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Abstract	

Cytokine	receptor	like	factor	2	(CRLF2)	is	dysregulated	in	approximately	50%	of	high-

risk	and	60%	of	Down	Syndrome	(DS)	acute	lymphoblastic	leukaemia	(ALL)	patients.	

CRLF2	is	most	commonly	rearranged	in	DS-ALL	patients	via	a	320	KB	deletion	in	the	

pseudoautosomal	region	of	the	X/Y	chromosome	resulting	in	the	P2RY8-CRLF2	gene	

fusion,	or	can	become	mutated;	CRLF2	p.F232C.	Dysregulation	of	CRLF2	results	in	the	

upregulation	of	thymic	stromal	lymphopoietin	receptor	(TSLPR)	and	JAK/STAT,	PI3K	

and	 Ras	 signalling	 pathways	 and	 is	 associated	 with	 poor	 survival	 outcomes.	

Constituents	 of	 these	 signalling	 pathways	 are	 targetable	 with	 small	 molecule	

inhibitors.	 The	 increased	 frequency	 of	 the	 P2RY8-CRLF2	 fusion	 in	 DS-ALL	 patients	

indicates	a	predisposition	to	the	development	of	this	fusion,	however,	the	genetic	basis	

is	unknown	and	warrants	further	investigation.	

	

Many	groups	have	postulated	the	involvement	of	the	high	mobility	nucleosome	binding	

protein	 1	 (HMGN1)	 in	 DS-ALL,	 however,	 this	 body	 of	 work	 identifies	 its	 role	 and	

cooperation	with	P2RY8-CRLF2.	 Using	 in	 vivo	 and	 in	 vitro	models,	 as	well	 as	 novel	

CRISPR/Cas9	 modelling,	 the	 role	 of	HMGN1	 in	 the	 development,	 proliferation	 and	

persistence	of	CRLF2	rearranged	ALL	is	demonstrated	here,	for	the	first	time.		

	

The	 trisomy	 21	 human	 xenograft	 HMGN1	 knockout	 (KO)	 model	 presented	 here	

demonstrates	that	HMGN1	KO	in	CRLF2	p.F232C	cells	halts	leukaemic	progression	in	

mice,	reverses	the	leukaemic	phenotype	and	increases	murine	survival	outcomes.	This	

indicates	 that	 HMGN1	 has	 driver	 potential	 in	 DS-ALL.	 Significantly,	 HMGN1	

overexpression	occurs	due	to	trisomy	21,	suggesting	DS	patients	who	acquire	P2RY8-

CRLF2	may	not	require	a	‘second	hit’	for	leukaemic	transformation.	
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Using	 in	 vitro	 Ba/F3	 and	 unique	 CRISPR/Cas9-generated	P2RY8-CRLF2	models,	 the	

cooperation	 between	 P2RY8-CRLF2	 and	 HMGN1	 was	 also	 confirmed.	 Leukaemic	

transformation	was	 achieved	 via	 the	 co-expression	 of	P2RY8-CRLF2	 and	HMGN1	 in	

Ba/F3	 cells.	 To	 support	 this	 finding,	 modelling	 HMGN1	 overexpression	 prior	 to	

generating	 the	 endogenous	 P2RY8-CRLF2	 fusion	 with	 CRISPR/Cas9	 increased	 the	

efficiency	of	fusion	development.	

	

The	identification	of	P2RY8-CRLF2	and	HMGN1	cooperation	could	positively	affect	the	

treatment	 of	 patients	 with	 DS-ALL,	 CRLF2r	 or	 +21	 and	 lead	 to	 better	 treatment	

outcomes	 for	 patients	 who	 currently	 have	 poor	 overall	 survival.	 Furthermore,	 the	

mechanism	of	 leukaemic	 transformation	 in	P2RY8-CRLF2	 and	HMGN1	 co-expressing	

cells	 was	 identified	 in	 both	 the	 Ba/F3	 model	 and	 CRISPR	 P2RY8-CRLF2	 model	 via	

increased	 CRLF2	 expression	 and	 an	 upregulation	 of	 TSLPR,	 as	 well	 as	 JAK/STAT	

signalling	and	increased	gene	activation	marks	via	HMGN1	nucleosome	remodelling.	A	

synergistic	 combination	 therapy	 comprising	 the	 JAK2	 inhibitor,	 fedratinib,	 and	 de-

methylase	 inhibitor,	 GSK-J4,	 was	 identified	 to	 target	 P2RY8-CRLF2	 and	HMGN1	 co-

expressing	cells,	however,	CRLF2	p.F232C	cells	were	less	sensitive	to	this	therapy	and	

activated	 different	 signalling	 pathways.	 Furthermore,	 also	 presented	 here,	 is	 an	

additional	 combination	 therapy	of	 fedratinib	and	 the	MEK	 inhibitor,	 selumetinib,	 to	

synergistically	target	cells	harbouring	the	aggressive	CRLF2	p.F232C	mutation.		

	

In	summary,	this	thesis	provides	critical	insight	into	the	development	and	persistence	

of	CRLF2	rearranged	DS-ALL.	For	the	first	time,	the	 important	role	of	HMGN1	 in	the	

proliferation	 and	 survival	 of	 DS-ALL	 cells	 and	 cooperation	 with	 P2RY8-CRLF2	 for	
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increased	 cell	 signalling	 has	 been	 identified.	 	 These	 findings	 suggest	 HMGN1	 is	 a	

potential	 target	 for	 a	 precision	 treatment	 approach	 in	 DS-ALL.	 Two	 synergistic	

combination	therapies	targeting	CRLF2	and/or	HMGN1	co-expressing	cells,	as	well	as	

an	 endogenous	 model	 of	 P2RY8-CRLF2	 that	 provides	 a	 clinically	 relevant	 tool	 for	

identification	of	cooperating	genes	have	been	produced.	Together,	this	body	of	work	

describes	 the	 leukaemic	 potential	 of	 HMGN1	 and	 significant	 understanding	 of	 its	

cooperation	with	P2RY8-CRLF2.	Findings	 from	this	 thesis	present	an	opportunity	 to	

reduce	the	toxicity	DS-ALL	patients	experience	from	current	treatment	regimens	and	

improve	outcomes	in	this	high-risk	group	of	patients.	
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Project	Rationale	

	

CRLF2	 rearrangements	 (CRLF2r)	 represent	 the	 largest	 subgroup	 of	 high-risk	 ALL	

patients	with	poor	survival	outcomes.	Down	Syndrome	(DS)	patients	are	predisposed	

to	developing	CRLF2r	and	experience	extreme	treatment	related	toxicity.	Genes	located	

in	the	Down	Syndrome	critical	region	of	chromosome	21	are	potentially	involved	in	

CRLF2r	leukaemogenesis.	Recent	reports	have	implicated	HMGN1	in	gene	activation	of	

leukaemic	 cells,	 however,	 its	 role	 in	 ALL	 and	 particularly,	 CRLF2r	 ALL	 remains	

unknown.		

	

I	hypothesise	that	HMGN1	increases	the	leukaemogenicity	of	CRLF2r	ALL	cells,	which	

can	 be	 targeted	with	 small	molecule	 inhibitors.	 Therefore,	 this	 project	 investigates	

HMGN1	 using	 a	 CRISPR/Cas9	 knockout	 to	 determine	whether	 it	 plays	 key	 roles	 in	

leukaemic	cell	survival.	An	overexpression	model	using	Ba/F3	cells	was	also	used	to	

characterise	the	function	of	HMGN1.	This	study	is	critical	for	our	understanding	of	the	

predisposition	 of	 DS-ALL	 patients	 to	 developing	 P2RY8-CRLF2.	 Furthermore,	

validating	 HMGN1	 as	 a	 therapeutic	 target	 for	 rational	 combination	 treatment	

approaches,	has	the	potential	to	reduce	the	toxicity	DS	CRLF2r	ALL	patients	currently	

experience	with	contemporary	chemotherapeutic	regimens.	
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The	specific	aims	for	this	project	are:	

	

Aim	 1:	 Identify	 the	 role	 of	HMGN1	 in	 the	 proliferation	 and	 survival	 of	 trisomy	 21	

CRLF2+	cells	using	an	in	vivo	xenograft	knockout	model	(Chapter	2).	

	

Aim	2:	Explore	the	cooperation	between	P2RY8-CRLF2	and	HMGN1	in	a	Ba/F3	model	

and	compare	active	signalling	pathways	(Chapter	2).	

	

Aim	 3:	 Determine	 targetability	 of	 P2RY8-CRLF2,	 CRLF2	 p.F232C	 and/or	 HMGN1	

expressing	cells	with	small	molecule	inhibitors	(Chapters	2	and	4).	

	

Aim	4:	Create	an	endogenously	expressed	P2RY8-CRLF2	model	using	CRISPR/Cas9	to	

use	as	a	research	tool	for	identification	of	cooperating	oncogenes	(Chapter	3).	

	

These	aims	will	be	addressed	via	the	processes	outlined	in	figure	1.	
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Figure	1:	Flow	chart	outlining	the	methodology	used	to	address	the	thesis	aims	and	

subsequent	thesis	result	chapters	

.
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HMGN1	 is	 necessary	 for	 leukemic	 cell	 proliferation	 and	 cooperates	 with	 the	

P2RY8-CRLF2	fusion	to	result	in	leukemic	transformation	

HMGN1	is	necessary	for	CRLF2+	DS	leukemia	
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Abstract	

The	genetic	basis	for	the	predisposition	for	Down	Syndrome	(DS)	patients	to	develop	

cytokine	 receptor	 like	 factor	 2	 rearranged	 (CRLF2r)	 acute	 lymphoblastic	 leukemia	

(ALL)	is	currently	unknown.	As	DS	is	characterised	by	trisomy	21,	genes	located	on	this	

chromosome	 and	 expressed	 in	 hematopoietic	 cells	 are	 likely	 candidates	 for	

investigation	in	CRLF2r	DS-ALL	pathogenesis.	Here,	we	explored	the	chromosome	21	

gene,	HMGN1	 (high	mobility	 group	 nucleosome	 binding	 protein	 1),	 in	 an	 inducible	

CRISPR/Cas9	knockout	in	vivo	xenograft	model	to	assess	the	effect	of	HMGN1	loss	of	

function	 on	 leukemic	 burden.	 We	 also	 present	 an	 in	 vitro	 model	 with	 HMGN1	

overexpression	 in	 combination	with	either	CRLF2r	 or	 the	CRLF2	 p.F232C	activating	

mutation,	to	confirm	its	role	in	proliferation	and	survival.	This	identified	a	novel	role	

for	HMGN1	 in	 the	 upregulation	 of	 thymic	 stromal	 lymphopoietin	 receptor	 (TSLPR).	

Finally,	 in	 vitro	 screening	 determined	 targetability	 of	 CRLF2r	 and	 HMGN1	 co-

expressing	 cells	 using	 a	 combination	 of	 fedratinib	 (JAK2	 inhibitor),	 and	 GSK-J4	

(demethylase	inhibitor).	Increased	expression	of	HMGN1	due	to	trisomy	21	provides	a	

proliferative	 and	 survival	 advantage	 to	CRLF2r	or	 CRLF2	p.F232C	DS-ALL	 cells	 and	

identified	here	is	a	synergistic	combination	of	small	molecule	inhibitors	to	target	these	

cells.	 Together,	 these	 data	 provide	 critical	 insight	 into	 the	 development	 and	

persistence	of	CRLF2r	DS-ALL	and	identify	a	potential	target	for	a	precision	treatment	

approach	 to	reduce	 the	 toxicity	DS-ALL	patients	experience	 from	current	 treatment	

regimes.	
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Introduction	

Down	Syndrome	(DS)	is	characterised	by	the	triplication	of	chromosome	21,	commonly	

arising	 from	nondisjunction	 during	meiosis.	 DS	 patients	 display	 an	 elevated	 risk	 of	

neurodevelopmental	 disorders,	 congenital	 heart	 defects	 and	 hematological	

malignancies	including	acute	lymphoblastic	leukemia	(ALL)1	Trisomy	21	is	implicated	

in	many	cancer	associated	pathways3-5	as	16	genes	overexpressed	on	chromosome	21	

are	 directly	 involved	 in	 hematopoiesis,	 tumorigenesis	 and	 epigenetic	 regulation1,2.	

Children	diagnosed	with	ALL	have	an	overall	survival	(OS)	of	85-90%	however,	DS-ALL	

patients	have	a	lower	OS	of	75%,	and	a	mortality	rate	four	times	greater	than	non-DS	

patients	within	the	first	two	years	of	diagnosis6.	Higher	relapse	rates	and	treatment	

related	toxicities	are	observed	in	DS-ALL	cohorts	compared	to	non-DS	ALL7,8.		

	

Approximately	60%	of	DS-ALL	patients,	compared	to	5-16%	of	non-DS-ALL	patients,	

harbor	rearrangement	of	cytokine	receptor	like	factor	2	(CRLF2r),	associated	with	poor	

survival	outcomes9-12.	An	interstitial	deletion	of	the	intervening	genes	between	CRLF2	

and	 the	 purinergic	 receptor	 (P2RY8)	 on	 the	 X/Y	 chromosome	 result	 in	 the	P2RY8-

CRLF2	 fusion	gene;	 the	most	 common	alteration	 seen	 in	 children	with	DS-ALL13.	Of	

these,	~9%	acquire	the	aggressive	CRLF2	p.F232C	activating	mutation10.	CRLF2r	are	

often	associated	with	point	mutations	in	Janus	Kinase	2	(JAK2)	which	is	essential	for	

leukemic	transformation	in	CRLF2r	cells14,	resulting	in	an	increase	in	thymic	stromal	

lymphopoietin	 receptor	 (TSLPR)	 and	 JAK/STAT	 signaling.	 There	 is	 currently	 no	

effective	 targeted	 treatment	 against	 CRLF2r	 ALL,	 despite	 it	 being	 one	 of	 the	 most	

frequently	observed	high	risk	subtypes	of	ALL	in	children15-17.	However,	ruxolitinib	(a	

JAK1/2	inhibitor)	is	currently	being	assessed	in	a	Phase	2	trial,	 in	combination	with	
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chemotherapy,	 for	 children	 with	 CRLF2r	 and/or	 JAK	 mutations	 (NCT02723994).	

Interestingly,	DS	is	an	exclusion	criterion	for	this	study.	Due	to	the	toxicities	DS	patients	

experience	 from	 chemotherapy15	 the	 development	 of	 personalised	 treatment	

approaches	are	of	particular	significance	for	the	treatment	of	DS-ALL.	

	

Increased	 gene	 dosage	 as	 a	 result	 of	 trisomy	 21	 have	 been	 implicated	 in	 the	

development	 of	 DS-ALL1,	 18.	 Recent	 reports	 have	 demonstrated	 a	 role	 for	 the	 high	

mobility	 group	 nucleosome	 binding	 protein	 1	 (HMGN1)	 in	 global	 activation	 of	

transcription	in	DS-ALL	patients4,19.	HMGN1	is	a	chromatin	modulator	that	competes	

with	histone	H1	for	binding	to	the	nucleosome	to	modulate	histone	post-translational	

modifications20,21	and	changes	the	expression	pattern	of	1,200	genes22.	There	are	no	

current	 pharmacological	 inhibitors	 of	 HMGN1,	 however,	 previous	 studies	 have	

demonstrated	 efficacy	 using	 the	 demethylase	 inhibitor	 GSK-J4	 to	 reduce	 global	

demethylation	and	counteract	HMGN14,23.	

