522	 2977695	 Gcatattgatttctctgtgtggtt	 Ctgcaggtggtgcctgta	
CARD11-Exon-9-1	 7	 2976566	 2976739	 GAGGCCTGCATCGTCAAC	 Cttcaggtgtgggtctcca	
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CARD11-Exon-9-2	 7	 2976674	 2976833	 CTCGCAGTGCTTAATCGAAA	 GTCCAGGTTGTTGCTGTCCT	
CARD11-Exon-9-3	 7	 2976740	 2976894	 Gccttcgtcccgcttctccc	 CCGCCGCACCATCTCGATCC	
CCND1-Exon-1-1	 11	 69456029	 69456180	 GGACCCAGCCAGGACCCACA	 CTTCAGCATGGCCCGCAGCA	
CCND1-Exon-1-2	 11	 69456088	 69456251	 CACCAGCTCCTGTGCTGCGA	 CGCATGGACGGCAGGACCTC	
CCND1-Exon-1-3	 11	 69456195	 69456348	 CGCGCCCTCGGTGTCCTACT	 Agcaaagaaacgtgggtctgggc	
CD79A-5-01	 19	 42384888	 42385052	 CCCAGGTGTCAGGGTGCTGATG	 GGGTGTCACGGCTTCTCCAGC	
CD79B-5-01	 17	 62006699	 62006861	 TGGAACTCAGGCCGGGACCA	 TGATCTCCATCCCTCTCCGCCC	
CXCR4-Exon	2-1	 2	 136872431	 136872591	 GCTTTCCTTGGAGCCAAAT	 CATCTGTGTTAGCTGGAGTGAA	
DBC1-Exon-8-1	 9	 121929746	 121929887	 GCCAGTCTCATTTCGCAGTA	 GGAGAAGATCCGTCTCCAAA	
DBC1-Exon-8-2	 9	 121930006	 121930156	 TGCGCATGGACATGCCGATCA	 CGCCTCTACGTCCACACCACC	
DNMT3A-Exon-23-1	 2	 25457190	 25457332	 GCGGATGACTGGCACGCTCC	 CTGGCCAGCACTCACCCTGC	
EZH2	Exon-16-01	 7	 148508615	 148508769	 CATTTCCAATCAAACCCACA	 TTATCAAAGATCCTGTGCAGAAAA	
EZH2-Exon-18-01	 7	 148506368	 148506514	 AGGGAGTTCCAATTCTCACG	 TCACTGGGCTGTGCTTACTTT	
FOX-1-01	 13	 41240226	 41240390	 GGCTGGAGGTGGCCGAGTTG	 CTCTTGGCTCTCCTGCGGCTG	
FYN-4-01	 6	 112025172	 112025326	 CAAGCCAACTTCTTCAACTCG	 TTTCCTTGATCTAATTTAAAGGTGGT	
IDH1-Exo-4-02	 2	 209113132	 209113298	 TACCCATCCACTCACAAGCC	 GCGTCAAATGTGCCACTATCA	
IDH1-Exon-4-01	 2	 209113078	 209113205	 GCCAACATGACTTACTTGATCCC	 ATATTCTGGGTGGCACGGTC	
IDH2-Exon-4-1	 15	 90631753	 90631883	 GGCTAGGCGAGGAGCTCCAGT	 TCCCACGCCTAGTCCCTGGC	
IDH2-Exon-4-2	 15	 90631864	 90632024	 GCCAGGGACTAGGCGTGGGA	 AAGATGGCGGCTGCAGTGGG	
IKZF3-Exon-5-1	 17	 37947691	 37947840	 CGTGAGCGCATCTCTTCTTTGGCA	 AAAGGTGAACGCCCATTCCAGTGT	
KRAS-Exon-2-1	 12	 25398163	 25398329	 AGAATGGTCCTGCACCAGTAA	 GCCTGCTGAAAATGACTGAA	
KRAS-Exon-3-1	 12	 25380205	 25380365	 TTATGGCAAATACACAAAGAAAGC	 TGTGTTTCTCCCTTCTCAGGA	
MEF2B	Exon-3-01	 19	 19260155	 19260320	 Ttaggccctgccaattcc	 GATGAGGGCTATCTCACAGTCA	
MEF2B	Exon-3-02	 19	 19260068	 19260221	 GAAGTTCGGGCTGATGAAGA	 GGGCTCGCTGTACTCTGTGT	
MEF2B	Exon-3-03	 19	 19259971	 19260122	 TGCCAGCACGGACATGGACC	 Cctgggctctgagaaagcagcg	
MEF2B-Exon-2-01	 19	 19261452	 19261612	 Ccacccactcactctgtcct	 Aatgtctttcccagccactg	
MLL2-Exon-10-1	 12	 49445858	 49446025	 TAGAGGCGTCTCAAGTGCAG	 GAGGCATTGCACCTGTCC	
MLL2-Exon-14-1	 12	 49441766	 49441914	 AGGGTGATAGCACTGAGAGCA	 ACTGGATCTGAGTGGGATGG	
MLL2-Exon-31-1	 12	 49433537	 49433704	 AAGGCCGGACATGCCTGGGT	 CCACCACCTGCACCCGACG	
MLL2-Exon-31-2	 12	 49434824	 49434983	 TGGGTCAGGTGTGGAGGGCT	 CACGGCACCGCCCACCTAT	
MLL2-Exon-32-1	 12	 49433203	 49433364	 TGCCACTCTACCTACCTGTGTCCC	 ATCCAGCGCAACACCCTGCG	
MLL2-Exon-32-2	 12	 49433324	 49433457	 GCAGCTGTTTCCTTCTCCTG	 GGCAGCCCTATGATTGGAG	
MLL2-Exon-34-2	 12	 49431210	 49431368	 TGGGACCCAGCCAAACTGGGA	 GAAGGAGCTGCAGAAGAAGCAGCA	
MLL2-Exon-34-3	 12	 49432353	 49432506	 AGACCTGATACCGCCAGGCCC	 TTGAGCTGCGGCACAATGTACAGA	
MLL2-Exon-34-4	 12	 49432986	 49433116	 GAACCTCCTGGAGCCTCAC	 CCCCAAGCAAGCTGAGTG	
MLL2-Exon-34-5	 12	 49432527	 49432691	 GGACCAGGCACTGGCTCACC	 ACTGTGGCAGCAACAACAGGCA	
MLL2-Exon-38-1	 12	 49427955	 49428108	 Tcctgacacccagcttcttt	 CTTGGCACACAGAGCCTTC	
MLL2-Exon-38-2	 12	 49427867	 49428021	 GCAGCTGAAGGTGCTAGAGG	 GGATCTTGCTCTGCTGCTCT	
MLL2-Exon-39-1	 12	 49427196	 49427365	 CTGTACTCCAGGACCCTGCT	 GCCTCGGACCTGATTCAA	
MLL2-Exon-39-2	 12	 49427626	 49427776	 GGGCTGAGAGCCAGCACAGC	 GCCTGACCTCTCCGACCCTCC	
MLL2-Exon-40-1	 12	 49424695	 49424851	 AAGGCCTCGCTGGCCCTGA	 AGGGTAGCAGCCTTCAATGGGCT	
MLL2-Exon-44-1	 12	 49422850	 49422992	 TGCTGGCCCGAGGAATGAGGG	 TCCTGACAGCATTGTGCCAGCTT	
MLL2-Exon-48-1	 12	 49420034	 49420185	 GCCGCCCGTTGTTCTCACCA	 CGGACAGCTGCTGCCTCACC	
MLL2-Exon-48-2	 12	 49420385	 49420546	 TGGCACGGATGGCACAAGCA	 AGGTGTATGAGACCCAGGGCGG	
MLL2-Exon-49-1	 12	 49418608	 49418743	 AAGCACGGCATGCACCGTCA	 TCCCTGCTTCTTAGCCGTGTGGA	
MLL2-Exon-51-1	 12	 49416408	 49416577	 CCTCGTTCCGAATGATGGTGCCAA	 GCAGTTTGTGCACTCCAAGTCATCTCA	
MLL2-Exon-53-1	 12	 49415780	 49415953	 AGGAGGAGGAGCTGCTTTGTCACT	 ACTCTGTCCCACTGCCCAGGT	
MYC-Exon-1-1	 8	 128748796	 128748939	 AGGACCCGCTTCTCTGAAA	 Gcattcgactcatctcagca	
MYC-Exon-2-1	 8	 128750465	 128750622	 Tgcctcccgctttgtgtgcc	 GCTCTGCTGCTGCTGCTGGT	
MYC-Exon-2-2	 8	 128750564	 128750729	 TGCAGCCGTATTTCTACTGCGACG	 TAGGAGGGCGAGCAGAGCCC	
MYC-Exon-2-3	 8	 128750664	 128750823	 ATTCGAGCTGCTGCCCACCC	 CAGCTCGGTCACCATCTCCAGC	
MYC-Exon-2-4	 8	 128750762	 128750927	 ACAACGACGGCGGTGGCG	 GCCGAGAAGCCGCTCCACAT	
MYC-Exon-2-5	 8	 128750859	 128751027	 CGACCCGGACGACGAGACCT	 GGTGGAGCAGACGCTGTGGC	
MYC-Exon-2-6	 8	 128750954	 128751123	 TGGCCTCCTACCAGGCTGCG	 GGGCGAGCTGCTGTCGTTGA	
MYC-Exon-2-7	 8	 128751076	 128751244	 GACCCCTCGGTGGTCTTC	 GCGGTGTCTCCTCATGGA	
MYC-Exon-2-8	 8	 128751128	 128751294	 CCTGCGCCTCGCAAGACTCC	 Tttgacaggcctgggcggg	
MYD	88	Exon	5-2	 3	 38182581	 38182722	 GGGCAAGGGCCTGATGCCAG	 GGGTTGGTGTAGTCGCAGACAGTG	
MYD88-Exon	5-1	 3	 38182554	 38182668	 GTTGAAGACTGGGCTTGTCC	 TTCATTGCCTTGTACTTGATGG	
NOTCH1-Exon-34-01	 9	 139390459	 139390619	 CCCGCATTCCAACGTCTCCGA	 ACAGAGCGCACACAGACGCC	
NOTCH1-Exon-34-02	 9	 139390559	 139390733	 GCAGCACAGCTACTCCTCGCC	 CTGCATGCTGGTGGGAGGGC	
NOTCH1-Exon-34-03	 9	 139390524	 139390699	 CCCAGCCACCAGCTACAG	 TACTTGAAGGCCTCCGGAAT	
NOTCH1-Exon-34-04	 9	 139390659	 139390829	 CACTATTCTGCCCCAGGAGA	 GTGAGGAAGGGGTGCTCAG	
NOTCH1-Exon-34-05	 9	 139390779	 139390953	 CACCACCACAGCCGCACCTT	 GAGGATGGCAGCGACGTGGG	
NOTCH1-Exon-34-06	 9	 139390886	 139391063	 GCCTCACCTGGTGCAGACCC	 ACTCAGGAAGCTCCGGCCCA	
NOTCH1-Exon-34-07	 9	 139390994	 139391162	 GCATGGCATGGTAGGCCCGC	 TGGCTGCAGGTTCTGCTGCTG	
NOTCH1-Exon-34-08	 9	 139391118	 139391273	 TCAATGCGAGTGGCTGTCCCG	 GCGCTGGCAGCAAGGCTACT	
NOTCH1-Exon-34-09	 9	 139391228	 139391386	 GGCCCACCTCGTCTCTCCCA	 GTTCGGCACCATGCCGCTCT	
NOTCH1-Exon-34-10	 9	 139391336	 139391494	 CACCTGCCTGGGATGCCCGA	 GACGGTGCTGGTGCCAGAGG	
NOTCH1-Exon-34-11	 9	 139391445	 139391607	 GCATGCTCTCGCCCGTGGAC	 ACGTTCAGGTGCCCGATGCC	
NOTCH1-Exon-34-12	 9	 139391545	 139391715	 GCAAGCCCAGCAGCAAAGGC	 GCGAGGCCACGTCTGACAGG	
NOTCH2-Exon-34-01	 1	 120457903	 120458065	 GTTCATCACCCCACTCTGCT	 TGTCTCTACACTGGAGGTGGAC	
NOTCH2-Exon-34-02	 1	 120458014	 120458184	 TTCACAGCACAGTTATGCTTCC	 GTAGGGCTGGTGGTCACATC	
NOTCH2-Exon-34-03	 1	 120458136	 120458311	 TGGCCCGTTTGCCCAGTGTG	 ACTGGGTGTTCGCTCAGCAGC	
NOTCH2-Exon-34-04	 1	 120458250	 120458429	 ACTTTCCAGCTCATCCCTAAAGGCAGT	 TACCTGCCCGTCCTGCTGGG	
NOTCH2-Exon-34-05	 1	 120458404	 120458578	 CTGCCTTTAGGGATGAGCTG	 GCATGGAGGTGAATGAGACC	
NOTCH2-Exon-34-06	 1	 120458514	 120458681	 AGCCAGTTGCTATCCCACCACCA	 GCCCTCAGCTGGAGCCAGGA	
NOTCH2-Exon-34-07	 1	 120458630	 120458799	 TATGTTGGCCACTGCCGCCC	 CAGCACTGCCACTGCCTGGA	
NOTCH2-Exon-34-08	 1	 120458719	 120458898	 CCCTGTTGATTCCCTAGAATCTC	 GGCTGCATTTCATGAAGGTT	
NOTCH2-Exon-34-09	 1	 120458841	 120459014	 ACCATGCCTACTAGCCTCCCTAACC	 TGGAGAGGATGTGGTGTCGGAAACA	
NOTCH2-Exon-34-10	 1	 120458966	 120459136	 GCCCTCCAGGCACCGTGTTG	 TGGCATCCTTTGCCTCCTTGGC	
NOTCH2-Exon-34-11	 1	 120459087	 120459253	 ACCATTTTGCCAATCGAGAC	 CCCACAGATGACAGGTGAGA	
NOTCH2-Exon-34-12	 1	 120459205	 120459344	 Gtgttctgtgatgggccttt	 CGGGGAAGACGATCCATA	
NRAS-Exon-2-01	 1	 115258639	 115258802	 GATCAGGTCAGCGGGCTAC	 ACAGGTTCTTGCTGGTGTGA	
NRAS-Exon-2-1	 1	 115258658	 115258801	 CACTGGGCCTCACCTCTATG	 CAGGTTCTTGCTGGTGTGAA	
NRAS-Exon-3-01	 1	 115256481	 115256644	 CCTTCGCCTGTCCTCATGTA	 	TTGAACTTCCCTCCCTCCCT	
PLCG2-Exon-19-1	 16	 81946180	 81946346	 Tttccctggccctgtgccg	 Atgtgcctcccaccctcgca	
PLCG2-Exon-20-1	 16	 81953066	 81953234	 ACCCTGTGTTCTTCCTGCTC	 GGTAGCGCAGTCTCATCTTTC	
PLCG2-Exon-24-1	 16	 81962093	 81962256	 Ctttggaaacgggttttcttt	 Ccaggctaagatgatgtgtgc	
RB1-Exon-1-1	 13	 48878012	 48878181	 CTCCACAGCTCGCTGGCTCC	 CGAGAGGCAGGTCCTCCGGG	
RB1-Exon-18-1	 13	 49027111	 49027254	 TCATCATGTTTCATATAGGATTCACC	 TGCTTACATATCTGCTGCAGTG	
RB1-Exon-19-1	 13	 49030287	 49030432	 TCTGTGATTCTTAGCCAACTTGA	 AAGGCTGAGGTTGCTTGTGT	
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RHOA-2-01	 3	 49412912	 49413068	 TGTGGGCACATACACCTCTG	 GACTTCTTGTGCATTGCAGGT	
RPS15-Exon-4-1	 19	 1440323	 1440492	 Cagctttgctcttggtctcc	 GGAGTCATGTGCGCCTTTAT	
SF3B1-Exon-14-01	 2	 198267324	 198267487	 GCACAGCCCATAAGAATAGCT	 GTCCGTAACACAACAGCTAGAG	
SF3B1-Exon-14-02	 2	 198267376	 198267550	 TCGCTTGCCAGGACTTCTTG	 GCTGCTGGTCTGGCTACTAT	
SF3B1-Exon-14-1	 2	 198267219	 198267391	 AAGTCCTGGCAAGCGAGA	 Catagtaagaccctgtctcctaaagaa	
SF3B1-Exon-14-2	 2	 198267313	 198267460	 GCTGTTGTAGCCTCTGCCCTGG	 GTGGCAAGATGGCACAGCCCA	