	

We	 hypothesised	 targeting	HMGN1	 could	 decrease	 the	 leukemic	 burden	 of	 DS-ALL	

patients	harboring	the	P2RY8-CRLF2	fusion.	We	report	in	vitro	and	in	vivo	findings	of	

the	involvement	of	HMGN1	in	leukemic	proliferation	and	transformation	of	previously	

non-transformed	P2RY8-CRLF2	B-cells	via	the	upregulation	of	TSLPR	and	JAK/STAT,	

ERK	and	S6	signaling	pathways.	This	study	 interrogates	 the	biology	and	 function	of	

increased	 gene	 dosage	 of	HMGN1	 by	 modelling	 with	 CRLF2r	 ALL	 and	 the	 findings	

presented	here	have	the	potential	to	positively	impact	treatment	for	60%	of	DS-ALL	

patients	who	harbor	the	P2RY8-CRLF2	fusion.	
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Results	

Generation	of	a	HMGN1-null	CRLF2	Down	Syndrome	leukemic	cell	pool	in	SET-2	

cells	

The	 trisomy	 21	 acute	megakaryoblastic	 leukemia	 (AMKL)	 cell	 line,	 SET-2,	 the	 only	

trisomy	21	leukemic	cell	line	currently	available,	was	transduced	to	express	the	CRLF2	

p.F232C	(CRLF2F232C)	activating	mutation.	An	11-fold	upregulation	of	surface	TSLPR	

was	demonstrated	by	flow	cytometry	(Fig	S1A)	compared	to	isotype	control.	Using	this	

model,	a	CRISPR/Cas9	KO	of	HMGN1	was	created	via	transduction	of	Cas9	and	a	single	

inducible	guide	RNA	(gRNA)	system25	(Fig	S1B)	to	create	a	frameshift	mutation	in	an	

early	 coding	 exon	 of	 the	 gene.	 SET-2	 cells	 endogenously	 express	 the	 JAK2	 p.V617F	

mutation	that	is	responsible	for	driving	cell	proliferation26.	To	contrast	the	effects	of	

the	HMGN1	KO,	a	KO	of	JAK2	was	also	generated.	As	a	control,	HMGN1	and	JAK2	KOs	

were	replicated	in	the	non-trisomy	21,	non-CRLF2	expressing	Jurkat	cell	line	(Fig	S1C).	

	

The	targeted	exon	of	each	gene	was	amplified,	and	Sanger	sequencing	confirmed	the	

presence	of	an	indel	(∆)	(∆HMGN1	exon	5	or	∆JAK2	exon	5)	and	subsequent	frameshift	

mutation	in	the	pool	of	CRISPR/Cas9	edited	cells	(Fig	1A	&	C).	CRISPR/Cas9	ICE	gene-

editing	 analysis	 indicated	 a	 KO	 score	 of	 53	 in	 JAK2	 (r2=0.94)	 with	 55%	 of	 alleles	

containing	 indels	and	a	KO	score	of	56	 in	HMGN1	 (r2=0.93)	with	66%	of	 the	alleles	

containing	indels	(Fig	1B	&	D).	The	SET-2	CRLF2F232C	and	Jurkat	JAK2	and	HMGN1	KO	

lines	each	had	a	two-fold	depletion	in	mRNA	expression	of	the	KO	gene	compared	to	

the	Cas9	control	lines	(Fig	1E,	JAK2	p=0.01;	Fig	1F,	HMGN1	p=0.048).	
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To	 examine	 specificity	 of	 the	 CRISPR/Cas9	 HMGN1	 gRNA,	 the	 expression	 level	 of	

HMGN2	was	confirmed	to	remain	the	same	regardless	of	HMGN1	KO	(Fig	S2A).	Western	

blotting	 confirmed	a	98%	reduction	of	HMGN1	 (p=0.009)	and	an	80%	reduction	 in	

JAK2	(p=0.017)	protein	expression	in	SET-2	CRLF2F232C	KO	lines	(Fig	1G-H	&	S3)	and	a	

60%	reduction	of	HMGN1	and	40%	reduction	of	JAK2	protein	expression	in	Jurkat	KO	

cells	compared	to	their	respective	Cas9	control	lines.	

	

HMGN1	is	necessary	for	Down	Syndrome	leukemic	cell	proliferation	and	survival	

To	 elucidate	 the	 effect	 of	 HMGN1	 on	 proliferation	 rates,	 a	 CellTiter-Glo	 2.0®	

proliferation	assay	was	used	to	determine	the	effect	of	HMGN1	loss	of	function	in	SET-

2	CRLF2F232C	and	Jurkat	cells.	gRNA	expression	was	induced	at	day	0	and	luminescence	

was	measured	daily	 for	 five	days.	While	 the	SET-2	CRLF2F232C	Cas9	 line	proliferated	

over	the	five-day	period,	the	JAK2	and	HMGN1	KO	cells	halted	proliferation	post	day	

three	[JAK2:	p<0.001;	HMGN1:	p=0.005	compared	to	Cas9	control	line	(Fig	2A)].	This	

finding	was	specific	to	the	SET-2	CRLF2F232C	cells	as	JAK2	and	HMGN1	KOs	in	Jurkat	cells	

proliferated	 throughout	 the	 five-day	period	 (Fig	 2B).	 These	 results	were	 replicated	

with	an	alternate	set	of	gRNAs	to	confirm	on	target	effects	(Fig	S4).	
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Figure	1:	Knockouts	of	JAK2	and	HMGN1	were	generated	in	SET-2	CRLF2	p.F232C	

and	Jurkat	cell	lines	by	CRISPR/Cas9.	JAK2	and	HMGN1	KO	was	confirmed	by	Sanger	

sequencing	and	electropherograms	show	mixed	trace	downstream	of	the	gRNA	cut	site	

(indicated	by	the	dotted	line)	in	JAK2	(A)	and	HMGN1	(C)	compared	to	the	Cas9	control	

cell	line.	Synthego	ICE	analysis	demonstrating	sequencing	variations	and	KO	score	in	

JAK2	(B)	and	HMGN1	(D)	KO	line	DNA.	Fold	change	of	mRNA	production	in	JAK2	(E)	

and	HMGN1	(F)	KOs	in	SET-2	CRLF2	p.F232C	cells	normalised	to	Cas9	control	line	and	

housekeeper	𝛃-actin	gene.	Quantification	of	western	blotting	using	a	LiCor	Odyssey®	

and	ImageStudio™	for	HMGN1	(G)	and	JAK2	(H)	KOs	in	SET-2	cells	relative	to	GAPDH	

housekeeper	 protein.	 All	 graphs	 show	mean	 of	 n=3	 with	 SEM	 error	 bars,	 *p<0.05,	

**p<0.01,	***p<0.001	using	t-test	comparing	the	gRNA	lines	to	the	Cas9	control	line.		
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Figure	 2:	 Knockouts	 of	 JAK2	 or	HMGN1	 result	 in	 decreased	 proliferation	 and	

survival	of	SET-2	cells	expressing	CRLF2	p.F232C.	The	fold	change	in	proliferation	

of	A)	SET-2	and	B)	control	Jurkat	cells	when	either	JAK2	or	HMGN1	gRNA	was	induced	

with	doxycycline	at	day	0	was	measured	by	CellTiter	Glo	2.0®	and	assessed	over	5	days.	

Absorbance	reading	measured	using	a	Perkin	Elmer	Victor	X5	luminometer.	C)	Viable	

cells	from	Aqua	LIVE/DEAD™	cell	death	assay	when	gRNA	was	induced	at	day	0	to	day	

3	and	6	in	SET-2	cells.	All	graphs	represent	the	mean	of	biological	replicate	n=3	with	

SEM	error	bars,	*p<0.05,	**p<0.01,	***p<0.001	using	t-test	comparing	the	gRNA	lines	

to	the	Cas9	control	line.		
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To	ascertain	whether	the	HMGN1	KO	also	induced	cell-death,	gRNAs	were	induced	in	

both	cell	lines	at	day	0	and	were	stained	with	Aqua	LIVE/DEAD™	on	day	3	and	6.	The	

SET-2	CRLF2F232C	KO	lines	demonstrated	a	50%	reduction	in	viability	by	day	6	(p<0.001	

compared	to	Cas9	control,	Fig	2C),	while	the	equivalent	Jurkat	KO	cells	did	not	induce	

cell	death	(Fig	S2B).	

	

Knockout	of	HMGN1	in	CRLF2	Down	Syndrome	cells	reduces	leukemic	burden	in	

vivo	

SET-2	 CRLF2F232C	 cells	 harboring	 Cas9	 only,	 or	 the	 HMGN1	 or	 JAK2	 gRNA,	 and	 a	

luciferase	 construct	were	 injected	 into	6-week	old	 sub-lethally	 irradiated	NSG	mice	

(Fig	 3A).	 The	 mice	 were	 monitored	 via	 bioluminescent	 imaging	 for	 precise	

quantification	 of	 leukemic	 burden	 and	 response	 to	 the	 KO	 of	 JAK2	 or	HMGN1.	 BM	

leukemic	 engraftment	 was	 observed	 on	 day	 10	 with	 a	 radiance	 signal	 of	 ~1x104	

p/s/cm2/sr	 (Fig	 3B).	 Following	 gRNA	 induction	 (day	11),	 a	 significant	 reduction	 in	

tumor	 burden	 (Cas9:	 8.4x105±1.7x105;	 JAK2:	 2.7x104±8.9x103;	 HMGN1:	

1.5x105±1.7x104p/s/cm2/sr)	was	observed	in	both	prone	and	supine	views	of	the	JAK2	

and	 HMGN1	 KO	 mice	 by	 day	 20	 [JAK2	 and	 HMGN1	 KO	 compared	 to	 Cas9:	 prone:	

p<0.001;	supine:	p=0.005	(Fig	3C	&	S5C)	consistent	with	previous	pilot	study	(Fig	S5)].		

	

Cas9	 control	 mice	 (n=6)	 were	 culled	 at	 day	 35	 due	 to	 advancing	 leukemia	 and	

subsequent	health	deterioration	as	per	experimental	protocol.	To	directly	compare	the	

leukemic	burden	of	the	KO	and	control	mice,	3	each	of	the	JAK2	and	HMGN1	KO	mice	

were	 also	 culled	 at	day	35.	Blood	 counts	 from	 the	Cas9,	 JAK2	 and	HMGN1	KO	mice	

indicated	similar	white	blood	cell	(WBC)	counts	(p>0.05,	Fig	4A),	however,	the	HMGN1	
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KO	mice	had	significantly	increased	platelet	counts	and	hematocrit	(HCT)	and	JAK2	KO	

mice	demonstrated	 the	 same	 trend	 (Fig	4B-C,	HMGN1	 KO	platelets:	 1503±83	K/µL,	

p<0.001;	HCT:	38±3.4%,	p=0.004;	JAK2	KO	platelets:	3046±775	K/µL;	HCT:	47±6.8%)	

compared	 to	Cas9	mice	 (platelets:	705±43	K/µL,	HCT:	22.5±2%).	KO	mice	also	had	

reduced	spleen	weight	[(Fig	4D)	HMGN1:	51±6	mg,	p=0.046;	JAK2:	46±2	mg,	p=0.019	

compared	to	Cas9:	81±7	mg]	and	liver	weight	(Fig	4E).	Megakaryoblastic	infiltration	

was	noted	in	the	spleen,	liver	and	BM	of	Cas9	mice	but	not	in	KO	mice;	these	were	large	

cells	with	 irregular	 nuclei	 and	 high	 nuclear-cytoplasmic	 ratio	 (Fig	 4G	&	 S6A).	 This	

correlated	with	decreased	HMGN1	or	JAK2	expression	in	respective	organs	of	KO	mice	

compared	to	Cas9	mice	as	demonstrated	by	RQ-PCR	(Fig	4H-I).	Importantly,	JAK2	and	

HMGN1	KO	mice	survived	62	and	56	days	respectively,	as	compared	to	Cas9	control	

mice	that	had	to	be	culled	at	35	days.	[p=0.0009	(Fig	4F)].	

	

To	 determine	 gene	 editing	 efficacy	 in	 the	 persisting	 cells	 (post	 day	 35),	 gDNA	was	

extracted	from	the	GFP+	BM	cells	of	JAK2	and	HMGN1	KO	mice.	Predominantly	WT	JAK2	

or	HMGN1	was	detected,	along	with	a	non-lethal	 isoform	∆JAK2	or	∆HMGN1	 exon	5	

present	in	KO	mice	demonstrating	evidence	of	gene	editing	that	resulted	in	outgrowth	

of	cells	harboring	functional	genes	rather	than	a	KO	(Fig	S6C-E).	CRISPR	ICE	editing	

analysis	 performed	 on	 the	 non-lethal,	 69	 bp	 ∆HMGN1	 exon	 5,	 identified	 only	 23%	

indels	in	the	population	with	a	KO	score	of	10	(r2=0.23)	in	the	forward	sequence	and	

7%	indels	in	the	reverse	with	a	KO	score	of	2	[r2=0.07	(Fig	S6F-G)].	
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Figure	3:	Knockout	of	HMGN1	reduces	CRLF2	p.F232C	leukemic	burden	in	vivo.	A)	

Inducible	CRISPR/Cas9	xenograft	model	schematic.	B)	Bioluminescent	imaging	of	NSG	

mice	engrafted	with	SET-2	CRLF2	p.F232C	cells	with	Cas9	vector	only,	or	with	a	gRNA	

targeting	JAK2	or	HMGN1.	Doxycycline	was	administered	on	day	11	(dashed	line)	to	

induce	KO.	Images	taken	using	a	Perkin	Elmer	IVIS	Imager	and	analysed	using	Living	

Image®	 Software.	C)	Luminescent	 data	 of	 each	mouse	 as	 a	 region	 of	 interest	 (ROI)	

shown	in	radiance,	normalised	to	the	background	signal	ROI	and	luminescence	signal	

of	cell	lines	injected.	Graph	represents	median,	*p<0.05,	**p<0.01,	***p<0.001	using	t-

test	comparing	the	KO	mice	to	the	Cas9	control	mice.	
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Figure	 4.	 Knockout	 of	 HMGN1	 does	 not	 alter	 leukocyte	 counts,	 increases	

platelets,	 rescues	 leukemic	 phenotype	 and	 increases	 survival	 outcomes.	

Complete	blood	counts	performed	on	Cas9	control	(n=6)	and	 JAK2	 (n=2)	or	HMGN1	

(n=3)	 KO	 mouse	 cohorts	 at	 Day	 35,	 leukocyte	 count	 (A),	 platelet	 count	 (B)	 and	

hematocrit	(C).	Spleen	(D)	and	liver	(E)	weights	from	Cas9,	JAK2	KO	and	HMGN1	KO	
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mice	at	day	35.	Values	represent	mean	±	SEM.	Student’s	t-test	was	used	to	determine	

significance	*p<0.05,	**p<0.01,	***p<0.001.	Note:	JAK2	KO	mice	n=2	due	to	insufficient	

sample.	F)	Kaplan-Meier	survival	curve	of	NSG	mice	with	a	JAK2	or	HMGN1	KO	in	SET-

2	 CRLF2	 p.F232C	 cells.	 Cas9	 n=6,	 JAK2	 KO	 n=3,	 HMGN1	 KO	 n=3.	 Significance	

determined	using	a	log-rank	test.	Censored	mice	culled	at	days	37	and	38	are	indicated.	

G)	Representative	H&E	staining	of	BM,	spleen	and	liver	sections	from	Cas9,	JAK2	KO	

and	 HMGN1	 KO	 mice.	 Images	 analyzed	 at	 40x	 magnification	 using	 CaseViewer	

Software.	RQ-PCR	demonstrating	decreased	expression	of	HMGN1	(H)	or	JAK2	(I)	 in	

HMGN1	or	JAK2	KO	mice	organs	compared	to	Cas9	control	mice.	
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P2RY8-CRLF2	and	HMGN1	contribute	to	leukemic	transformation	in	DS-ALL	

To	 characterise	 the	 leukemic	 potential	 of	 HMGN1	 in	 a	 CRLF2	 altered	 ALL	 model,	

overexpression	 constructs	 of	 HMGN1	 alone,	 P2RY8-CRLF2	 (CRLF2r),	 WT	 CRLF2	

(CRLF2WT)	or	CRLF2F232C	±HMGN1	were	expressed	in	Ba/F3	cells.	CRLF2	and	HMGN1	

overexpression	was	confirmed	by	RQ-PCR	(Fig	S7B)	and	surface	TSLPR	expression	by	

flow	 cytometry	 (Fig	 S7A).	 Cells	 were	 cultured	 without	 IL-3	 allowing	 the	 driver	

potential	of	each	lesion	to	be	assessed.	Under	these	conditions	parental	Ba/F3	cells,	

CRLF2r,	CRLF2WT	and	HMGN1	individually	expressing	lines	were	unable	to	proliferate	

(Fig	5A).	Importantly,	the	co-expression	of	HMGN1	in	CRLF2r	and	CRLF2WT	lines	was	

associated	with	cytokine	independent	growth	and	a	1000-fold	increase	in	proliferation	

(p<0.001)	indicating	the	addition	of	HMGN1	is	sufficient	for	leukemic	transformation	

when	 CRLF2	 is	 present.	 Ba/F3	 CRLF2F232C	 cells	 were	 also	 cytokine	 independent	 as	

previously	reported10,27,	however,	 the	proliferation	rate	did	not	change	with	the	co-

expression	of	HMGN1.	