SF3B1-Exon-15-1	 2	 198266675	 198266831	 GTTCGGACCATCAGTGCTTT	 Tgaagataaatcaaaaggtaattggtg	
SF3B1-Exon-15-2	 2	 198266723	 198266891	 Gttggggcatagttaaaacctg	 GGCGGATACCCTTCCATAA	
SF3B1-Exon-16-1	 2	 198266412	 198266566	 TGGATGCAGAATATGCCAAC	 Ctgttagaaccatgaaacatatcca	
SF3B1-Exon-16-2	 2	 198266503	 198266680	 Tcttcattaaagttaaggcgacat	 TGGAATTCTCGAATAAGGATTAACA	
SMARCA4-Exon-19-1	 19	 11132318	 11132483	 GCTGGGCGCAGAGTGGGAGA	 TGCGTGTTGAGCACCTGCGT	
SMARCA4-Exon-20-1	 19	 11134144	 11134305	 CGCCCTCCTTTGGAGGTAACGC	 TTTCGGGCAACTGGGCCTCG	
SMARCA4-Exon-22-1	 19	 11136091	 11136227	 CTTCCAGGGCAAAGGCGGCA	 GCAGACAGCAGGGCCTGAGC	
SMARCA4-Exon-25-1	 19	 11141394	 11141535	 TGTGCCCGTCAGGAACCACG	 ACAGTGTCTGCCGACTGGAGGT	
STAT3-21-01	 17	 40474358	 40474518	 CTCCTCCTTGGGAATGTCAG	 TGACAGGTAAGACCCAGATCC	
STAT5B-16-01	 17	 40359622	 40359784	 TTCATCTTTTGGCCGATCA	 TCATGTTTAGAATGTGATTGTTCTGT	
TLR2-Exon-1-1	 4	 154624844	 154625011	 CCGATGAAAGTTTGTTTCAGG	 GCAGCCTCCGGATTGTTA	
TLR2-Exon-1-2	 4	 154624971	 154625129	 AGATCCAGGTAAAGTGGAAACG	 TGTGAAAGTAAACAAGGAACCAGA	
TP53-Exo-2-1	 17	 7579807	 7579938	 GCCAGACTGCCTTCCGGGTC	 Ggtgggcctgcccttccaatg	
TP53-Exon-10-1	 17	 7573842	 7574007	 GTTCCGAGAGCTGAATGAGG	 Gaaggcaggatgagaatgga	
TP53-Exon-10-2	 17	 7573926	 7574101	 Aacttgaaccatcttttaactcagg	 cCTGGAGTGAGCCCTGCT	
TP53-Exon-11-1	 17	 7572889	 7573042	 Tgtcatctctcctccctgct	 GTGGGAGGCTGTCAGTGG	
TP53-Exon-3-1	 17	 7579596	 7579762	 Cgaaaattccatgggactga	 Gatgggtgaaaagagcagtca	
TP53-Exon-4-1	 17	 7579479	 7579626	 CAGCCTCTGGcATTCTGG	 cctggtcctctgaCTGCTCT	
TP53-Exon-4-2	 17	 7579359	 7579520	 GGAAACCGTAGCTGCCCTG	 AAGACCCAGGTCCAGATGAA	
TP53-Exon-4-3	 17	 7579260	 7579421	 ATACGGCCAGGCATTGAAGT	 CCTCCTGGCCCCTGTC	
TP53-Exon-5-1	 17	 7578425	 7578594	 TGTGCTGTGACTGCTTGTAG	 TGCCCTGACTTTCAACTCTGT	
TP53-Exon-5-2	 17	 7578361	 7578525	 AGCTGCTCACCATCGCTA	 CCAACTGGCCAAGACCT	
TP53-Exon-5-3	 17	 7578334	 7578503	 AACCAGCCCTGTCGTCTCT	 GTGCAGCTGTGGGTTGATT	
TP53-Exon-6-1	 17	 7578121	 7578260	 GTGGAAGGAAATTTGCGTGT	 Gccactgacaaccaccctta	
TP53-Exon-6-2	 17	 7578181	 7578343	 Agggctggttgcccagggtc	 GGCGGCTCATAGGGCACCAC	
TP53-Exon-7-1	 17	 7577473	 7577651	 Ccaaggcgcactggcctcat	 Gtgcagggtggcaagtggct	
TP53-Exon-8-1	 17	 7576979	 7577125	 GGTGCGTGTTTGTGCCTGTCC	 Cccttggtctcctccaccgct	
TP53-Exon-8-2	 17	 7577040	 7577205	 Ggacctgatttccttactgcctcttgc	 GCAGCTCGTGGTGAGGCTCC	
TP53-Exon-9-1	 17	 7576822	 7576990	 Ggagaccaagggtgcagtta	 Ccacttgataagaggtcccaag	
TRAF2-10-01	 9	 139818268	 139818435	 GTGTCAGCTCACCAGGCACCC	 ACCGCAGCAGGGCGTCATTC	
TRAF2-11-01	 9	 139820230	 139820406	 CGACATGAACATCGCAAGCGGC	 GTGAGCCGGCTGTGCCTGG	
TRAF2-2-01	 9	 139793158	 139793324	 tccttagGGCTTTGTTCGCGGG	 GGGCCTGCGGAGGACGTTTC	
TRAF2-2-02	 9	 139793270	 139793439	 CAAGCTGGAAGCCAAGTACC	 Tggctctaaaaccagcctagc	
TRAF2-4-01	 9	 139794886	 139795035	 AATGCTGCCCGCAGGGAGGT	 GGAGCGTGGACGACTCCCGA	
TRAF2-8-01	 9	 139814750	 139814916	 TGAGCTCGGTGCTGGAGGCA	 GCAGGCCTCGGCAGTCATGG	
TRAF3-11-01	 14	 103371635	 103371800	 GGTCCTGGAGACCGCCAGCTA	 CCCGTTCAGGTAGACCCTGGCA	
TRAF3-11-02	 14	 103371564	 103371713	 CAGCTGAGCCGGCATGACCA	 GACGGCCTCCTGCTTCCGC	
TRAF3-4-01	 14	 103341895	 103342045	 CCAAAGTAGCAGCATGTGGA	 ACTGCTCTGCACAACCTCTG	
TRAF3-9-01	 14	 103363601	 103363769	 TCCTTGTTGCAGAATGAAAGTG	 TTTGATCTGGCCGTAGTCCT	
UBR5-Exon-44-1	 8	 103291095	 103291273	 TCCCACTACTGGCAGATGAA	 TCTGTTGCAGGTGAATTAAACAA	
UBR5-Exon-56-1	 8	 103287892	 103288057	 TGCTTATCAGGCAGAATGGA	 GGCCACAGTGTAGCTTTATGG	
UBR5-Exon-58-1	 8	 103269775	 103269923	 CCATTACAAACTTAAAAGGCCATC	 GCAGTTCAAGCGTTGGTTCT	
UBR5-Exon-58-2	 8	 103269905	 103270104	 GAACCAACGCTTGAACTGC	 CAAATGCTCTTAATTTCTTGTATTAGG	
UBR5-Exon-59-1	 8	 103266646	 103266804	 Ggctttgtgtatatactgccagagt	 GATGTTGGTCATCTGGTGGTC	
UBR5-Exon-59-2	 8	 103266545	 103266709	 GCCAGTGAAGAAGGATTCCA	 ATTCTTGGTCTTAATGGCGAGT	
UBR5-Exon-59-3	 8	 103266449	 103266616	 CTTTACGTCCCACTCTATTCCTC	 CCATAAACTTTTATAGACAAATGGAAA	
WHSC1-Exon-18-1	 4	 1962702	 1962852	 CCCGACACTGAGGATTGGTCAGC	 GGGTGATGTCGTTCTCGTGTGCG	
WHSC1-Exon-19-1	 4	 1976575	 1976724	 CACTTGACCTTACAGGACCGTAT	 AATGTCACAGACGGCAAACA	
XPO1-Exon-15-1	 2	 61719348	 61719516	 ATATTCATTTATTTTGTCCTGGACTC	 GAGCTCACTGGAAATTTCTGAAG	
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Appendix	2:	Clinical	samples	used	for	tumor	and	plasma	WES,	TS	and	LC-WGS	