	

Overexpression	 of	 HMGN1	 results	 in	 upregulation	 of	 P2RY8-CRLF2	 and	 cell	

signaling	pathways	

To	 explore	 the	 relationship	 between	 CRLF2r,	 CRLF2F232C	 and	 HMGN1,	 Ba/F3	 cells	

expressing	CRLF2	with	or	without	HMGN1	were	used.	Significantly,	CRLF2r+HMGN1	

cells	resulted	in	a	7-fold	increase	in	TSLPR	[mean	fluorescence	intensity	(MFI)	141	to	

7680,	 p=0.008]	 compared	 to	 cells	 expressing	 CRLF2r	 alone	 (Fig	 5B-C).	 The	 co-

expression	of	HMGN1	with	CRLF2WT	or	CRLF2F232C	cells	also	resulted	in	an	increasing	

trend	 in	 TSLPR	 expression	 (normalised	 MFI	 from	 83	 to	 128	 and	 200	 to	 266	

respectively,	both	p>0.05).	
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Similarly,	 RQ-PCR	 for	CRLF2	 demonstrated	 a	 significant,	 5.8-fold	 increase	 in	CRLF2	

mRNA	 expression	 in	 CRLF2r+HMGN1	 cells	 (p=0.034).	 Interestingly,	

CRLF2F232C+HMGN1	cells	had	lower	expression	of	CRLF2	mRNA	than	CRLF2r+HMGN1	

cells	(Fig	5D,	p=0.028)	despite	having	equivalent	TSLPR	surface	expression	(Fig	5B),	

indicating	HMGN1	may	be	influencing	post	translational	modifications	in	addition	to	

influencing	 mRNA	 expression.	 These	 results	 suggest	 a	 direct	 link	 exists	 between	

HMGN1	and	CRLF2r	specifically.	

	

In	CRLF2r	or	CRLF2WT	cells,	overexpression	of	HMGN1	resulted	in	increased	levels	of	

phosphorylated	 (p)STAT5	 (CRLF2r:	p<0.001,	CRLF2WT:	p=0.013),	 pERK	 (CRLF2WT	 &	

CRLF2r:	 p<0.001)	 and	 pS6	 kinase	 (CRLF2WT	 &	 CRLF2r:	 p<0.001,	 Fig	 5E-G	 &	 S8).	 A	

decrease	in	H3K9me2	(CRLF2WT:	p<0.001)	and	H3K27me3	(both	p<0.01)	and	increase	

in	H3K9ac	[both	p=0.04	(Fig	5H-J)]	was	also	observed.	The	impact	of	the	addition	of	

HMGN1	was	markedly	different	 in	the	CRLF2F232C	cells.	While	an	increase	in	H3K9ac	

(p=0.028)	was	also	noted	in	CRLF2F232C+HMGN1	cells,	there	was	no	increase	in	pSTAT5,	

or	pERK,	nor	was	there	significant	reductions	in	H3K9me2	or	H3K27me3.	A	significant	

decrease	in	pS6	(p<0.001)	was	noted	in	CRLF2F232C+HMGN1	cells,	suggesting	that	the	

addition	of	HMGN1	to	Ba/F3	CRLF2F232C	cells	impacts	different	pathways.	
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Figure	5:	Characterising	the	signaling	profile	when	HMGN1	is	overexpressed	in	

CRLF2+	Ba/F3	cells.	A)	Factor	independent	growth	was	assessed	by	CellTiter	Glo	2.0®	

proliferation	assay	over	6	days,	culturing	Ba/F3	cells	in	media	in	the	absence	of	IL-3.	
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Absorbance	 reading	 measured	 using	 a	 Perkin	 Elmer	 Victor	 X5	 luminometer.	 B)	

Quantifying	the	surface	expression	of	TSLPR-APC	in	Ba/F3	HMGN1	and	CRLF2	cell	lines	

starved	of	IL-3	for	6	hours	via	flow	cytometry.	C)	Representative	histogram	depicting	

data	displayed	 in	panel	B.	D)	Using	RQ-PCR	to	measure	CRLF2	mRNA	expression	 in	

Ba/F3	 HMGN1	 and	 CRLF2	 cell	 lines	 starved	 of	 IL-3	 for	 6	 hours.	 RQ	 values	 were	

determined	using	housekeeper	actin	expression	and	normalised	to	the	parental	Ba/F3	

control	cell	line.	Phosphorylation	levels	of	STAT5-PE	(E),	ERK-PE	(F),	S6	kinase-APC	

(G),	and	methylation	of	H3K9me2	(H),	H3K27me3	(I)	and	acetylation	of	H3K9-AF647	

(J)	 of	Ba/F3	 cell	 lines	 expressing	CRLF2r	 and/or	HMGN1	measured	by	 intracellular	

flow	cytometry	after	being	starved	of	IL-3	for	6	hours.	All	graphs	represent	the	mean	

of	 biological	 replicate	 of	 n=3	with	 SEM	 error	 bars	 and	 a	 Student’s	 t-test	 was	 used	

between	 each	 Ba/F3	 cell	 line	 and	 its	 corresponding	 +HMGN1	 expressing	 line	 to	

determine	significance,	*p<0.05,	**p<0.01,	***p<0.001.	
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Drug	 targeting	 of	 cells	 co-expressing	 P2RY8-CRLF2	 and	 HMGN1	 using	 a	

combination	of	fedratinib	and	GSK-J4		

Although	a	targeted	 inhibitor	specific	 to	HMGN1	does	not	currently	exist,	decreased	

global	methylation	as	a	result	of	HMGN1	can	be	corrected	by	GSK-J4	(J4),	a	demethylase	

inhibitor,	 as	 demonstrated	 in	 a	 Ba/F3	 model4,19.	 We	 confirmed	 a	 dose	 dependent	

decrease	in	viability	of	Ba/F3	cells	co-expressing	CRLF2+HMGN1	when	treated	with	J4	

(Fig	 6A).	 CRLF2r+HMGN1	 were	 the	 most	 sensitive	 (LD50J4	 3.6	 µM±0.04,	

CRLF2WT+HMGN1	(LD50J4	3.7	µM±0.05)	and	CRLF2F232C+HMGN1	were	the	least	sensitive	

(LD50J4	 4.4	 µM±0.04).	 Inhibition	 of	 de-methylation	 influenced	 signaling,	 as	

demonstrated	 by	 a	 decrease	 in	 pSTAT5	 and	 pS6	 kinase	 (p<0.05)	 and	 a	 significant	

increase	in	pERK	(p<0.05)	when	cells	were	treated	with	J4	for	2	hours	compared	to	the	

vehicle	control	in	all	CRLF2±HMGN1	lines	(Fig	6B-D	&	S9).	Interestingly,	an	increase	in	

H3K9me2	(p<0.05)	was	observed	in	all	J4	treated	cells	(Fig	6E),	despite	HMGN1	having	

no	impact	on	CRLF2F232C	methylation	(Fig	5H-I).	No	change	was	observed	in	H3K27me3	

when	comparing	to	the	vehicle	control	in	CRLF2±HMGN1	lines,	except	for	a	decrease	in	

CRLF2F232C+HMGN1	[p=0.004	(Fig	6F)].	

	

We	demonstrated	that	JAK2	inhibition	could	influence	survival	of	HMGN1	expressing	

cells	 by	 using	 the	 specific	 JAK2	 inhibitor,	 fedratinib,	 in	 a	 cell	 death	 assay.	 The	

LD50fedratinib	in	CRLF2r+HMGN1	cells	was	0.58±0.02	µM	(Fig	6G)	and	CRLF2WT+HMGN1	

lines	was	0.8±0.1	µM.	CRLF2F232C+HMGN1	cells	were	less	sensitive	[LD50	of	1.6±0.07	µM	

(Fig	 6G)],	 but	 still	 within	 the	 clinically	 achievable	 range	 of	 1-3	 µM28.	When	 J4	 and	

fedratinib	 were	 combined,	 a	 significant	 synergistic	 effect	 [Combination	 Index	 CI	

(CI<1)]	was	 observed	 for	 all	 Ba/F3+HMGN1	 expressing	 lines	 (Fig	 6H	&	Table	 SIV);	
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CRLF2r+HMGN1	 (0.3	 µM	 fedratinib+1	 µM	 J4),	 CRLF2WT+HMGN1	 (0.6	 µM	

fedratinib+2.1µM	J4)	and	CRLF2F232C+HMGN1	(0.84	µM	fedratinib+2.1	µM	J4).	

	

CRLF2F232C+HMGN1	cells	exhibited	altered	phosphorylation	of	pSTAT5,	pERK	and	pS6	

kinase,	compared	to	WT	or	CRLF2r+HMGN1	 cells,	but	still	 increased	gene	activation	

marks	H3K9ac	(Fig	5E-G	&	J).	To	determine	the	effect	of	HMGN1	on	CRLF2F232C	cells,	

RQ-PCR	was	performed	on	genes	downstream	of	STAT5.	CDKN1,	MYC,	MCL1	and	BCL2	

were	 significantly	 increased	 (3-5-fold)	 compared	 to	 CRLF2F232C	 cells,	 whereas	 this	

upregulation	was	not	observed	in	CRLF2WT	or	CRLF2r+HMGN1	lines	(Fig	6I).	
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Figure	6:	Effective	targeting	of	Ba/F3	cell	lines	expressing	CRLF2	and	HMGN1	with	

fedratinib	and	GSK-J4	combination	therapy.	The	H3K27	demethylase	inhibitor	GSK-

J4	was	assessed	for	its	ability	to	induce	cell	death	as	assessed	by	AnnexinV/7-AAD	over	

three	days(A).	LD50	determined	using	non-linear	regression	model.	Levels	of	pSTAT5-

PE	(B),	pERK-PE	(C),	pS6	kinase-APC	(D),	H3K9me2-AF647	(E)	or	H3K27me3-AF647	

(F)	measured	by	intracellular	flow	cytometry	in	Ba/F3	cells	harboring	CRLF2	and/or	

HMGN1	after	being	starved	of	IL-3	for	6	hours	and	exposed	to	3	µM	GSK-J4	for	2	hours.	

All	graphs	represent	the	mean	of	biological	replicate	of	n=3	with	SEM	error	bars	and	a	

Student’s	t-test	was	used	between	each	Ba/F3	cell	line	and	its	corresponding	+HMGN1	

expressing	line	to	determine	significance,	*p<0.05,	**p<0.01,	***p<0.001.	The	effect	of	

the	JAK2	inhibitor,	fedratinib	(G),	or	synergistic	combinations	of	fedratinib	and	GSK-J4	

(H)	on	cell	death	was	assessed	by	AnnexinV/7-AAD	over	three	days.	LD50	determined	

using	 non-linear	 regression	 model.	 CalcuSyn	 used	 to	 determine	 synergistic	

combinations	where	*=CI<1.	I)	RQ-PCR	of	STAT5	downstream	genes:	SOCS1,	CDKN1,	

GATA3,	 MYC,	 MCL1,	 BCL2	 and	 VEGFA	 to	 determine	 differential	 mRNA	 expression	

between	 CRLF2	 expressing	 Ba/F3	 cells	 with	 the	 addition	 of	 HMGN1.	 RQ	 values	

determined	using	housekeeper	actin	expression	and	each	+HMGN1	line	normalised	to	

the	corresponding	-HMGN1	control	 line.	Filled	bar	represent	vehicle	control,	hashed	

bars	HMGN1	+	vehicle	and	grey	bars	with	GSK-J4.		
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Discussion	

Genes	 located	 in	 the	Down	 Syndrome	 critical	 region	 of	 chromosome	 21	 have	 been	

implicated	 in	 the	development	of	ALL	 in	DS	patients1,18.	Here,	a	CRISPR/Cas9	KO	of	

HMGN1	in	a	trisomy	21	leukemic	cell	line	(SET-2)	and	xenograft	have	been	generated	

to	develop	a	deeper	understanding	of	the	role	of	HMGN1	in	DS-ALL	development	and	

progression.	To	exclude	the	limitations	of	CRISPR/Cas9	such	as	off-target	effects29,30,	

two	sets	of	gRNAs	targeting	each	gene	have	been	used	and	characterised	in	parallel.	An	

inducible	CRISPR/Cas9	system25	allows	for	the	identification	of	possible	driver	genes	

that	may	be	lethal	to	the	cell	if	knocked-out.	

	

HMGN1	plays	a	central	role	in	cell-cycle	and	transcriptional	events31	and	here,	using	

an	 in	 vitro	HMGN1	 KO	 and	 control	 JAK2	 KO,	 the	 important	 role	 of	 HMGN1	 in	 both	

proliferation	 and	 survival	 pathways	 of	 trisomy	 21	 SET-2	 CRLF2F232C	 cells	 were	

confirmed.	While	the	SET-2	cell	line	is	not	an	ALL	line,	it	is	the	only	trisomy	21	leukemic	

cell	 line	available	 to	model	CRLF2	altered	DS-ALL.	Previous	reports	have	 implicated	

aberrant	 HMGN1	 expression	 in	 the	 transcriptional	 dysregulation	 of	 over	 1000	

genes19,22	 and	 increased	 global	 transcription,	 which	 is	 hypothesised	 to	 enhance	

oncogenesis.	We	hypothesised	pre-leukemic,	 trisomy	21	 cells	 rely	 on	 the	 enhanced	

transcription	 profile	 provided	 by	 the	 increased	 dosage	 of	 HMGN1	 expressed	 from	

chromosome	21,	 to	prime	the	cell	 for	 leukemic	 transformation.	 JAK2	p.V617F	 is	 the	

core	driving	mutation	in	SET-2	cells,	and	hence	KO	of	JAK2	is	expected	to	arrest	cellular	

proliferation.	 Remarkably,	 the	HMGN1	 KO	 in	 SET-2	CRLF2F232C	 cells	 resulted	 in	 the	

same	reduction	in	proliferation	and	cell	survival	in	vitro	as	the	JAK2	KO	cells.	This	is	
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the	 first	 demonstration	 that	 HMGN1	 can	 play	 a	 driving	 role	 in	 a	 hematological	

malignancy.	

	

In	 our	 DS-ALL	 xenograft	 model,	 the	 Cas9	 control	 mice	 at	 day	 35	 demonstrated	

hepatosplenomegaly,	thrombocytopenia	and	anemia,	consistent	with	a	phenotype	of	

DS	 AMKL	 and	 ALL32.	 JAK2	 and	 HMGN1	 KO	 mice	 demonstrated	 a	 rescued	 AMKL	

phenotype	 with	 no	 hepatosplenomegaly,	 cytopenia	 or	 BM	 megakaryoblastic	

infiltration.	SET-2	CRLF2F232C	 leukemic	cells	were	significantly	reduced	in	the	spleen	

and	BM	of	JAK2	or	HMGN1	KO	mice	by	day	10	post	leukemic	engraftment,	while	the	

leukemic	burden	of	Cas9	control	mice	increased	until	they	became	moribund	at	day	35.	

Cells	that	did	not	incur	a	KO	of	JAK2	or	HMGN1	in	vivo	expanded	in	the	BM,	as	evident	

by	the	late	outgrowth,	indicating	either	JAK2	or	HMGN1	expression	provides	a	survival	

advantage	 in	 this	system.	 Importantly,	 consistent	with	our	 in	vitro	data,	HMGN1	KO	

resulted	 in	 the	 same	 proliferative	 arrest	 in	 our	 xenograft	 model	 as	 the	 JAK2	 KO.	

Together,	this	body	of	data	is	the	first	evidence	of	HMGN1	driving	leukemic	cell	growth,	

suggesting	the	need	for	further	investigation	into	its	contribution	to	leukemogenesis	

and	its	potential	as	a	therapeutic	target.	