	
Study	No	 Samples	 Targeted	Sequencing	 WES	 LC-WGS	

1	 Baseline	BM	 ü 	 ü 	 ü 	

		 Baseline	Plasma	 ü 	 x	 ü 	
		 Serial	plasma	samples	 ü 	 x	 ü 	
		 Pleural	biopsy	at	progression	 ü 	 ü 	 ü 	
		 Germline	sample	 ü 	 ü 	 X	
2	 Baseline	BM	 ü 	 x	 ü 	
		 Baseline	Plasma	 ü 	 x	 X	
		 Serial	plasma	samples	 ü 	 x	 X	
		 Germline	sample	 ü 	 x	 X	
3	 Baseline	BM	 ü 	 ü 	 ü 	

		 Baseline	Plasma	 ü 	 x	 X	
		 Serial	plasma	samples	 ü 	 x	 X	
		 Germline	sample	 ü 	 ü 	 X	
4	 Baseline	LN	 ü 	 ü 	 ü 	
		 Baseline	Plasma	 ü 	 x	 ü 	
		 Serial	plasma	samples	 ü 	 x	 X	
		 Germline	sample	 ü 	 ü 	 X	
5	 Baseline	BM	 ü 	 ü 	 ü 	
		 Baseline	Plasma	 ü 	 x	 X	
		 Serial	plasma	samples	 ü 	 x	 X	
		 Germline	sample	 ü 	 ü 	 X	
6	 Baseline	LN	(FFPE)	 ü 	 x	 ü 	
		 Baseline	Plasma	 ü 	 x	 X	
		 Serial	plasma	samples	 ü 	 x	 X	
		 Germline	sample	 ü 	 x	 X	
7	 Baseline	LN	(FFPE)	 ü 	 ü 	 ü 	
		 Baseline	Plasma	 ü 	 x	 ü 	

		 Serial	plasma	samples	 ü 	 x	 ü 	
		 Progression	lymph	node	 ü 	 ü 	 ü 	
		 Germline	sample	 ü 	 ü 	 X	
8	 Baseline	LN	(FFPE)	 ü 	 ü 	 ü 	
		 Baseline	Plasma	 ü 	 x	 X	
		 Serial	plasma	samples	 ü 	 x	 X	
		 Germline	sample	 ü 	 ü 	 X	
9	 Baseline	BM		 ü 	 ü 	 ü 	
		 Baseline	Plasma	 ü 	 x	 X	
		 Serial	plasma	samples	 ü 	 x	 X	
		 Germline	sample	 ü 	 ü 	 X	
10	 Baseline	LN	(FFPE)	 ü 	 x	 ü 	
		 Baseline	Plasma	 ü 	 x	 X	
		 Serial	plasma	samples	 ü 	 x	 X	
		 Germline	sample	 ü 	 x	 X	
11	 Baseline	BM		 ü 	 ü 	 ü 	