	

Cytokine	dependent	Pro-B	Ba/F3	cells	allowed	for	assessment	of	HMGN1	gene	dosage	

effects,	as	occurs	in	trisomy	21,	in	combination	with	either	CRLF2WT,	the	P2RY8-CRLF2	

gene	 fusion	 or	 CRLF2F232C.	 The	 P2RY8-CRLF2	 gene	 fusion	 is	 not	 leukemogenic,	 but	

requires	additional	lesions,	such	as	JAK	mutations13,33.	While	overexpression	of	HMGN1	

alone	 in	Ba/F3	 cells	 is	 also	non-transforming,	 co-expression	with	 the	P2RY8-CRLF2	

gene	fusion	or	CRLF2WT	leads	to	cytokine	independence	and	altered	methylation	and	
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signaling	profiles.	Previous	studies	have	established	the	important	role	of	HMGN1	in	

transcriptomic	activation4,19,22,34	and	we	confirm	that	HMGN1	decreases	gene	silencing	

marks	 H3K9me2	 and	 H3K27me3and	 increases	 activation	 mark	 H3K9ac	 when	 co-

expressed	with	CRLF2r	and	 CRLF2WT.	 This	 increase	 in	 gene	 activation	 facilitated	by	

HMGN1	appears	 to	overcome	the	need	 for	an	additional	co-occurring	 lesion	usually	

required	for	P2RY8-CRLF2	to	cause	leukemic	transformation	in	DS-ALL	patients.	

	

Interestingly,	 previous	 reports	 have	 identified	 a	 similar	 pattern	 in	 activation	 of	

constitutive	pSTAT5,	AKT	and	pS6	kinase39	signaling	when	the	P2RY8-CRLF2	fusion	is	

coupled	with	mutations	 in	 JAK213,35-38.	However,	 these	 activated	 signaling	pathways	

were	not	observed	in	CRLF2F232C+HMGN1	cells.	CRLF2F232C	alone	is	a	highly	aggressive	

lesion	in	ALL	and	is	found	in	approximately	9%	of	CRLF2+	DS-ALL	patients10,18.	It	 is	

possible	that	additional	leukemic	events	are	unnecessary	for	cells	with	this	lesion	as	

there	 is	 no	 evolutionary	 pressure	 to	 develop	 a	 secondary	 lesion	 in	 this	 genomic	

subtype,	 or	 that	 HMGN1	 is	 modulating	 other	 mechanisms19,	 such	 as	 directly	

upregulating	mRNA	expression.	An	increase	in	expression	of	CDKN1,	MYC,	MCL1	and	

BCL2	was	identified	in	CRLF2F232C+HMGN1	cells,	indicating	possible	targetability	with	

a	BET	and	BCL2	inhibitor	which	is	being	trialled	in	double	hit	lymphoma40.	

	

A	 significant	 upregulation	 of	 CRLF2	 mRNA	 and	 TSLPR	 was	 unique	 to	 P2RY8-

CRLF2+HMGN1	cells,	demonstrating	the	important	relationship	between	HMGN1	and	

P2RY8-CRLF2.	Further	studies	are	warranted	to	determine	whether	HMGN1	is	having	

a	direct	nucleosome	remodelling	effect	on	the	P2RY8	promotor.	A	previous	report	has	

demonstrated	 HMGN1	 binding	 to	 specific	 gene	 regulatory	 elements	 in	 promoter	
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regions	 to	 modulate	 gene	 regulation	 and	 also	 interact	 with	 transcription	 factors41	

which	we	hypothesise	to	be	the	case	for	HMGN1	binding	to	the	P2RY8	promoter.	This	

could	 indicate	a	 role	 for	HMGN1	 in	 leukemic	development	 rather	 than	progression.	

Recent	studies19	have	shown	that	increased	HMGN1	expression	shifts	B-cells	towards	

a	progenitor	phenotype,	which	is	required	for	ALL	development.	

	

The	involvement	of	HMGN1	in	DS-ALL	progression	and	survival	revealed	here	makes	

it	an	attractive	candidate	 for	 targeted	 therapy.	We	demonstrated	 the	efficacy	of	 the	

inhibitor	J4	against	cells	overexpressing	HMGN14.	J4	is	a	specific	inhibitor	of	JMJD3	and	

UTX23,	 both	 potent	 demethylases	 responsible	 for	 removing	 repressive	 methylation	

marks	from	DNA.	HMGN1s	role	of	unravelling	silenced	chromatin	has	a	similar	effect31	

and	consequently,	cells	overexpressing	HMGN1	are	more	sensitive	to	J44	and	result	in	

a	 significant	 reduction	 pSTAT5	 and	 pS6	 signaling	 which	 has	 not	 previously	 been	

reported.		

	

Furthermore,	 we	 observed	 a	 synergistic	 effect	 between	 J4	 and	 the	 JAK2	 inhibitor,	

fedratinib,	in	CRLF2+HMGN1	cells,	particularly	cells	harboring	P2RY8-CRLF2.	Recently,	

fedratinib	was	the	first	new	drug	approved	for	the	treatment	of	myelofibrosis	in	almost	

10	years42	which	could	be	another	promising	agent	for	CRLF2r	ALL	patients.	Trials	for	

JAK2	 inhibitors	 to	 treat	 CRLF2r	 patients	 have	 been	 conducted	 (NCT02723994	 and	

NCT02420717).	By	combining	fedratinib	and	J4,	a	significant	synergistic	decrease	in	

leukemic	cell	viability	was	observed	at	much	lower	concentrations	than	when	either	

drug	was	used	alone	and	needs	to	be	explored	further	in	vivo.	Such	approaches	would	
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be	invaluable	in	DS-ALL,	where	patients	are	disproportionately	affected	by	toxicities	

from	chemotherapy7,15.	

	

This	 study	 reveals	 the	 critical	 role	 of	 HMGN1	 in	 the	 proliferation	 and	 survival	 of	

trisomy	 21	 CRLF2	 expressing	 cells	 and	 provides	 a	 novel	 target	 for	 improved	

therapeutic	outcomes	for	DS-ALL	patients.	Specifically,	our	results	indicate	the	KO	of	

HMGN1	in	a	CRLF2	DS	leukemia	has	the	ability	to	terminate	leukemic	cell	proliferation	

and	provide	a	survival	advantage	in	our	xenograft	model.	The	involvement	of	HMGN1	

in	 transforming	 the	 transcriptomic	 profile	 to	 upregulate	 CRLF2	 and	 TSLPR	 is	 a	

significant	finding	for	DS-ALL	patients	as	trisomy	21	predisposes	60%	of	patients	to	

develop	P2RY8-CRLF2	ALL.	Interestingly,	the	combination	of	fedratinib	and	J4	was	able	

to	synergistically	instigate	cell	death	in	cells	expressing	CRLF2+HMGN1;	comprising	a	

prospective	 therapeutic	 approach	 for	 DS-ALL	 patients.	 Patients	 with	 DS-ALL	 have	

extremely	poor	outcomes	and	elevated	toxicity	to	chemotherapy,	therefore	a	precision	

or	 genomic	 subset	 specific	 approach	 is	 required.	 As	 demonstrated	 by	 this	 study,	 it	

would	be	extremely	valuable	to	develop	a	targeted	small	molecule	inhibitor	to	HMGN1	

in	order	to	improve	survival	for	this	group	of	high-risk	patients.	

	

Methods		

Cell	lines	and	maintenance	

HEK293T	(ATCC,	Manassas,	VA)	cells	were	maintained	in	DMEM	supplemented	with	

10%	Fetal	Calf	Serum	(FCS).	Jurkat	and	Ba/F3	cells	(DSMZ,	Braunschweig,	Germany)	

were	maintained	in	RPMI	supplemented	with	10%	FCS	and	Ba/F3	cells	supplemented	

5%	WEHI-3B	conditioned	media	as	a	source	of	murine	IL-343.	The	trisomy	21	acute	
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megakaryoblastic	 leukemia	(AMKL)	cell	 line	with	 JAK2	p.V617F,	SET-2	(DSMZ),	was	

maintained	in	RPMI	supplemented	with	20%	FCS.	All	cell	line	media	contained	200	mM	

L-Glutamine	(SAFC	Biosciences),	5000	U/mL	penicillin	and	5000	µg/mL	streptomycin	

sulphate.	

	

Constructing	the	FgH1tUTG	gRNA	vector	

The	Benchling	gRNA	design	tool	(Biology	Software,	2019,	https://benchling.com)	was	

used	to	design	two	sets	of	20	bp	gRNAs	targeting	exon	5	of	HMGN1	or	JAK2	(Table	SII)	

with	5’	Esp3I	restriction	sites.	The	FUCas9Cherry	and	FgH1tUTG	plasmids	were	a	gift	

from	Marco	Herold	(Addgene,	Watertown,	MA)	(29).	FgH1tUTG	vector	was	digested	

with	Esp3I	and	rSAP	(New	England	Biolabs	(NEB),	Notting	Hill,	VIC)	for	1	hour	at	37°C.	

The	 complementary	 gRNAs	were	 phosphorylated	 at	 a	 final	 concentration	 of	 10	 µM	

using	 T4	 PNK	 (NEB),	 then	 diluted	 1:125	 with	 nuclease	 free	 water.	 Five	 ng/µL	 of	

FgH1tUTG	 vector	was	 digested	with	 0.8	 pmol	 of	 diluted	 gRNA	 and	 ligated	with	 T4	

ligase	overnight	(NEB)	at	4°C.	

	

Site	directed	mutagenesis	

The	 NEBaseChanger®	 tool	 was	 used	 to	 design	 mutagenesis	 primers	 (Table	 SII)	 to	

create	CRLF2	p.F232C.	The	pRufIRES-WT-CRLF2-mCherry	vector	was	used	as	template	

for	the	mutagenesis	reaction,	and	the	Q5	Site	Directed	Mutagenesis	Kit	(NEB)	was	used	

according	to	the	manufacturer’s	instructions.	

	

Viral	Transduction	
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Retrovirus	or	lentivirus	was	produced	by	transfecting	1	x	106	HEK293T	cells	in	5	mL	

recipient	cell	media	in	a	T25	culture	flask	with	4	µg	of	the	pRUF-IRES-CRLF2	p.F232C	

vector,	 4	 µg	 of	 the	 pEQ-Eco	 packaging	 vector	 and	 20	 µL	 lipofectamine	 (Invitrogen,	

Carlsbad,	CA)	or	5.5	µg	of	the	FuCas9mCherry	vector	and	FgH1tUTG	gRNA	vector,	with	

packaging	constructs	pMD2.G	(2.25	µg),	pMDL-PRRE	(3.375	µg)	and	pRSV-REV	(1.575	

µg)	with	30	µL	lipofectamine	respectively.	Viral	supernatant	was	harvested	48	hours	

post	transfection,	spun	and	passed	through	a	0.45	µm	filter.	Jurkat	or	SET-2	cells	at	a	

concentration	of	 5	 x	 105/mL	or	Ba/F3	 cells	 at	 a	 concentration	of	 3	 x	105/mL	were	

centrifuged	 at	 1800rpm	 for	 1	 hour	 with	 30	 µg/mL	 polybrene	 in	 4	 mL	 of	 viral	

supernatant	in	a	6-well	plate	at	room	temperature.	Cells	were	washed	24	hours	later	

and	sub-cultured	in	original	media.	SET-2	CRLF2	p.F232C	and	Jurkat	cells	were	sorted	

at	a	concentration	of	1	x	107/mL	in	RPMI	and	2%	FCS	on	a	BD	FACSAria™	for	GFP	and	

mCherry	double	positive	cells	and	Ba/F3	cells	were	sorted	for	GFP	and	TSLPR	at	>95%	

purity.	

	

Animal	Model	

Experiments	 with	 mice	 were	 conducted	 according	 to	 the	 guidelines	 of	 the	 South	

Australian	Health	and	Medical	Research	Institute	animal	ethics	committee.	The	pCDH-

EF1a-eFFly-eGFP	 vector	 was	 a	 gift	 from	 Irmela	 Jeremias	 (Addgene)24.	 NOD.Cg-

PrkdcscidIl2rgtm1Wjl/SzJ	(NSG)	mice	(The	Jackson	Laboratory)	were	treated	with	0.1	mg	

Baytril	 in	 0.9%	 sodium	 chloride	 per	 10	 g	 bodyweight	 prior	 to	 sub-lethal	 gamma-

irradiation	 at	 200	 cGy.	 SET-2	 CRLF2	 p.F232C	 CRISPR/Cas9	 cells	 transduced	 with	

pCDH-EF1a-eFFly-eGFP	to	express	firefly	luciferase	(3x105	cells)	were	injected	into	the	

tail	vein	of	NSG	mice	(Cas9	n=6,	HMGN1	KO	n=5,	 JAK2	KO	n=4).	Mice	were	 injected	
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intraperitoneally	with	0.2	mL	of	30	mg/mL	D-Luciferin	(BioSynth,	Staad,	SG)	in	1xPBS	

prior	to	5%	isoflurane	administration	at	2	L/min.	Mice	were	subsequently	imaged	for	

bioluminescence	using	a	Perkin	Elmer	IVIS	imager	and	analysed	using	Living-Image®	

software	by	measuring	radiance	(photons/second/cm2/steradian)	quantified	over	the	

whole	animal	normalised	to	the	background	signal.	Tumor	engraftment	was	confirmed	

on	 day	 10	 when	 bioluminescent	 imaging	 had	 reached	 a	 radiance	 of	 ~1x104	

photons/second/cm2/steradian	 and	 tumor	 burden	was	 visible	 in	 the	 bone	marrow	

(BM).	 On	 day	 11,	 100	 µg	 doxycycline	 in	 0.9%	 sodium	 chloride	 was	 administered	

intraperitoneally	to	activate	the	gRNAs	for	knockout	(KO)	induction.	Leukemic	burden	

was	 monitored	 with	 ongoing	 bioluminescent	 imaging	 twice	 weekly.	 Mice	 were	

maintained	 on	 0.3	 mg/mL	 Baytril	 supplemented	 water	 for	 the	 duration	 of	 the	

experiment.	Animals	were	monitored	daily	and	were	euthanized	when	moribund.	A	

cardiac	 bleed	 and	 complete	 blood	 count	were	 performed	 and	 spleen,	 liver	 and	 BM	

harvested.	 Formalin	 fixed	 organ	 sections	were	 stained	with	 hematoxylin	 and	 eosin	

(H&E).	

	

Genome	targeting	efficiency	assay	

SET-2	CRLF2	p.F232C	and	Jurkat	cells	containing	Cas9	and	gRNA	vectors	for	JAK2	or	

HMGN1	(Table	SI)	were	exposed	to	aqueous	1	µg/mL	doxycycline	hyclate	(dox)	(Sigma-

Aldrich,	St.	Louis,	MO)	for	72	hrs	to	induce	a	frameshift	mutation.	Genomic	DNA	was	

isolated	from	dox	treated	cells	by	phenol	chloroform	extraction	and	the	targeted	exon	

of	 JAK2	 or	 HMGN1	 was	 amplified	 via	 PCR	 using	 Phusion	 kit	 (NEB)	 using	 primer	

sequences	outlined	in	Table	SII.	Heteroduplexes	were	formed	by	denaturing	and	re-

annealing	 the	 exon	 amplification	 PCR	 product	 which	 was	 digested	 with	 T7	
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endonuclease	 (NEB).	The	 resulting	products	were	gel	purified	using	a	QIAquick	gel	

extraction	kit	(Qiagen,	Venlo,	NL)	and	Sanger	sequenced.	Synthego	Performance	ICE	

Analysis	 (V2.0.	 Synthego;	 2019)	 was	 used	 to	 determine	 the	 percentage	 of	 the	

population	 containing	 insertion/deletions	 (indels)	with	 a	 knockout	 score	 above	 50	

indicating	a	successful	gene	knockout.	