		 Baseline	Plasma	 ü 	 x	 X	

		 Serial	plasma	samples	 ü 	 x	 X	
		 Germline	sample	 ü 	 ü 	 X	
12	 Baseline	LN	(FFPE)	 ü 	 x	 ü 	
		 Baseline	Plasma	 ü 	 x	 X	
		 Serial	plasma	samples	 ü 	 x	 X	
		 Germline	sample	 ü 	 x	 X	
13	 Bseline	LN	(FFPE)	 ü 	 x	 ü 	
		 Baseline	Plasma	 ü 	 x	 X	
		 Serial	plasma	samples	 ü 	 x	 X	
		 Germline	sample	 ü 	 x	 X	
14	 Baseline	BM	 ü 	 x	 ü 	
		 Baseline	Plasma	 ü 	 x	 X	
		 Serial	plasma	samples	 ü 	 x	 X	
		 Germline	sample	 ü 	 x	 X	
15	 Baseline	Gastric	biopsy	(FFPE)	 ü 	 ü 	 ü 	
		 Baseline	Plasma	 ü 	 x	 X	
		 Serial	plasma	samples	 ü 	 x	 X	
		 Germline	sample	 ü 	 ü 	 X	
16	 Baseline	LN	 ü 	 ü 	 ü 	
		 Baseline	Plasma	 ü 	 ü 	 ü 	
		 Serial	plasma	samples	 ü 	 x	 ü 	
		 Progression	Plasma	 ü 	 ü 	 ü 	
		 Germline	samples	 ü 	 ü 	 X	
17	 Baseline	BM	 ü 	 ü 	 ü 	
		 Baseline	Plasma	 ü 	 x	 ü 	
		 Serial	plasma	samples	 ü 	 x	 X	
		 Germline	sample	 ü 	 ü 	 X	
18	 Baseline	LN		 ü 	 ü 	 ü 	
		 Baseline	Plasma	 ü 	 x	 ü 	
		 Serial	plasma	samples	 ü 	 x	 X	
		 Germline	sample	 ü 	 ü 	 X	
19	 Baseline	LN	 ü 	 ü 	 ü 	
		 Baseline	Plasma	 ü 	 x	 X	
		 Serial	plasma	samples	 ü 	 x	 X	
		 Germline	sample	 ü 	 ü 	 X	
20	 Baseline	LN		 ü 	 ü 	 ü 	
		 Baseline	Plasma	 ü 	 x	 ü 	
		 Serial	plasma	samples	 ü 	 x	 X	
		 Germline	sample	 ü 	 ü 	 X	
21	 Baseline	BM	 ü 	 x	 ü 	
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		 Baseline	Plasma	 ü 	 x	 ü 	
22	 Bseline	LN	(FFPE)	 ü 	 x	 ü 	
		 Baseline	Plasma	 ü 	 x	 X	
		 Serial	plasma	samples	 ü 	 x	 X	
		 Germline	sample	 ü 	 x	 X	
23	 Baseline	BM		 ü 	 ü 	 ü 	
		 Baseline	Plasma	 ü 	 x	 ü 	
		 Serial	plasma	samples	 ü 	 x	 X	
		 Germline	sample	 ü 	 ü 	 X	

24	 Baseline	BM		 ü 	 ü 	 ü 	

		 Baseline	Plasma	 ü 	 x	 ü 	
		 Serial	plasma	samples	 ü 	 x	 X	
		 Germline	sample	 ü 	 ü 	 X	

	

ü-	Sequencing	done;	x	–Sequencing	not	done;	BM-	bone	marrow;	LN-	lymph	node;	FFPE-formalin	
fixed	paraffin	embedded	tissue	
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Appendix	3-	Whole	exome	sequencing	quality	metrics	

	
Sample	 Total	reads	 Mapped	reads	 %	Reads	mapped	 %	Reads	On	

Target	
Mean	coverage	for	

target	bases	
Median	Fragment	

Length	

01	baseline	BM	 129902174	 129763942	 99.89	 62.44	 94.93	 189	

01	Progression	
Pleura	 143318203	 143249786	 99.95	 68.83	 124.13	 180	

01	GL	 75172391	 74944147	 99.7	 63.9	 56.44	 168	

03	BM	 216643017	 215850392	 99.63	 63.46	 137.76	 189	

03	GL	 76768024	 76050292	 99.07	 61.8	 55.15	 175	

04	LN	 234863036	 234047435	 99.65	 65.87	 159.17	 177	

04	GL	 208221272	 201966421	 97	 63.78	 131.51	 179	

05	BM	 177960830	 177869637	 99.95	 68.91	 159.46	 180	

05	GL	 177529388	 176237490	 99.27	 71.27	 168.47	 165	

07	LN	 179759158	 178990162	 99.57	 65.27	 116.12	 169	

07	GL	 139596285	 139012632	 99.58	 65.58	 92.1	 166	

08	LN	 156808165	 156253138	 99.65	 68.12	 102.31	 99	

08	GL	 171664767	 168623130	 98.23	 64.04	 115.65	 127	

09	BM	 194049799	 193941956	 99.94	 67.34	 170.97	 194	

09	GL	 150876410	 146966502	 97.41	 69.68	 129.68	 178	

15	LN	 152308154	 151775599	 99.65	 60.9	 85.15	 196	

15	GL	 182741782	 175488897	 96.03	 64.33	 97.82	 168	

16	LN	 155089312	 155014504	 99.95	 70.16	 144.59	 180	

16	GL	 171798616	 171696734	 99.94	 68.12	 161.17	 170	

16	Baseline	plasma	 149173912	 148323906	 99.43	 63.35	 94.71	 166	

16	PROGRESSION	
PLASMA	 139962767	 139131688	 99.41	 62.75	 85.85	 168	

17	BM	 174449480	 174364436	 99.95	 67.99	 156.8	 181	

17	GL	 176389067	 174071717	 98.69	 69.16	 158.98	 185	

18	LN	 176549550	 176474416	 99.96	 69.39	 164.45	 173	

18	GL	 137149257	 134870971	 98.34	 70.05	 123.91	 162	

19	LN	 184355881	 184260939	 99.95	 65.87	 162.13	 179	

19	GL	 200638677	 199259210	 99.31	 70.5	 185.39	 171	

20	LN	 146615335	 146548134	 99.95	 70.12	 136.85	 180	

20	GL	 189889685	 188426743	 99.23	 71.25	 175.34	 150	

23	BM	 189983450	 189884604	 99.95	 66.35	 168.12	 171	

23	GL	 141279117	 140581334	 99.51	 72.39	 125.55	 141	

24	BM	 210419730	 210330788	 99.96	 71.07	 192.21	 171	

24	GL	 230488452	 222565235	 96.56	 71.7	 203.34	 132	
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Appendix	4:	Quality	Metrics	for	LC-WGS	for	tumor	samples	