	

Western	blotting	

Total	 protein	 lysates	 from	 cell	 lines	were	 prepared	 in	NP40	 lysis	 buffer	 containing	

protease	and	phosphatase	inhibitors	(Table	SI).	Lysates	were	quantified	using	the	DC	

Assay	 (BioRad,	 Hercules,	 CA)	 and	 measured	 on	 the	 Perkin	 Elmer	 Victor	 X5	

luminometer.	Total	protein	lysates	were	separated	via	4–15%	Criterion™	TGX	Stain-

Free™	Protein	Gel	(BioRad)	and	transferred	to	PVDF	membrane	via	BioRad	TransBlot-

Turbo.	 Membranes	 were	 blocked	 in	 Odyssey®	 Blocking	 Buffer	 (Millenium	 Science,	

Mulgrave,	 VIC)	 and	 probed	 with	 antibodies	 purchased	 from	 (Cell	 Signalling	

Technologies	 (CST),	 Table	 SIII)	 compared	 to	 Chameleon	 Duo	 Marker	 (Millenium	

Science).	Membranes	were	 imaged	 on	 a	 Li-Cor	Odyssey®	 CLx	 Infrared	 scanner	 and	

quantified	using	ImageStudio™	software.	

	

Real	Time	PCR	Analysis	

RNA	was	isolated	from	transduced	Ba/F3	cells	using	TRIzol®	(Invitrogen)	and	cDNA	

was	synthesised	using	Quantitect	reverse	transcriptase	(Qiagen).	SYBR	green	reagents	

(Qiagen)	were	used	with	10	µM	qPCR	primers	outlined	in	Table	SII.	

	

Proliferation	assay	
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Jurkat	cells	were	seeded	at	390	cells/mL	in	a	24-well	plate	and	SET-2	cells	were	seeded	

at	12,500	cells/mL	in	1	ml	in	duplicate.	On	days	0,	2,	4	and	6,	20	µL	of	CellTiter-Glo	

2.0®	reagent	(Promega,	Madison,	WI)	was	added	to	20	µL	of	cell	suspension.	Following	

30	min	incubation	in	the	dark,	luminescence	was	measured	on	a	Perkin	Elmer	Victor	

X5	luminometer	set	to	luminescence	at	0.1	seconds.	

	

Flow	cytometric	analysis	of	Annexin	V	/	7AAD	staining,	intracellular	staining	analysis		

Cell	death	was	assessed	by	seeding	Jurkat	cells	at	8x104	cells/mL	and	SET-2	cells	at	

6x105	cells/mL	in	a	96-well	plate	with	doxycycline	and	incubated	for	6-days.	Cells	were	

then	 stained	with	 0.1	 µL	 Aqua	 LIVE/DEAD™	 diluted	 1:10	 in	 water	 (ThermoFisher,	

Waltham,	MA)	and	analysed	on	a	FASCanto™	analyser.	Ba/F3	cell	death	was	assessed	

by	seeding	at	3.5x104	cells/mL	in	a	96-well	plate	with	a	dose-response	of	drug	(in	the	

presence	of	0.5%	IL-3	conditioned	supernatant	if	required)	for	a	3-day	cell	death	assay.	

At	72	hours	cells	were	stained	with	0.4	µL	AnnexinV-PE	(BD,	Franklin	Lakes,	NJ)	and	

0.04	µL	7-AAD	(ThermoFisher)	in	20	µL	HANKS	with	1%	HEPES	and	5%	CaCl2.	Drug	

synergy	was	calculated	using	CalcuSyn	where	the	combination	index	(CI)	<1	indicated	

synergy.	 Following	 a	 6-hour	 starvation	 of	 Ba/F3	 cells	 were	 fixed	 with	 a	 final	

concentration	 of	 1.6%	 paraformaldehyde	 for	 10	 mins,	 washed	 in	 1xPBS	 and	 then	

permeabilised	 with	 80%	 methanol	 overnight	 at	 -80°C.	 Cells	 were	 then	 washed	 in	

1xPBS,	 and	 subsequently	 in	 1xPBS/1%	 bovine	 serum	 albumin	 (BSA).	 Cells	 were	

stained	with	antibodies	outlined	in	Table	SIII	and	all	intracellular	staining	was	carried	

out	in	the	dark,	on	ice,	for	60	mins	at	room	temperature	in	1xPBS/1%	BSA.	Cells	were	

washed	in	1xPBS	before	reading	on	a	BD	FACSCanto™	analyser.	

Quantification	and	Statistical	Analysis	



Chapter	2:	HMGN1	is	necessary	for	leukemic	cell	transformation	and	proliferation	in	CRLF2	related	

Down	Syndrome	leukemia	
	

	 54	

GraphPad	 Prism	 software	 Version	 8.4.0©	 (GraphPad	 Software	 Inc.)	 and	 FlowJo	

software	version	10.6.1	(FlowJo	LLC)	were	used	for	analyses.	All	assays	were	carried	

out	in	triplicate	and	graphs	represent	the	median	value	or	mean	with	stand	error	of	the	

mean	(SEM)	error	bars	as	indicated	in	the	figure	legends.	Unpaired	t-test	was	used	to	

determine	the	difference	between	experimental	groups.	Kaplan-Meier	survival	curve	

was	analysed	using	log-rank	test.	Differences	were	considered	statistically	significant	

when	the	p-value	was	<0.05.	*p<0.05,	**p<0.01,	***p<0.001.	

	

Materials	and	Correspondence	

Additional	 data	 and	 requests	 for	 resources	 should	 be	 directed	 to	 the	 lead	 contact,	

Deborah	White	(deborah.white@sahmri.com).	Materials	can	be	obtained	via	material	

transfer	 agreement	 from	 authors’	 institutions	 upon	 reasonable	 request	 to	

corresponding	authors.	
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Supplementary	Methods	

Cell	lines	and	maintenance	

HEK293T	(ATCC,	Manassas,	VA)	cells	were	maintained	in	DMEM	supplemented	with	

10%	Fetal	Calf	Serum	(FCS).	Jurkat	and	Ba/F3	cells	(ATCC)	were	maintained	in	RPMI	

supplemented	with	10%	FCS	and	Ba/F3	cells	supplemented	5%	WEHI-3B	conditioned	

media	as	a	source	of	murine	IL-343.	The	trisomy	21	acute	megakaryoblastic	leukemia	

(AMKL)	 cell	 line	 with	 JAK2	 p.V617F,	 SET-2	 (ATCC),	 was	 maintained	 in	 RPMI	

supplemented	with	20%	FCS.	All	cell	line	media	contained	200	mM	L-Glutamine	(SAFC	

Biosciences),	5000	U/mL	penicillin	and	5000	µg/mL	streptomycin	 sulphate.	All	 cell	

lines	were	mycoplasma	negative	according	to	MycoAlert™	Mycoplasma	Detection	Kit	

(Lonza,	Basel,	Switzerland).	

		

Constructing	the	FgH1tUTG	gRNA	vector	

The	Benchling	gRNA	design	tool	(Biology	Software,	2019,	https://benchling.com)	was	

used	to	design	two	sets	of	20	bp	gRNAs	targeting	exon	5	of	HMGN1	or	JAK2	(Table	SII)	

with	5’	Esp3I	restriction	sites.	The	FUCas9Cherry	and	FgH1tUTG	plasmids	were	a	gift	

from	Marco	Herold	 (Addgene)	 (29).	 FgH1tUTG	 vector	was	 digested	with	Esp3I	 and	

rSAP	 (New	 England	 Biolabs	 (NEB),	 Notting	 Hill,	 VIC)	 for	 1	 hour	 at	 37°C.	 The	

complementary	gRNAs	were	phosphorylated	at	a	final	concentration	of	10	µM	using	

T4	PNK	(NEB),	then	diluted	1:125	with	nuclease	free	water.	Five	ng/µL	of	FgH1tUTG	

vector	was	digested	with	0.8	pmol	of	diluted	gRNA	and	ligated	with	T4	ligase	overnight	

(NEB)	at	4°C.	

		

Site	directed	mutagenesis	
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The	 NEBaseChanger®	 tool	 was	 used	 to	 design	 mutagenesis	 primers	 (Table	 SII)	 to	

create	CRLF2	p.F232C.	The	pRufIRES-WT-CRLF2-mCherry	vector	was	used	as	template	

for	the	mutagenesis	reaction,	and	the	Q5	Site	Directed	Mutagenesis	Kit	(NEB)	was	used	

according	to	the	manufacturer’s	instructions.	

		

Viral	Transduction	

Retrovirus	or	lentivirus	was	produced	by	transfecting	1	x	106	HEK293T	cells	in	5	mL	

recipient	cell	media	in	a	T25	culture	flask	with	4	µg	of	the	pRUF-IRES-CRLF2	p.F232C	

vector,	 4	 µg	 of	 the	 pEQ-Eco	 packaging	 vector	 and	 20	 µL	 lipofectamine	 (Invitrogen,	

Carlsbad,	CA)	or	5.5	µg	of	the	FuCas9mCherry	vector	and	FgH1tUTG	gRNA	vector,	with	

packaging	constructs	pMD2.G	(2.25	µg),	pMDL-PRRE	(3.375	µg)	and	pRSV-REV	(1.575	

µg)	with	30	µL	lipofectamine	respectively.	Viral	supernatant	was	harvested	48	hours	

post	transfection,	spun	and	passed	through	a	0.45	µm	filter.	Jurkat	or	SET-2	cells	at	a	

concentration	of	 5	 x	 105/mL	or	Ba/F3	 cells	 at	 a	 concentration	of	 3	 x	105/mL	were	

centrifuged	 at	 1800rpm	 for	 1	 hour	 with	 30	 µg/mL	 polybrene	 in	 4	 mL	 of	 viral	

supernatant	in	a	6-well	plate	at	room	temperature.	Cells	were	washed	24	hours	later	

and	sub-cultured	in	original	media.	SET-2	CRLF2	p.F232C	and	Jurkat	cells	were	sorted	

at	a	concentration	of	1	x	107/mL	in	RPMI	and	2%	FCS	on	a	BD	FACSAria™	for	GFP	and	

mCherry	double	positive	cells	and	Ba/F3	cells	were	sorted	for	GFP	and	TSLPR	at	>95%	

purity.	

	

Genome	targeting	efficiency	assay	

SET-2	CRLF2	p.F232C	and	Jurkat	cells	containing	Cas9	and	gRNA	vectors	for	JAK2	or	

HMGN1	(Table	SI)	were	exposed	to	aqueous	1	µg/mL	doxycycline	hyclate	(dox)	(Sigma-
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Aldrich,	St.	Louis,	MO)	for	72	hrs	to	induce	a	frameshift	mutation.	Genomic	DNA	was	

isolated	from	dox	treated	cells	by	phenol	chloroform	extraction	and	the	targeted	exon	

of	 JAK2	 or	 HMGN1	 was	 amplified	 via	 PCR	 using	 Phusion	 kit	 (NEB)	 using	 primer	

sequences	outlined	in	Table	SII.	Heteroduplexes	were	formed	by	denaturing	and	re-

annealing	 the	 exon	 amplification	 PCR	 product	 which	 was	 digested	 with	 T7	

endonuclease	 (NEB).	The	 resulting	products	were	gel	purified	using	a	QIAquick	gel	

extraction	kit	(Qiagen,	Venlo,	NL)	and	Sanger	sequenced.	Synthego	Performance	ICE	

Analysis	 (V2.0.	 Synthego;	 2019)	 was	 used	 to	 determine	 the	 percentage	 of	 the	

population	 containing	 insertion/deletions	 (indels)	with	 a	 knockout	 score	 above	 50	

indicating	a	successful	gene	knockout.	

		

Western	blotting	

Total	 protein	 lysates	 from	 cell	 lines	were	 prepared	 in	NP40	 lysis	 buffer	 containing	

protease	and	phosphatase	inhibitors	(Table	SI).	Lysates	were	quantified	using	the	DC	

Assay	 (BioRad,	 Hercules,	 CA)	 and	 measured	 on	 the	 Perkin	 Elmer	 Victor	 X5	

luminometer.	Total	protein	lysates	were	separated	via	4–15%	Criterion™	TGX	Stain-

Free™	Protein	Gel	(BioRad)	and	transferred	to	PVDF	membrane	via	BioRad	TransBlot-

Turbo.	 Membranes	 were	 blocked	 in	 Odyssey®	 Blocking	 Buffer	 (Millenium	 Science,	

Mulgrave,	 VIC)	 and	 probed	 with	 antibodies	 purchased	 from	 (Cell	 Signalling	

Technologies	 (CST),	 Table	 SIII)	 compared	 to	 Chameleon	 Duo	 Marker	 (Millenium	

Science).	Membranes	were	 imaged	 on	 a	 Li-Cor	Odyssey®	 CLx	 Infrared	 scanner	 and	

quantified	using	ImageStudio™	software.	
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Real	Time	PCR	Analysis	

RNA	was	isolated	from	transduced	Ba/F3	cells	using	TRIzol®	(Invitrogen)	and	cDNA	

was	synthesised	using	Quantitect	reverse	transcriptase	(Qiagen).	SYBR	green	reagents	

(Qiagen)	were	used	with	10	µM	qPCR	primers	in	Table	SII.	

		

Proliferation	assay	

Jurkat	cells	were	seeded	at	390	cells/mL	in	a	24-well	plate	and	SET-2	cells	were	seeded	

at	12,500	cells/mL	in	1	ml	in	duplicate.	On	days	0,	2,	4	and	6,	20	µL	of	CellTiter-Glo	

2.0®	reagent	(Promega,	Madison,	WI)	was	added	to	20	µL	of	cell	suspension.	Following	

30	min	incubation	in	the	dark,	luminescence	was	measured	on	a	Perkin	Elmer	Victor	

X5	luminometer	set	to	luminescence	at	0.1	seconds.	

		

Statistical	Analysis	

GraphPad	 Prism	 software	 Version	 8.4.0©	 (GraphPad	 Software	 Inc.)	 and	 FlowJo	

software	version	10.6.1	(FlowJo	LLC)	were	used	for	analyses.	All	assays	were	carried	

out	in	triplicate	and	graphs	represent	the	median	value	or	mean	with	stand	error	of	the	

mean	(SEM)	error	bars	as	indicated	in	the	figure	legends.	Unpaired	t-test	was	used	to	

determine	the	difference	between	experimental	groups.	Kaplan-Meier	survival	curve	

was	analysed	using	log-rank	test.	Differences	were	considered	statistically	significant	

when	the	p-value	was	<0.05.	*p<0.05,	**p<0.01,	***p<0.001.	
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Supplementary	Figure	1:	Generation	of	a	SET-2	CRLF2	p.F232C	CRISPR/Cas9	cell	

line	model.	A)	surface	Expression	of	TSLPR	in	SET-2	cells	and	SET-2	cells	transduced	

with	 the	 CRLF2	 p.F232C	 mutation	 measured	 by	 flow	 cytometry.	 B)	 SET-2	 CRLF2	

p.F232C	 or	 Jurkat	 (C)	 cells	 were	 transduced	 with	 the	 FuCas9mCherry	 vector	 and	

FgH1tUTG	gRNA	encoding	GFP	and	gRNAs	targeting	JAK2	or	HMGN1.	Cells	were	sorted	

using	the	FACSAria™	cells	expressing	both	mCherry	and	GFP.	
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Supplementary	Figure	2:	Confirming	on	target	effects	of	HMGN1	gRNA	in	SET-2	

and	 Jurkat	 knockout	 cells	 by	 screening	HMGN2	 expression.	A)	 RQ-PCR	used	 to	

measure	HMGN2	expression	in	SET-2	CRLF2	p.F232C	HMGN1	KO	and	Jurkat	HMGN1	

KO	cells	compared	to	their	respective	Cas9	control	cells.	RQ	values	determined	using	

housekeeper	actin	expression	and	normalised	to	the	Cas9	control	cell	lines.	B)	Viable	

cells	from	Aqua	LIVE/DEAD™	cell	death	assay	when	gRNA	was	induced	at	day	0	to	day	

3	and	6	in	Jurkat	cells.	All	graphs	represent	the	mean	of	biological	replicate	n=3	with	

SEM	error	bars,	*p<0.05,	**p<0.01,	***p<0.001	using	t-test	comparing	the	gRNA	lines	

to	the	Cas9	control	line.		
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Supplementary	Figure	3:	Immunoblotting	confirms	reduced	protein	expression	

of	JAK2	or	HMGN1	following	either	JAK2	and	HMGN1	knockout	in	SET-2	CRLF2	

p.F232C	and	Jurkat	cell	lines.	Western	blotting	for	total	JAK2	and	HMGN1	KOs	in	SET-