	
	

Sample	 Total	
reads	

Mapped	
reads	 %	Reads	mapped	 Mean	

coverage	
Median	Fragment	

Length	

1-Progression	Pleura	 47175674	 46717761	 99.03	 1.09	 155	

2-baseline	BM	 55613182	 54721249	 98.4	 1.23	 152	

3-baseline	BM	 47217157	 45795769	 96.99	 1.05	 150	

4-baseline	LN	 49304897	 48384524	 98.13	 1.12	 176	

5-baseline	BM	 50343316	 49209988	 97.75	 1.14	 180	

6-baseline	LN	 38662873	 38092228	 98.52	 0.86	 128	

7-baseline	LN	 43497632	 40749324	 93.68	 0.94	 155	

8-baseline	LN	 34794515	 31245636	 89.8	 0.67	 99	

9-baseline	BM	 49550318	 47186032	 95.23	 1.09	 171	

10-baseline	LN	 60940532	 60606884	 99.45	 1.39	 133	

12-baseline	LN	 47918813	 46277999	 96.58	 1.07	 173	

13-baseline	LN	 45361555	 44202518	 97.44	 1.01	 146	

14-baseline	BM	 45232881	 43243562	 95.6	 0.99	 161	

15-baseline	tissue	 52492469	 50344023	 95.91	 1.16	 159	

16-baseline	LN	 48714955	 48347164	 99.25	 1.12	 175	

17-baseline	BM	 49800058	 48816587	 98.03	 1.13	 162	

18-baseline	LN	 37989103	 37351544	 98.32	 0.86	 142	

19-baseline	LN	 92814827	 91192838	 98.25	 2.12	 177	

20-baseline	LN	 52213287	 51083734	 97.84	 1.19	 181	

21-baseline	BM	 45119295	 44797468	 99.29	 1.04	 184	

22-baseline	LN	 52427645	 52092137	 99.36	 1.2	 156	

23-baseline	BM	 44340282	 43607842	 98.35	 1.01	 179	

24-	baseline	BM	 48984084	 48412859	 98.83	 1.12	 183	
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Appendix	5:	Primer	sequences	for	digital	PCR	assays	

	
DIGITAL	PRIMERS	AND	PROBES	 Company	 Assay	ID	

UBR5	L2789V	 Biorad	 dHsaMDS270133399	

UBR5	C2768W	 Biorad	 dHsaMDS994248826	

CARD11	D357E	 Biorad	 dHsaMDS664466049	

ATM	G255*	 Biorad	 dHsaMDS684831964	

MLL2	R4536*	 Biorad	 dHsaMDS391918392	

MLL2	K3563*	 Biorad	 dHsaMDS724427275		

SMARCA4	S1155R	 Biorad	 dHsaMDS402109154	

SMARCA4	G1162S	 Biorad	 dHsaMDS822011347	

TRAF2	R159AfsTer2	 Biorad	 dHsaMDS416576419	

ARID2	K35*	 Biorad	 dHsaMDS287146372	

ATM	D2448N	 Biorad	 dHsaMDS301718993	

ATM	C2770W	 Biorad	 dHsaMDS915393529	

BIRC3	S441*	 Biorad	 dHsaMDS673545629	

CARD11	D401V	 Biorad	 dHsaMDS669382003	

TP53	K132E	 Biorad	 dHsaMDS272948199	

WHSC1	T1150A	 Biorad	 dHsaMDS203818393		
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Appendix	6:	LC-WGS	plots	for	tumor	samples		

	

	
Patient	#01					Status:	Complete	Response					Copy	number	aberrations:	Multiple	
	

Patient	#02					Status:	Complete	Response					Copy	number	aberrations:	Multiple	
	

	
	
Patient	no:	#03					Status:	Complete	response			Copy	number	aberrations:	None	
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Patient	no:	#04			 	 	Status:	Non-responder			Copy	number	aberrations:	Multiple	(including	
chromosome	9p	loss	&	17p	deletion)	
 
	

	
	
Patient	no:	#05				Status:	Complete	Response				Copy	number	aberrations:	None	
	
	

	
	
Patient	no:	#06					Status:	Complete	Response				Copy	number	aberrations:	Multiple	
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Patient	no:	#07	 	 	 	Status:	Non-responder	 	 	 	Copy	number	aberrations:	Multiple	 including	
chromosome	9p	loss	
	

	
	
Patient	 no:	 #08	 	 	 	 Status:	 Complete	 Response	 	 	 Copy	 number	 aberrations:	 Multiple	
(including	chromosome	17p	deletion)	
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Patient	no:	#09					Status:	Complete	Response				Copy	number	aberrations:	None		
	

	
		
Patient	no:	#10					Status:	Complete	Response				Copy	number	aberrations:	Multiple	
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Patient	no:	#11					Status:	Complete	Response				Copy	number	aberrations:	None	
	

	
Patient	no:	#13					Status:	Complete	Response				Copy	number	aberrations:	Multiple	
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Patient	no:	#14	 	 	 	Status:	Non-responder	 	 	 	Copy	number	aberrations:	Multiple	 including	
chromosome	9p	loss	and	17p	deletion		
	
	

	
Patient	no:	#15				Status:	Complete	Response				Copy	number	aberrations:	Multiple		
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Patient	no:	#16		 	 	 	Status:	Non-responder		 	 	Copy	number	aberrations:	Multiple	including	
chromosome	9p	loss	
	
	

	
	
Patient	 no:	 #17	 	 	 	 	 Status:	 Complete	 Response	 	 	 	 Copy	 number	 aberrations:	 Multiple	
including	chromosome	17p	loss		
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Patient	no:	#18		 	 	 	Status:	Non-responder		 	 	Copy	number	aberrations:	Multiple	including	
chromosome	9p	loss	
	

	
		
Patient	no:	#19				Status:	Complete	Response			Copy	number	aberrations:	Multiple	
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Patient	no:	#20					Status:	Non-responder				Copy	number	aberrations:	Multiple	
	

	
Patient	no:	#21		 	 	 	Status:	Non-responder		 	 	Copy	number	aberrations:	Multiple	including	
chromosome	9p	loss	and	17p	deletion	
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Patient	no:	#22				Status:	Complete	Response				Copy	number	aberrations:	Multiple	
	

	
		
Patient	no:	#23					Status:	Complete	Response			Copy	number	aberrations:	None	
	
	

		
Patient	no:	#24				Status:	Complete	Response			Copy	number	aberrations:		chromosome	7p	
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&	11p	deletion	
	

Appendix	 7-	 Top	 100	 Differential	 expressed	 genes	 of	 RNA-Seq	 data	 comparing	

SMARCA4	knockdown	in	Z-138	cells	to	control.	

	
Entrez_ID	 Gene_ID	 logFC	 logCPM	 LR	 P	Value	 FDR	

195827	 AAED1	 -1.1326	 1.0448	 10.8201	 0.001004055	 0.007527585	

21	 ABCA3	 1.0361	 2.8492	 26.9484	 2.09E-07	 3.85E-06	

23461	 ABCA5	 1.1938	 1.9006	 24.5732	 7.15E-07	 1.20E-05	

9619	 ABCG1	 1.3973	 4.8491	 123.1402	 1.30E-28	 2.08E-26	

51225	 ABI3	 -2.2412	 0.5472	 32.9412	 9.50E-09	 2.24E-07	

3983	 ABLIM1	 -2.8777	 1.3361	 92.7123	 6.05E-22	 5.58E-20	

84448	 ABLIM2	 -1.0349	 2.2843	 14.0049	 0.000182333	 0.001761324	

414149	 ACBD7	 -1.0978	 1.5794	 14.3099	 0.00015505	 0.001537415	

6296	 ACSM3	 1.5488	 0.3887	 9.8028	 0.001742435	 0.011936176	

84532	 ACSS1	 -1.2684	 5.4772	 121.6563	 2.74E-28	 4.27E-26	

133	 ADM	 1.7515	 4.2486	 130.5915	 3.04E-30	 5.44E-28	

79924	 ADM2	 -1.4288	 2.4939	 36.9817	 1.19E-09	 3.22E-08	

3899	 AFF3	 -2.0423	 3.3895	 105.4716	 9.63E-25	 1.07E-22	

10555	 AGPAT2	 -1.0030	 4.3083	 61.7490	 3.90E-15	 1.95E-13	

113146	 AHNAK2	 -1.1326	 3.7085	 62.1181	 3.23E-15	 1.62E-13	

199	 AIF1	 -1.7938	 1.7390	 38.8791	 4.51E-10	 1.31E-08	

84962	 AJUBA	 1.9077	 2.3269	 72.9157	 1.35E-17	 8.67E-16	

10000	 AKT3	 1.0428	 5.4966	 72.0376	 2.11E-17	 1.34E-15	

120425	 AMICA1	 -3.1499	 2.2751	 114.4110	 1.06E-26	 1.41E-24	

154796	 AMOT	 1.2971	 2.2502	 27.4162	 1.64E-07	 3.09E-06	

272	 AMPD3	 -1.0078	 1.1109	 9.9193	 0.001635513	 0.011346373	

100130460	 AMPD3	 -1.0078	 1.1109	 9.9193	 0.001635513	 0.011346373	

155185	 AMZ1	 -1.2306	 2.4807	 19.9272	 8.04E-06	 0.000109839	

63926	 ANKEF1	 1.1856	 0.5139	 7.0843	 0.007776195	 0.040868488	

55129	 ANO10	 2.4246	 0.5819	 25.3076	 4.89E-07	 8.50E-06	

309	 ANXA6	 -1.0473	 4.9338	 62.8337	 2.25E-15	 1.13E-13	

8862	 APLN	 1.5807	 1.7038	 22.6556	 1.94E-06	 2.97E-05	

80830	 APOL6	 -1.0508	 1.3830	 12.2064	 0.000476252	 0.004006529	

116984	 ARAP2	 -1.0298	 2.2324	 29.1631	 6.65E-08	 1.35E-06	

101928667	 ARAP2	 -1.0298	 2.2324	 29.1631	 6.65E-08	 1.35E-06	

57584	 ARHGAP21	 1.0570	 3.2484	 30.9266	 2.68E-08	 5.83E-07	

57636	 ARHGAP23	 1.0565	 5.4788	 71.5343	 2.72E-17	 1.68E-15	

201176	 ARHGAP27	 -1.1051	 0.7447	 7.8548	 0.005068532	 0.028851645	

64333	 ARHGAP9	 1.0942	 4.5775	 69.4712	 7.75E-17	 4.49E-15	

397	 ARHGDIB	 -1.5864	 7.1593	 334.1845	 1.18E-74	 1.41E-71	

9828	 ARHGEF17	 -1.3132	 2.2527	 32.4874	 1.20E-08	 2.78E-07	

115557	 ARHGEF25	 1.8480	 4.5452	 60.3604	 7.90E-15	 3.77E-13	

9459	 ARHGEF6	 -1.2017	 2.9250	 27.7117	 1.41E-07	 2.70E-06	
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10865	 ARID5A	 -1.1402	 4.8171	 67.4438	 2.17E-16	 1.23E-14	