2	CRLF2	p.F232C	and	Jurkat	cells	compared	to	GAPDH	housekeeper	protein.	Western	

blots	imaged	on	a	LiCor	Odyssey®	are	representative	of	biological	replicate	n=3.	
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Supplementary	Figure	4:	Assessing	protein	expression	and	proliferation	of	JAK2	

and	HMGN1	 knockouts	 in	 SET-2	 CRLF2	 p.F232C	 and	 Jurkat	 cell	 lines	 using	 a	

second	 gRNA	 to	 confirm	 specificity,	 efficacy	 and	 targeted	 effects	 of	 gRNA.	A)	

Western	blotting	using	a	LiCor	Odyssey®	and	 ImageStudio™	software	 for	 total	 JAK2	

and	HMGN1	KOs	in	SET-2	and	Jurkat	cells	compared	to	GAPDH	housekeeper	protein	

and	relative	to	another	two	gene	knockout	lines,	DYRK1A	and	ERG.	Western	blots	are	

representative	of	biological	replicate	n=3.	Highlighted	box	indicates	relevant	KO	line	

for	each	protein	probed	for.	B)	Quantification	of	western	blotting	using	ImageStudio™	
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for	JAK2	and	HMGN1	KOs	in	SET-2	cells	relative	to	GAPDH	housekeeper	protein.	All	

graphs	show	mean	of	n=3	with	SEM	error	bars.	The	fold	change	in	proliferation	of	SET-

2	(C)	and	control	Jurkat	cells	(D)	when	a	second	JAK2	or	HMGN1	gRNA	was	induced	

with	doxycycline	over	120	hours.	Absorbance	reading	measured	using	a	Perkin	Elmer	

Victor	X5	luminometer.	
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Supplementary	Figure	5:	Pilot	Study	to	assess	in	vivo	HMGN1	knockout	in	SET-2	

CRLF2	p.F232C	cells.	A)	Bioluminescent	Imaging	of	NSG	mice	engrafted	with	SET-2	

CRLF2	p.F232C	cells	with	Cas9	only,	or	with	a	HMGN1	gRNA.	Doxycycline	administered	

on	day	11	to	induce	KO.	Images	captured	using	a	Perkin	Elmer	IVIS	Imager	and	Living	
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Image®	software.	*	indicates	images	taken	on	day	16.	B)	Luminescent	data	normalised	

to	the	background	signal.	t-test	used	to	calculate	significance.	Day	13	prone:	p=0.001,	

supine:	p=0.011,	day	17:	prone	and	supine:	p=0.009,	day	20	prone:	p=0.005,	supine:	

p=0.02.	JAK2	KO	data	not	plotted	due	to	non-significant	number	of	mice	remaining	after	

day	 12.	 C)	 Prone	 view	 BLI	 quantification	 of	 experimental	 study	 normalised	 to	

background	 signal	 and	 luminescence	 signal	 of	 cell	 lines	 injected.	 Graph	 represents	

median,	*p<0.05,	**p<0.01,	***p<0.001	using	t-test	comparing	the	KO	mice	to	the	Cas9	

control	mice.		
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Supplementary	 Figure	 6:	 Analysis	 of	HMGN1	 CRISPR/Cas9	 gene	 editing	 from	

HMGN1	KO	mouse	organs.	A)	Spleens	harvested	from	Cas9	control	mice	demonstrate	

white	megakaryoblast	growths,	whereas	JAK2	or	HMGN1	KO	mice	spleens	have	a	small	

appearance	 at	 day	 35.	B)	Bioluminescent	 Imaging	 indicates	 a	 non-lethal	 knockout	

isoform	of	HMGN1	results	in	outgrowth	of	leukemic	cells	in	BM	of	HMGN1	knockout	
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mice	at	27	days	post	engraftment.	C)	HMGN1	was	amplified	from	gDNA	extracted	from	

mouse	organ	harvested	cells	harvested	at	day	52	and	56	via	PCR	and	electrophorized	

on	an	agarose	gel.	The	product	was	denatured	and	reannealed	and	mismatched	DNA	

was	digested	with	T7	endonuclease	to	reveal	indels.	Sanger	sequencing	of	WT	HMGN1	

300	bp	band	(D)	and	HMGN1	with	69	bp	deletion	(E).	Synthego	ICE	analysis	used	to	

determine	the	KO	score	and	percentage	of	indels	in	the	forwards	(F)	and	reverse	(G)	

sequence	of	HMGN1	∆	69	bp.	
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Supplementary	 Figure	 7:	 Confirming	 overexpression	 of	HMGN1	 in	 transduced	

Ba/F3	 cells.	 A)	 HMGN1	 overexpression	 in	 Ba/F3	 cells	 increase	 HMGN1	 mRNA	

expression.	RQ	values	determined	using	housekeeper	actin	expression	and	normalised	

to	 the	 parental	 Ba/F3	 control	 cell	 line.	 Graph	 represents	 the	 mean	 of	 biological	

replicate	 of	 n=3	 with	 SEM	 error	 bars.	 *p<0.05,	 **p<0.01,	 ***p<0.001	 using	 t-test	

comparing	the	-HMGN1	line	to	the	+HMGN1	line.	B)	Measuring	the	surface	expression	

of	 TSLPR	 in	 transduced	 Ba/F3	 cell	 lines	 via	 flow	 cytometry.	 Histogram	 represents	

biological	replicate	of	n=3.		
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Supplementary	 Figure	 8:	 Characterising	 signaling	 profiles	 of	 Ba/F3	 cells	with	

CRLF2	±	HMGN1.	Ba/F3	cells	were	starved	of	IL-3	for	six	hours	to	determine	effect	of	

HMGN1	 expression	 on	 signaling	 pathways.	 pSTAT5,	 pERK,	 pS6	 kinase,	 H3K9ac,	

H3K9me2	and	H3K27me3	were	measured	by	intracellular	flow	cytometry.	WT	CRLF2	

(A),	 CRLF2r	 (B)	 and	 CRLF2F232C	 (C).	 Representative	 histograms	 from	 biological	

replicate	of	n=3.	
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Supplementary	Figure	9:	Profiling	signaling	changes	in	Ba/F3	cells	with	CRLF2	±	

HMGN1,	with	or	without	GSK-J4	treatment.	Ba/F3	cells	were	starved	of	IL-3	for	six	

hours	 to	 determine	 effect	 of	 HMGN1	 expression	 and/or	 2-hour	 GSK-J4	 treatment.	
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pSTAT5,	 pERK,	 pS6	 kinase,	 H3K9ac,	 H3K9me2	 and	 H3K27me3	 were	 measured	 by	

intracellular	 flow	 cytometry.	 WT	 CRLF2	 (A),	 CRLF2r	 (B)	 and	 CRLF2F232C	 (C).	

Representative	histograms	from	biological	replicate	of	n=3.	
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Supplementary	Table	IV:	Synergistic	combinations	of	fedratinib	and	GSK-J4	on	Ba/F3	

HMGN1	and	CRLF2	cell	 lines	were	identified	using	CalcuSyn	where	CI<1.	Synergistic	

concentrations	are	highlighted	in	bold	text;	red	text	indicates	synergistic	concentration	

at	LD50.	
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Abstract	

Gene	fusions	are	an	integral	part	of	acute	lymphoblastic	leukemia	(ALL)	pathogenesis	

and	have	allowed	for	risk-stratified	subtypes	to	be	identified.	CRISPR/Cas9	presents	

the	opportunity	to	model	ALL	gene	fusions	endogenously	rather	than	overexpressing	

them	in	a	cell-line.	We	efficiently	generate	a	320	KB	deletion	in	the	pseudoautosomal	

region	of	the	X/Y	chromosome	in	leukemic	cells	resulting	in	the	purinergic	receptor	

and	cytokine	receptor-like	factor-2	(P2RY8-CRLF2)	gene	fusion	found	in	60%	of	Down	

Syndrome	 (DS)	 ALL	 patients.	 CRISPR/Cas9	 generated	 P2RY8-CRLF2	 cells	 exhibit	

increased	 proliferation,	 thymic	 stromal	 lymphopoietin	 receptor	 expression	 and	

JAK/STAT	signaling	consistent	with	patient	P2RY8-CRLF2	cells.	We	use	this	model	to	

investigate	potential	oncogenes	cooperating	with	P2RY8-CRLF2	in	DS-ALL	such	as	the	

high	mobility	group	nucleosome	binding-protein	1	(HMGN1)	and	validate	HMGN1	as	a	

potential	 predisposing	 factor	 to	 P2RY8-CRLF2	 development.	 Using	 CRISPR/Cas9	 to	

model	 gene	 fusions	 provides	 valuable	 insight	 into	 their	 functions	 and	 a	 clinically	

relevant	tool	for	further	studies.	 	
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Introduction	

The	genome	engineering	system	CRISPR/Cas91,	2	has	delivered	the	potential	to	create	

permanent,	precise	changes	in	a	living	cell,	with	reduced	off	target	effects	compared	to	

RNA	 interference	 (RNAi)3.	 CRISPR/Cas9	 has	 the	 potential	 to	 revolutionise	

personalised	medicine	with	the	ability	to	model	individual	patient	mutations	or	gene	

rearrangements	in	vitro	or	in	vivo.	This	application	can	result	in	physiological	level	of	

fusion	 gene	 expression	 for	 precise	 study	 and	 drug	 testing.	 Currently,	 acute	

lymphoblastic	leukemia	(ALL)	modelling	relies	on	the	use	of	viral	expression	vectors	

which	risks	insertional	mutagenesis,	and	also	elicits	a	host	immune	response	in	the	cell	

line,	which	can	unintentionally	change	the	expression	patterns	of	other	genes	in	the	

cell4.	Modelling	 loss	of	 function	 tumor	suppressors	or	gain	of	 function	oncogenes	 is	

fundamental	to	studying	cancer,	and	CRISPR/Cas9	has	streamlined	this	process	with	

higher	 efficacy	 than	 technologies	 including	 zinc	 finger	 nucleases	 and	 transcription-

activator-like	effector	nucleases3,	5.	Although	many	groups6-8	have	used	CRISPR/Cas9	

to	 create	 or	 reverse	 interchromosomal	 translocations,	 or	 CRISPR	 directed	

mutagenesis9,	10	to	model	gene	variants,	including	the	chronic	myeloid	leukemia	gene	

fusion,	 BCR-ABL111,	 or	 to	 induce	 the	 p.T315I	 mutation12,	 this	 technology	 has	 only	

recently	 been	 applied	 to	 acute	 myeloid	 leukemia	 (AML)	 gene	 fusions	 and	

translocations,	but	not	acute	lymphoblastic	leukemia	(ALL).	A	lentiviral	CRISPR/Cas9	

approach	was	used	to	induce	the	ALL	MLL-AF9	fusion	gene	to	demonstrate	its	role	in	

tumorigenesis13	 which	 was	 previously	 modelled	 using	 TALENs14,	 establishing	 the	

benefit	of	modelling	leukemic	fusion	genes	to	inform	disease	outcome.	
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ALL	 is	 frequently	 characterised	 by	 gene	 fusions	 resulting	 in	 upregulated	 cell	

signaling15.	A	particular	gene	fusion	found	in	5-16%	of	ALL	patients16-18	occurs	when	a	

320	KB	deletion	 in	 the	 pseudoautosomal	 region	 (PAR1)	 of	 the	X	 or	 Y	 chromosome	

arises,	resulting	in	the	coding	sequence	of	cytokine	receptor	like	factor	2	(CRLF2)	being	

placed	downstream	of	the	first	non-coding	exon	of	the	purinergic	receptor	(P2RY8)19.	

This	generates	the	P2RY8-CRLF2	gene	fusion	which	allows	CRLF2	to	heterodimerise	

with	 IL-7Ra	and	results	 in	 the	thymic	stromal	 lymphopoietin	receptor	(TSLPR)	and	

upregulated	 cell	 signaling15.	 The	 P2RY8-CRLF2	 fusion	 is	 not	 alone	 sufficient	 for	

leukemic	 transformation	and	 frequently	co-occurs	with	mutations	 in	 Janus	kinase	2	

(JAK2)16.	P2RY8-CRLF2	is	abundant	among	Down	Syndrome	(DS)	ALL	patients	with	a	

frequency	of	~60%18,	20,	21.	Patients	with	CRLF2	alterations	are	high	risk	and	there	are	

no	 effective	 targeted	 therapies	 for	 this	 cohort22.	 Currently,	 there	 are	 no	 cell	 lines	

endogenously	expressing	the	P2RY8-CRLF2	fusion	to	investigate	the	subtype	and	use	

for	pre-clinical	drug	testing.	Creating	the	P2RY8-CRLF2	fusion	endogenously	allows	for	

the	 exploration	 of	 the	 genomic	 landscape	 to	 determine	 predisposing	 factors	 or	

cooperating	genes	involved	in	leukemogenesis.	

	

Recently,	we	identified	the	high	mobility	group	nucleosome	binding	domain	containing	

1	(HMGN1)	protein	to	cooperate	with	the	P2RY8-CRLF2	gene	fusion	to	cause	leukemic	

transformation	in	Ba/F3	cells.	HMGN1	is	a	nucleosome	remodelling	protein	expressed	

in	haematopoietic	cells,	encoded	on	chromosome	21,	and	therefore,	overexpressed	in	

Down	Syndrome	patients23.	The	use	of	CRISPR/Cas9	to	create	the	P2RY8-CRLF2	gene	

fusion	will	allow	for	further	investigation	into	HMGN1	to	determine	whether	it	could	

be	predisposing	DS	patients	to	develop	P2RY8-CRLF2	ALL.	
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We	 hypothesise	 a	 physiological	 expression	 level	 of	 the	P2RY8-CRLF2	 fusion	 can	 be	

generated	using	CRISPR/Cas9	which	will	create	a	novel	platform	to	 investigate	new	

aspects	of	CRLF2	rearranged	ALL	compared	to	viral	overexpression.	We	report	efficient	

generation	and	screening	of	the	P2RY8-CRLF2	fusion	using	CRISPR/Cas9	in	an	ALL	cell	

line	and	the	use	of	this	platform	to	identify	HMGN1	as	a	predisposing	factor	to	increase	

the	probability	of	P2RY8-CRLF2	generation.	

	

Results	

A	 320	 KB	 CRISPR/Cas9	 deletion	 generates	 cells	 expressing	 the	 P2RY8-CRLF2	

fusion	

	

The	 P2RY8-CRLF2	 fusion	 frequently	 occurs	 with	 a	 consistent	 breakpoint	 in	 ALL	

patients,	with	an	increased	prevalence	in	DS-ALL	patients16.	In	all	cases,	the	first	non-

coding	exon	of	P2RY8	is	juxtaposed	to	the	first	exon	of	CRLF2,	leaving	the	entire	coding	

sequence	of	CRLF2	intact24.	Currently,	there	is	no	human	ALL	cell	line	model	harboring	

P2RY8-CRLF2.	Two	sets	of	gRNAs	were	designed	targeting	the	first	intron	of	P2RY8	and	

either	 upstream	 of	 CRLF2	 exon	 1	 (pre-CRLF2)	 or	 the	 5’UTR	 (CRLF2	 UTR)	 with	

reported16	cryptic	splice	site	intact	upstream	of	the	CRLF2	start	codon	(Fig	1).	Cas9-

mCherry	and	gRNA-GFP	constructs	were	transduced	into	the	ALL	Jurkat	cell	line	with	

high	efficiency	(Fig	2A)	and	sorted	for	two	pure	populations	for	cells	harboring	either	

P2RY8	and	pre-CRLF2	gRNAs	or	P2RY8	and	CRLF2	UTR	gRNAs.	Jurkat	cells	are	a	human	

T-ALL	cell	line	with	a	fast	doubling	time	of	25	hrs	suitable	for	viral	transduction	and	

developing	clonal	lines	from	a	single	cell.	Jurkat	cells	from	both	pre-CRLF2	and	CRLF2	



Chapter	3:	Unique	modelling	of	P2RY8-CRLF2	using	CRISPR/Cas9	reveals	HMGN1	as	a	predisposing	

factor	in	Down	Syndrome	Acute	Lymphoblastic	Leukemia	
	

	 93	

UTR	 populations	were	 activated	with	 doxycycline	 for	 72	 hrs	 to	 induce	 the	P2RY8-

CRLF2	fusion	resulting	in	increased	CRLF2	expression	and	cells	were	single	cell	sorted	

for	the	CRLF2/IL-7Ra	heterodimer	(TSLPR)	as	outlined	in	figure	2B.		
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Figure	1:	CRISPR/Cas9	gRNA	design	to	create	P2RY8-CRLF2.	gRNAs	designed	using	

Benchling	targeting	the	intron	after	the	first	non-coding	exon	of	P2RY8	and	either	the	
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DNA	 region	 upstream	 of	 CRLF2	 or	 the	 CRLF2	 5’	 UTR	 to	 create	 the	 P2RY8-CRLF2	

breakpoint	found	in	patients.	Primers	and	gRNAs	are	shown,	and	reported	splice	sites	

are	depicted	in	lime	green.	
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Breakpoint	 PCR	 from	 genomic	 DNA	 (gDNA)	 confirmed	 the	 presence	 of	 the	P2RY8-

CRLF2	fusion	in	a	polyclonal	pool	and	single	cell	clones	of	CRISPR/Cas9	edited	TSLPR+	

cells	with	distinct	isoforms	present	in	the	pre-CRLF2	cells	compared	to	the	CRLF2	UTR	

cells	 (Fig	 3A).	 The	 CRLF2	 UTR	 isoform	 was	 comparable	 in	 size	 to	 Ba/F3	 cells	

overexpressing	the	P2RY8-CRLF2	fusion	originating	from	patient	cDNA(Fig	S1A),	while	

the	pre-CRLF2	isoform	was	~200	bp	larger,	consistent	with	the	gRNA	target	sites.	Both	

isoforms	observed	have	been	 identified	 in	patient	 samples	 (Table	SI),	 however,	 the	

CRLF2	UTR	isoform	is	most	prevalent.	Negative	control	cell	line	gDNA	without	CRLF2	

rearrangements	 (Jurkat	 Cas9,	 Ba/F3	 and	 SET-2)	 and	 a	 cell	 line	with	 an	 IGH-CRLF2	

rearrangement	(MUTZ5)	were	also	used	(Fig	S1A).	

	

To	 characterize	 the	 difference	 in	 breakpoint	 between	 the	 two	 different	 isoforms	

detected,	gDNA	and	cDNA	breakpoint	PCRs	were	sequenced.	The	CRLF2	UTR	pool	of	

cells	 and	 clonal	 lines	 resulted	 in	 the	 same	 sized	 PCR	 product	 regardless	 of	 DNA	

template	used	as	the	first	exon	of	P2RY8	was	juxtaposed	to	the	first	exon	of	CRLF2	and	

therefore,	no	intron	sequence	was	included	in	the	gene	fusion	(Fig	3C-D).	Sequencing	

identified	only	4	bp	present	between	 the	 first	P2RY8	 exon	and	 the	beginning	of	 the	

CRLF2	 coding	 sequence	 in	 the	UTR	pool	 and	 clones,	 the	 same	 canonical	breakpoint	

identified	in	patients16	(Fig	3B-D).	The	pre-CRLF2	cDNA	PCR	product	resulted	in	two	

isoforms	 of	 which	 sequencing	 identified	 6	 different	 breakpoints	 (Fig	 S2),	

predominantly	 with	 either	 intron	 retention	 either	 side	 of	 the	 gRNAs,	 or	 a	 55	 bp	

insertion	at	the	cut	site	of	the	P2RY8	gRNA	resulting	in	a	larger	product	(Fig	3E).	The	

smaller	pre-CRLF2	cDNA	product	resulted	in	a	band	the	same	size	as	the	CRLF2	UTR	

isoform	which	 contained	 a	 partial	 5’UTR	 sequence	 of	 CRLF2	 (Fig	 3F).	 Importantly,	
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mutations	 in	 the	 splice	 site	 and	 within	 the	 first	 20	 bp	 from	 the	 CRLF2	 start	 site	

frequently	occurred	in	the	pre-CRLF2	population	(Fig	S2),	however,	the	sequence	was	

conserved	in	the	CRLF2	UTR	population.	
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Figure	 2:	 Experimental	 strategy	 to	 create	 the	 P2RY8-CRLF2	 fusion	 using	

CRISPR/Cas9.	A)	Transduction	of	 the	Cas9-mCherry	and	gRNA-GFP	constructs	 into	

Jurkat	cells	sorted	for	dual	mCherry/GFP	+	populations	of	either	P2RY8	+pre-CRLF2	

gRNA	or	P2RY8	+	CRLF2	UTR	gRNA.	B)	Schematic	for	creating	P2RY8-CRLF2	by	sorting	

CRISPR/Cas9	edited	cells	to	select	for	TSLPR+	cells	harboring	P2RY8-CRLF2.	
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Figure	3:	Generating	P2RY8-CRLF2	expressing	cells.	PCR	amplification	from	gDNA	

(A)	and	cDNA	(B)	of	the	P2RY8-CRLF2	breakpoint	in	a	pool	and	single	cell	clones	of	

Jurkat	 CRISPR/Cas9	 edited	 P2RY8-CRLF2	 cells.	 Sanger	 sequencing	 of	 pooled	

populations	of	Jurkat	CRISPR/Cas9	edited	CRLF2	UTR	cells	(C-D)	or	pre-CRLF2	cells	

(E-F).	
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CRISPR/Cas9	 edited	 P2RY8-CRLF2	 clones	 increase	 TSLPR,	 proliferation	 and	

JAK/STAT	signaling	

	

Successful	 generation	 of	 the	 P2RY8-CRLF2	 in	 a	 pool	 of	 CRISPR/Cas9	 edited	 cells	

allowed	TSLPR+	cells	 to	be	seeded	as	single	cells	 to	generate	clonal	populations	 for	

further	investigation	(Fig	2B).	Twelve	clones	from	each	of	the	pre-CRLF2	and	CRLF2	

UTR	 populations	 were	 screened	 for	 surface	 levels	 of	 TSLPR	 (Fig	 4A-C).	 Pre-CRLF2	

clones	expressed	TSLPR	at	 low	levels	(MFI:	510	±	94),	while	CRLF2	UTR	clones	had	

significantly	higher	TSLPR	expression	(MFI:	35,902	±	2,638)	(p<0.001).	gDNA	P2RY8-

CRLF2	breakpoint	PCR	 from	clonal	populations	revealed	33%	of	TSLPR+	pre-CRLF2	

clones	harbored	the	P2RY8-CRLF2	 fusion	compared	to	100%	of	TSLPR+	CRLF2	UTR	

clones	(Fig	S1B),	indicating	the	CRLF2	UTR	gRNA	was	more	efficient	and	resulted	in	a	

product	more	functionally	similar	to	CRLF2	ALL	patient	cells.	

	

To	 confirm	all	 fusions	were	 functional	 and	 resulted	 in	 increased	CRLF2	 expression,	

qRT-PCR	was	used	 to	assess	mRNA	expression.	Similar	 to	 the	surface	expression	of	

TSLPR	 in	 each	 population,	 the	 CRLF2	 UTR	 populations	 had	 significantly	 higher	

expression	of	CRLF2	compared	to	the	pre-CRLF2	populations	(pre-CRLF2	RQ:	47	±	10;	

CRLF2	UTR	RQ:	4.8x107	±	1.3x107	p<0.001)	(Fig	4D),	demonstrating	this	fusion	isoform	

is	more	 active	 than	 the	 fusion	 produced	 from	 pre-CRLF2	 cells,	 possibly	 due	 to	 the	

retention	of	CRLF2	enhancer	elements	rather	than	relying	on	the	P2RY8	promoter	in	

pre-CRLF2	cells.	
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The	 downstream	 effects	 from	 the	 P2RY8-CRLF2	 fusion	 were	 then	 assessed	 to	

determine	 if	 the	 CRISPR/Cas9	 generated	 fusion	 exhibited	 the	 same	 signaling	 and	

proliferation	changes	as	normally	observed	in	ALL	patients.	A	CellTiter-Glo	2.0®	Assay	

was	used	to	measure	the	proliferation	rate	of	Jurkat	cells	with	P2RY8-CRLF2	compared	

to	Cas9	control	cells	over	a	period	of	6	days.	The	pre-CRLF2	pool	of	cells	proliferated	at	

the	same	rate	as	the	Cas9	control	cells,	however,	the	CRLF2	UTR	pool	of	cells	grew	at	a	

significantly	more	rapid	rate,	7-fold	higher	than	Cas9	control	cells	(Fig	4E)	(p<0.001	

comparing	 to	 Cas9	 control	 cells	 at	 day	 4).	 This	 result	 was	 the	 same	 for	 the	 clonal	

populations,	with	the	CRLF2	UTR	clones	proliferating	at	a	7-fold	higher	rate	than	the	

pre-CRLF2	clones	(CRLF2	UTR	#1:	p=0.005;	CRLF2	UTR	#7:	p=0.015	compared	to	Cas9	

control	cells	at	day	4)	(Fig	4F).	

	

The	 activation	of	 JAK/STAT,	PI3K	and	Ras	 signaling	pathways	were	 investigated	 to	

determine	 if	 the	 CRISPR/Cas9	 generated	 P2RY8-CRLF2	 cells	 were	 able	 to	 activate	

JAK/STAT	signaling	as	observed	 in	patients	with	CRLF2	 rearranged	ALL.	The	CRLF2	

UTR	clones	exhibited	significantly	increased	phosphorylation	(p)	of	STAT5	with	an	MFI	

of	2500	compared	to	Cas9	control	cells	MFI	of	250	(Fig	4G;	p<0.001).	This	increase	in	

pSTAT5	 is	 consistent	with	Ba/F3	cells	 expressing	P2RY8-CRLF2	 from	an	expression	

vector	encoding	a	patient	fusion	transcript	(Fig	S3).	An	upregulation	of	pERK	from	a	

MFI	of	690	in	Cas9	control	cells	to	2300	(Fig	4H)	and	downregulation	of	pS6	kinase	

from	an	MFI	of	9500	in	Cas9	control	cells	to	450	(p<0.001,	Fig	4I)	were	also	observed	

in	both	CRLF2	UTR	clones,	once	again	consistent	with	Ba/F3	P2RY8-CRLF2	cells.	These	

results	 suggest	 cells	 harboring	 the	 CRISPR/Cas9	 P2RY8-CRLF2	 gene	 fusion	 have	

proliferation	and	signaling	characteristics	that	are	equivalent	to	those	seen	in	patients.	
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The	pre-CRLF2	clones,	however,	displayed	different	signaling	patterns	to	one	another	

and	the	CRLF2	UTR	clones.	Pre-CRLF2	#6	displayed	similar	signaling	patterns	to	the	

CRLF2	 UTR	 clones	 and	 sequencing	 of	 this	 clone	 demonstrated	 a	 normal	 ATG	 start	

codon.	The	pre-CRLF2	#11	displayed	a	much	lower	level	of	activation	of	pSTAT5	with	

an	MFI	of	390	(p<0.001).	It	was	also	the	only	clone	to	demonstrate	an	increase	in	pS6	

kinase	with	an	MFI	of	23,500	(p<0.001)	and	no	change	in	pERK	(Fig	S4).	Sequencing	of	

this	clone	indicated	a	1	bp	deletion	8	bp	upstream	of	the	CRLF2	start	codon,	therefore	

these	 signaling	 changes	 may	 be	 due	 to	 a	 non-functional	 or	 shorter	 P2RY8-CRLF2	

transcript.	
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Figure	4:	Evaluation	of	functional	changes	in	CRISPR/Cas9	edited	P2RY8-CRLF2	

cells.	A-C)	TSLPR	expression	of	single	cell	clones	of	Jurkat	CRISPR/Cas9	edited	P2RY8-

CRLF2	cells	measured	by	flow	cytometry.	D)	Using	qRT-PCR	to	measure	CRLF2	mRNA	

expression	 in	 Jurkat	 CRISPR/Cas9	 edited	 P2RY8-CRLF2	 cell	 lines.	 RQ	 values	

determined	using	housekeeper	actin	expression	and	normalised	to	the	parental	Jurkat	

Cas9	 control	 cells.	 The	 fold	 change	 in	 proliferation	 of	 Jurkat	 CRISPR/Cas9	 edited	

P2RY8-CRLF2	 cells	 (E)	 or	 single	 cell	 clones	 (F)	 measured	 over	 a	 period	 of	 6	 days.	

Phosphorylation	 levels	of	STAT5	(G),	ERK	(H),	 S6	kinase	(I)	of	 Jurkat	CRISPR/Cas9	
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edited	P2RY8-CRLF2	cells	measured	by	flow	cytometry.	All	graphs	represent	the	mean	

of	 biological	 replicate	 of	 n=3	with	 SEM	 error	 bars	 and	 a	 student’s	 t-test	 was	 used	

between	 each	 P2RY8-CRLF2	 cell	 line	 comparing	 to	 control	 Jurkat	 Cas9	 cells	 to	

determine	significance,	*p<0.05,	**p<0.01,	***p<0.001.	
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High	expression	of	HMGN1	increases	efficacy	of	P2RY8-CRLF2	fusion	generation	

	

As	 an	 example	 of	 how	 this	 system	 can	 be	 used	 to	 validate	 candidate	 predisposing	

factors	 for	 the	 development	 of	 P2RY8-CRLF2,	 the	 nucleosome	 remodelling	 protein	

HMGN1	 encoded	 on	 chromosome	 21	 has	 been	 investigated.	 HMGN1	 was	 virally	

expressed	 at	 a	 low	 level	 to	 recapitulate	 a	 trisomy	 expression	 level	 in	 Jurkat	 cells	

harboring	Cas9	and	gRNAs	targeting	P2RY8	and	CRLF2	as	previously	described.	After	

72	 hours	 of	HMGN1	 expression,	 cells	 expressed	HMGN1	 1.8-fold	 higher	 than	 Cas9	

control	cells	confirmed	by	qRT-PCR	(Fig	S5A),	similar	to	a	trisomy	expression	 level.	

The	gRNAs	were	subsequently	activated	in	Jurkat	cells.	Another	72	hours	post	gRNA	

induction,	the	cells	were	stained	for	TSLPR.	Cell	populations	with	increased	HMGN1	

expression	upregulated	TSLPR	on	the	cells	surface	 in	both	the	pre-CRLF2	cells	 from	

0.45	to	0.71	with	HMGN1	expression	(p=0.003)	and	CRLF2	UTR	cells	from	0.3	to	0.5	

with	HMGN1	expression	(p=0.034,	Fig	5A).	This	indicates	the	effect	of	HMGN1	could	be	

assisting	in	the	repair	of	the	Cas9	mediated	double	stranded	DNA	breaks	to	result	in	a	

productive	P2RY8-CRLF2	gene	fusion.	

	

TSLPR+	cells	were	sorted	to	create	a	pure	population	of	high	TSLPR	expressing	cells.	