84159	 ARID5B	 1.0416	 4.0582	 36.9156	 1.23E-09	 3.28E-08	

285598	 ARL10	 1.0285	 2.8583	 24.1256	 9.03E-07	 1.49E-05	

10777	 ARPP21	 2.2407	 5.0082	 351.6062	 1.89E-78	 2.52E-75	

170302	 ARX	 -1.6631	 0.3621	 25.9167	 3.56E-07	 6.31E-06	

467	 ATF3	 -1.4589	 1.9342	 22.9852	 1.63E-06	 2.56E-05	

84913	 ATOH8	 -1.1598	 1.0693	 11.8059	 0.00059044	 0.004802029	

155066	 ATP6V0E2	 1.5048	 4.3261	 52.0258	 5.48E-13	 2.23E-11	

245973	 ATP6V1C2	 -1.7807	 1.1948	 31.0362	 2.53E-08	 5.54E-07	

51761	 ATP8A2	 -1.6494	 0.9114	 20.1037	 7.34E-06	 0.00010088	

567	 B2M	 -1.1447	 10.6689	 60.8052	 6.30E-15	 3.03E-13	

145173	 B3GALTL	 -1.0246	 1.1004	 12.3650	 0.000437447	 0.003743124	

2583	 B4GALNT1	 4.3384	 2.5723	 230.8839	 3.82E-52	 1.70E-49	

440465	 BAIAP2-AS1	 1.0368	 3.9205	 60.0525	 9.24E-15	 4.38E-13	

55971	 BAIAP2L1	 1.1718	 4.0671	 53.8118	 2.21E-13	 9.31E-12	

10409	 BASP1	 -4.7433	 3.1435	 405.3732	 3.73E-90	 5.58E-87	

10538	 BATF	 -1.5654	 3.1687	 70.9953	 3.58E-17	 2.17E-15	

27241	 BBS9	 1.2602	 1.1000	 10.9789	 0.000921576	 0.007045824	

9564	 BCAR1	 1.5443	 2.8521	 38.1654	 6.50E-10	 1.83E-08	

55653	 BCAS4	 -1.0012	 4.4505	 43.2776	 4.75E-11	 1.53E-09	

598	 BCL2L1	 1.0060	 5.1040	 31.9335	 1.60E-08	 3.62E-07	

255877	 BCL6B	 -1.4977	 1.1420	 16.1994	 5.70E-05	 0.000634601	

624	 BDKRB2	 -2.5456	 1.0439	 69.4424	 7.87E-17	 4.53E-15	

144453	 BEST3	 1.2370	 5.3913	 108.0356	 2.64E-25	 3.13E-23	

640	 BLK	 -1.7489	 1.0378	 22.3000	 2.33E-06	 3.52E-05	

656	 BMP8B	 1.3607	 1.6677	 14.8791	 0.000114626	 0.001177497	

84446	 BRSK1	 1.2690	 1.5207	 15.1039	 0.000101755	 0.001063502	

7832	 BTG2	 1.1799	 4.4217	 39.1716	 3.88E-10	 1.13E-08	

10384	 BTN3A3	 -1.2833	 2.0539	 22.6914	 1.90E-06	 2.92E-05	

153579	 BTNL9	 -3.1623	 3.0374	 210.6616	 9.85E-48	 3.69E-45	

118461	 C10orf71	 -1.8683	 0.9799	 40.5334	 1.93E-10	 5.88E-09	

160140	 C11orf65	 -1.2429	 0.6062	 9.8624	 0.001686916	 0.01162895	

91574	 C12orf65	 1.0972	 7.5853	 86.9441	 1.12E-20	 9.56E-19	

55337	 C19orf66	 1.2604	 2.1013	 30.4212	 3.48E-08	 7.50E-07	

407025	 C1orf132	 -1.2725	 1.2442	 8.7376	 0.003117207	 0.019372252	

407026	 C1orf132	 -1.2725	 1.2442	 8.7376	 0.003117207	 0.019372252	

25943	 C20orf194	 2.1869	 0.7619	 31.7485	 1.75E-08	 3.98E-07	

25966	 C2CD2	 -1.4076	 2.2399	 45.3152	 1.68E-11	 5.76E-10	

29798	 C2orf27A	 -1.3247	 0.7689	 12.0163	 0.000527376	 0.004363138	

130355	 C2orf76	 1.2410	 2.0381	 12.4314	 0.000422184	 0.003641107	

51161	 C3orf18	 1.6377	 1.1519	 28.7635	 8.18E-08	 1.63E-06	

100507258	 CA13	 1.3912	 0.4464	 12.3772	 0.000434618	 0.003724232	

377677	 CA13	 1.3912	 0.4464	 12.3772	 0.000434618	 0.003724232	

100507353	 CACNA1A	 -2.1442	 1.3079	 46.8819	 7.54E-12	 2.66E-10	

773	 CACNA1A	 -2.1442	 1.3079	 46.8819	 7.54E-12	 2.66E-10	
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775	 CACNA1C	 -1.0822	 0.6884	 12.4083	 0.000427425	 0.003675729	

253559	 CADM2	 1.2780	 1.7729	 23.9978	 9.64E-07	 1.58E-05	

199731	 CADM4	 1.5407	 2.4511	 28.3098	 1.03E-07	 2.03E-06	

794	 CALB2	 7.6971	 1.1112	 84.2510	 4.36E-20	 3.58E-18	

57658	 CALCOCO1	 1.0640	 2.2240	 13.4407	 0.000246217	 0.002302381	

814	 CAMK4	 -1.9285	 1.2709	 36.9432	 1.22E-09	 3.25E-08	

57662	 CAMSAP3	 1.1488	 2.3754	 16.7751	 4.21E-05	 0.000482763	

822	 CAPG	 -1.0714	 2.6621	 34.5242	 4.21E-09	 1.04E-07	

114769	 CARD16	 -1.9209	 0.5203	 18.5667	 1.64E-05	 0.00021013	

834	 CASP1	 -4.8633	 0.3499	 45.7643	 1.33E-11	 4.62E-10	

9139	 CBFA2T2	 1.1638	 4.7613	 80.4060	 3.05E-19	 2.28E-17	

875	 CBS	 1.5716	 5.2885	 106.7748	 4.99E-25	 5.75E-23	

256309	 CCDC110	 1.1602	 3.7435	 60.8150	 6.27E-15	 3.03E-13	

79635	 CCDC121	 2.1071	 0.6958	 26.2482	 3.00E-07	 5.40E-06	

55036	 CCDC40	 1.4367	 0.5575	 9.2170	 0.002397732	 0.015616451	

26112	 CCDC69	 -1.0790	 7.6890	 64.1572	 1.15E-15	 6.07E-14	

257236	 CCDC96	 2.4171	 0.2454	 19.1679	 1.20E-05	 0.000158483	
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Appendix	8:	Quality	Metrics	for	LC-WGS	for	plasma	samples	

	
	

Sample	 Total	reads	 Mapped	reads	 %	Reads	
mapped	

Mean	
coverage	

Median	
Fragment	
Length	

01-baseline	plasma	 64882316	 64465469	 99.36	 1.49	 162	

01-progression	plasma	 62380479	 61624392	 98.79	 1.42	 160	

04-baseline	plasma	 57410939	 57058171	 99.39	 1.32	 166	

07-pretreatment	biopsy	 63291618	 61417486	 97.04	 1.24	 100	

07-baseline	plasma	 51643384	 48375880	 93.67	 1.07	 169	

07-week	4	plasma	 85714270	 84758567	 98.89	 1.95	 172	

07-week	16	plasma	 80701116	 78788847	 97.63	 1.79	 173	

07	-week	20	plasma	 84594593	 84019057	 99.32	 1.94	 167	

14-baseline	plasma	 59992375	 59682026	 99.48	 1.38	 166	

16-baseline	plasma	 106851958	 106129310	 99.32	 2.44	 165	

16-progression	plasma	 47549622	 46568588	 97.94	 1.07	 169	

17-	baseline	plasma	 42962252	 40806133	 94.98	 0.92	 176	

18-baseline	plasma	 41804494	 39226762	 93.83	 0.87	 171	

20-baseline	plasma	 65243972	 64709580	 99.18	 1.5	 168	

21-baseline	plasma	 63655843	 62959589	 98.91	 1.45	 167	

23-baseline	plasma	 54967725	 54550040	 99.24	 1.26	 167	

24-baseline	plasma	 56778613	 55626375	 97.97	 1.28	 166	
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Appendix	9:	LC-WGS	plots	for	plasma	samples	

	
	
	
	

	
Patient	#01					Status:	Complete	Response					Copy	number	aberrations:	Multiple	
	
	

	
	
Patient	no:	#04			 	 	Status:	Non-responder			Copy	number	aberrations:	Multiple	(including	
chromosome	9p	&	17p	deletion)	
	
	

	
Patient	#07					Status:	Non-responder					Copy	number	aberrations:	Multiple	
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Patient	#16					Status:	Complete	Response					Copy	number	aberrations:	Multiple	
	
	

	
	
Patient	#18					Status:	Non-responder					Copy	number	aberrations:	Multiple	
	

	
	
Patient	#23					Status:	Complete	Response					Copy	number	aberrations:	None	
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Patient	#24					Status:	Complete	Response					Copy	number	aberrations:	None	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	

	

	

	

	

	

	

	
	
	