Co-expressing	HMGN1	and	pre-CRLF2	cells	resulted	in	a	50%	increase	in	TSLPR+	cells	

sorted	compared	to	pre-CRLF2	cells	without	HMGN1	expression.	Co-expressing	HMGN1	

and	CRLF2	UTR	cells	resulted	in	a	130%	increase	in	TSLPR+	cells	sorted	compared	to	

CRLF2	UTR	cells	without	HMGN1	expression	(Fig	S5B),	therefore	HMGN1	expression	

promotes	 P2RY8-CRLF2	 formation.	 An	 increase	 in	 CRLF2	 mRNA	 expression	 was	

identified	in	P2RY8-CRLF2	cells	expressing	HMGN1	(Fig	5B,	p=0.019).	Interestingly,	no	



Chapter	3:	Unique	modelling	of	P2RY8-CRLF2	using	CRISPR/Cas9	reveals	HMGN1	as	a	predisposing	

factor	in	Down	Syndrome	Acute	Lymphoblastic	Leukemia	
	

	 106	

difference	in	proliferation	was	observed	between	P2RY8-CRLF2	cells	with	or	without	

HMGN1	expression,	despite	the	increase	in	CRLF2	and	TSLPR	(Fig	5C).	
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Figure	5:	HMGN1	expression	facilitates	repair	and	creation	of	P2RY8-CRLF2.	A)	

Jurkat	 cells	 with	 or	 without	 HMGN1	 expression	were	 stained	with	 TSLPR	 for	 flow	

cytometry	after	three	days	of	gRNA	induction	to	assess	the	efficiency	of	P2RY8-CRLF2	

generation.	 B)	 Using	 qRT-PCR	 to	 measure	 CRLF2	 mRNA	 expression	 in	 Jurkat	

CRISPR/Cas9	edited	P2RY8-CRLF2	cell	lines.	RQ	values	determined	using	housekeeper	

actin	 expression	 and	 normalised	 to	 the	 parental	 Jurkat	 Cas9	 control	 cells.	 The	 fold	

change	in	proliferation	of	Jurkat	CRISPR/Cas9	edited	P2RY8-CRLF2	cells.	C)	The	fold	

change	 in	 proliferation	 of	 Jurkat	 CRISPR/Cas9	 edited	P2RY8-CRLF2	 cells	measured	

over	a	period	of	6	days.	Graphs	represents	the	mean	of	biological	replicate	of	n=3	with	

SEM	error	bars	and	a	student’s	t-test	was	used	between	each	P2RY8-CRLF2	cell	 line	

comparing	to	control	Jurkat	Cas9	cells	to	determine	significance,	*p<0.05,	**p<0.01.	
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The	HMGN1	expressing	cells	P2RY8-CRLF2	breakpoints	were	sequenced	from	the	pure	

TSLPR+	populations.	gDNA	breakpoint	PCR	identified	the	same	sized	band	from	pre-

CRLF2	 cells	 and	 HMGN1	 pre-CRLF2	 cells.	 However,	 when	 comparing	 cells	

overexpressing	HMGN1	in	the	CRLF2	UTR	population,	a	different	isoform	of	280	bp	was	

revealed	compared	to	the	CRLF2	UTR	only	100	bp	isoform	(Fig	6A).	Sanger	sequencing	

revealed	 a	 new	 breakpoint	 in	 the	 280	 bp	HMGN1	 CRLF2	 UTR	 product	 with	P2RY8	

intron	retention	upstream	of	the	P2RY8	gRNA,	which	has	been	identified	in	patients,	

compared	to	only	4	bp	of	 intron	present	in	the	CRLF2	UTR	only	cells,	however	both	

populations	 resulted	 in	 the	 same	 P2RY8-CRLF2	 transcript	 produced	 once	 splicing	

occurred	(Fig	6C-D).	

	

Cas9	gene	editing	activity	was	quantified	with	or	without	HMGN1	expression	using	a	

T7	endonuclease	assay	to	reveal	heteroduplexes	present	in	the	purified	PCR	product.	

The	 pre-CRLF2	 or	 CRLF2	 UTR	 only	 lines	 resulted	 in	 only	 one	 isoform	 after	 T7	

endonuclease	digestion,	whereas	the	co-expressing	HMGN1	lines	resulted	in	increased	

gene	editing	with	three	bands	present	in	each	population	(Fig	6B).	This	demonstrates	

HMGN1	 expression	 could	 influence	 the	 development	 of	P2RY8-CRLF2	 via	 increased	

gene	editing	and	cellular	repair	activity.	Increased	isoforms	due	to	outgrowth	of	clones	

has	been	excluded	due	to	the	same	proliferation	rates	observed	between	the	P2RY8-

CRLF2	and	co-expressing	HMGN1	lines	previously	demonstrated.		

	

To	determine	the	effect	of	HMGN1	on	cell	signalling,	phosphoflow	was	once	again	used	

to	 assess	 phosphorylation	 levels	 of	 STAT5,	 AKT	 and	 ERK.	 Interestingly,	 a	 stepwise	

increase	in	phosphorylation	of	all	three	proteins	was	observed	from	the	Cas9	control	
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cells,	 to	CRLF2	 UTR	 cells,	 to	CRLF2	 UTR	 +	HMGN1	 cells.	 (Fig	 7A-C,	 all	p<0.001).	 As	

HMGN1	is	a	demethylase	protein,	the	acetylation	of	H3K9	and	trimethylation	of	H3K27	

were	 also	 assessed.	No	 change	 in	 gene	 activation	was	 identified	 (Fig	7D),	 however,	

once	again,	a	stepwise	decrease	in	H3K27me3	was	identified	from	Cas9	control	cells	to	

CRLF2	UTR	cells	(Fig	7E,	p<0.001)	and	then	a	further	reduction	in	CRLF2	UTR	+	HMGN1	

cells	 (p=0.003).	 This	 reduction	 in	H3K27me3	 indicated	 genes	 that	were	 previously	

silenced	have	become	active	in	this	line.	To	screen	for	gene	activation	downstream	of	

the	 main	 signalling	 pathway,	 pSTAT5,	 qRT-PCR	 was	 used.	 Interestingly,	 a	 higher	

expression	level	of	BCL2,	CDKN1	and	particularly	MCL1	and	MYC	was	identified	in	cells	

co-expressing	HMGN1	 and	P2RY8-CRLF2	compared	 to	Cas9	 control	 cells	 (Fig	7F).	A	

decrease	 in	 GATA3	 expression	 was	 also	 observed,	 indicating	 a	 shift	 in	 T-cell	

differentiation.	
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Figure	6:	Characterising	breakpoints	of	HMGN1	expressing	P2RY8-CRLF2	cells.	A)	

PCR	amplification	from	gDNA	of	the	P2RY8-CRLF2	breakpoint	in	Jurkat	CRISPR/Cas9	

edited	 P2RY8-CRLF2	 cells	 with	 and	 without	 HMGN1	 overexpression.	 B)	 T7	

endonuclease	gene	editing	analysis	identifies	additional	P2RY8-CRLF2	breakpoint	PCR	
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products	present	in	HMGN1	expressing	cells.	C-D)	Sanger	sequencing	from	gDNA	of	the	

P2RY8-CRLF2	breakpoint	in	Jurkat	CRISPR/Cas9	edited	CRLF2	UTR	P2RY8-CRLF2	cells	

with	or	without	HMGN1	overexpression.	
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Figure	7:	Assessing	the	functional	effect	of	HMGN1	expression	on	CRISPR/Cas9	

edited	P2RY8-CRLF2	cells.	Phosphorylation	levels	of	STAT5	(A),	AKT	(B),	ERK	(C)	or	

H3K9ac	(D)	and	H3K27me3	(E)	of	Jurkat	CRISPR/Cas9	edited	P2RY8-CRLF2	cells	with	

or	without	HMGN1	measured	by	flow	cytometry.	F)	Measuring	the	expression	of	STAT5	

downstream	genes	by	qRT-PCR	in	Jurkat	CRISPR/Cas9	edited	P2RY8-CRLF2	cell	lines.	

RQ	 values	 determined	 using	 housekeeper	 actin	 expression	 and	 normalised	 to	 the	
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parental	Jurkat	Cas9	control	cells.	Graphs	represents	the	mean	of	biological	replicate	

of	n=3	with	SEM	error	bars	and	a	student’s	t-test	was	used	between	each	P2RY8-CRLF2	

cell	 line	 comparing	 to	 control	 Jurkat	 Cas9	 cells	 to	 determine	 significance,	 *p<0.05,	

**p<0.01,	***p<0.001.	
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Discussion	

Gene	fusions	are	a	hallmark	of	ALL;	countless	recurrent	chromosomal	alterations	have	

been	discovered	 and	novel	 fusions	 are	 still	 being	 identified	 today25.	 To	 personalise	

treatment	 for	ALL	patients,	 these	genomic	alterations	need	 to	be	modelled	using	 in	

vitro	and	in	vivo	systems	to	understand	the	downstream	pathways	they	activate	and	

their	driver	potential.	Subsequently,	mechanistic	assays	and	drug	panels	can	be	used	

to	 identify	 an	 approach	 to	 eliminate	 the	 leukemic	 cells.	 Current	 modelling	 of	 ALL	

chromosomal	alterations	involves	cloning,	which	can	be	complex	for	fusion	genes	with	

repetitive	 sequences	 or	 very	 large	 transcripts.	 CRISPR/Cas9	 presents	 a	 solution	 to	

overcome	these	difficulties	and	has	been	used	to	create	chromosomal	alterations	found	

in	other	diseases	6-8,	11,	but	has	not	previously	been	attempted	in	ALL.	

	

This	 study	 demonstrates	 the	 creation	 of	 a	 320	 KB	 deletion	 of	 PAR1	 on	 the	 X	 or	 Y	

chromosome	in	 leukemic	Jurkat	cells	using	two	CRISPR/Cas9	gRNAs	and	employing	

cellular	non	homologous	end	joining	(NHEJ)	machinery.	Previously,	CRISPR/Cas9	has	

been	 used	 to	 create	 a	 30	 KB	 deletion	 in	 Saccharomyces	 cerevisiae	 26	 and	 a	 105	 KB	

deletion	in	a	rabbit	embryo27	utilising	NHEJ.	This	is	the	first	report	of	a	320	KB	deletion	

resulting	 in	 a	 clinically	 relevant	 fusion	 gene	 found	 in	 ALL.	 This	 deletion	 was	

significantly	 larger	than	previously	attempted,	and	therefore	a	 lower	efficiency	than	

the	 aforementioned	 studies	was	 to	 be	 expected.	 The	 experimental	 system	 involved	

leukemic	cell	lines	which	relied	on	the	use	of	a	lentiviral	CRISPR/Cas9	system28	rather	

than	 a	 nucleofection29	 or	 microinjection27	 system	 previously	 described	 with	 high	

editing	 efficiencies.	 However,	 the	 P2RY8-CRLF2	 fusion	 occurring	 from	 the	 320	 KB	

deletion	also	results	in	the	upregulation	of	CRLF2	mRNA	production	and	an	increase	in	
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TSLPR15.	Therefore,	it	is	possible	to	screen	these	cells	for	a	productive	fusion	gene	by	

measuring	surface	levels	of	TSLPR;	which	is	not	expressed	basally	in	Jurkat	cells	and	

therefore	streamlined	this	process	with	a	very	accurate	selection	marker.	

	

The	use	of	two	different	gRNAs	targeting	CRLF2	resulted	in	two	different	isoforms	of	

P2RY8-CRLF2.	 Both	 isoforms	 produced	 functional	 mRNA	 transcripts	 concordant	 to	

P2RY8-CRLF2	patient	transcripts.	The	CRLF2	UTR	cells	increased	proliferation,	TSLPR	

expression	and	had	the	most	clinically	relevant	trends	in	cell	signaling	compared	to	

previous	 reports	 of	 patient	CRLF2	 cell	 signaling30	 and	was	 the	 prime	 candidate	 for	

further	experiments.	Therefore,	 the	use	of	CRISPR/Cas9	 to	 create	endogenous	gene	

fusions	could	be	a	useful	tool	for	modelling	clinically	relevant	gene	fusions	in	ALL	for	

further	 investigation.	 The	 endogenously	 expressed	 gene	 fusion	 will	 reproduce	 the	

characteristics	 of	 precious	 patient	 material	 to	 allow	 for	 xenograft	 studies	 or	 drug	

screening31.	 A	 frameshift	 mutation	 at	 CRLF2	 +15	 bp	 of	 pre-CRLF2	 #11	 may	 have	

resulted	in	a	non-functional	transcript	as	the	fusion	generated	from	this	clone	did	not	

display	the	characteristics	anticipated	from	P2RY8-CRLF2	patient	cells18,	19,	however	

pre-CRLF2	 #6	 maintained	 signaling	 and	 proliferation	 increases	 comparable	 to	 the	

CRLF2	UTR	cells.	Due	to	the	discrepancy	between	clones	in	the	pre-CRLF2	group,	these	

cells	 have	 been	 used	 as	 a	 gRNA	 control	 for	 fusion	 development	 rather	 than	 the	

experimental	system.	

	

Once	 the	 efficiency	 of	 the	 CRISPR/Cas9	 P2RY8-CRLF2	 model	 was	 confirmed	 by	

screening	TSLPR	and	exhibiting	the	same	transcripts	and	signaling	pathways	expected	

in	 a	 patient	 cell,	 the	 system	was	 able	 to	 be	 exploited	 to	 investigate	 the	 phenotypic	
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impact	of	the	gene	fusion.	DS-ALL	patients	are	predisposed	to	developing	the	P2RY8-

CRLF2	fusion	as	it	is	found	in	60%	of	patients16.	However,	it	has	been	difficult	to	assess	

predisposing	 factors	without	 a	 useful	model	 system.	Many	 reports	 have	 implicated	

chromosome	21	genes	from	the	Down	Syndrome	critical	region	in	the	leukemogenesis	

of	DS-ALL	but	not	yet	demonstrated	why	P2RY8-CRLF2	occurs	so	frequently	18,	20,	23,	32-

34.	As	an	example	of	this	application,	this	study	investigated	the	potential	of	HMGN1	

promoting	 leukemogenesis	 in	 DS-ALL.	 By	 overexpressing	 HMGN1	 prior	 to	 the	

induction	of	the	gene	fusion,	it	allows	for	the	exploration	of	the	effects	of	one	specific	

chromosome	21	gene	on	P2RY8-CRLF2.	Previous	reports	have	demonstrated	increased	

HMGN1	 expression	results	 in	a	B-cell	progenitor	phenotype23.	Therefore,	 to	 test	 the	

hypothesis	that	HMGN1	is	a	predisposing	factor	for	P2RY8-CRLF2	development,	a	cell	

line	in	a	state	prior	to	developing	P2RY8-CRLF2	was	required.	This	model	system	was	

tailored	to	test	this	hypothesis	and	demonstrated	HMGN1	expression	does	increase	the	

efficiency	of	P2RY8-CRLF2	occurring.	While	many	reports15,	23,	32,	34-37	have	shown	roles	

for	HMGN1	in	ALL,	this	is	the	first	report	to	validate	increased	HMGN1	expression	as	a	

pre-disposing	factor	for	P2RY8-CRLF2	generation.	In	addition,	it	will	be	of	interest	to	

confirm	these	findings	in	a	DS-ALL	patient	cohort.	

	

To	confirm	the	role	of	HMGN1	 cooperating	with	P2RY8-CRLF2,	 increased	JAK/STAT,	

PI3K	and	RAS	signalling	pathways	were	identified,	along	with	a	decrease	in	the	gene	

silencing	 mark	 H3K27me3.	 As	 HMGN1	 is	 a	 demethylase,	 a	 level	 of	 increased	

transcriptional	 activity	 is	 expected,	 as	 previously	 reported23.	 In	 addition	 to	 the	

increased	cell	signalling	pathways,	this	study	also	identifies	an	increase	in	a	variety	of	

STAT5	 downstream	 genes,	 including	MCL1	 and	MYC;	 proposing	 potential	 leukemic	
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survival	mechanisms	in	DS	patients	who	have	increased	expression	of	HMGN1	and	the	

P2RY8-CRLF2	fusion.	Similar	rates	in	proliferation	were	observed	between	CRLF2-UTR	

populations	 with	 or	 without	 HMGN1	 expression,	 despite	 the	 increase	 in	 CRLF2	

expression,	suggesting	HMGN1	plays	epigenetic	roles,	rather	than	a	direct	role	on	cell	

proliferation.	

	

This	study	provides	valuable	evidence	of	using	CRISPR/Cas9	to	create	a	large	deletion	

and	 endogenous	ALL	 fusion	 gene	 that	 exhibits	 a	 clinically	 relevant	phenotype.	This	

type	of	model	will	be	of	particular	use	to	investigate	the	heterogenous	landscape	of	ALL	

patients.	 Endogenous	 expression	 of	 fusion	 genes	 is	 a	 more	 accurate	 model	 than	

retroviral	 overexpression	 of	 fusion	 genes	 to	 create	 xenograft	models	 or	 trial	 small	

molecule	 inhibitors	 to	 create	 a	 personalised	 approach	 for	 the	 treatment	 of	 ALL	

patients.	 Importantly,	 as	described	here,	 this	model	will	be	valuable	 to	advance	 the	

field	by	investigating	leukemic	initiating	events	due	to	the	inducible	gRNAs	allowing	

for	a	pre-leukemic	state	to	be	modelled.	Here,	HMGN1	expression	has	been	identified	

as	 a	 predisposing	 event	 for	 P2RY8-CRLF2	 generation	 in	 DS-ALL	 patients.	 Further	

evaluation	has	demonstrated	HMGN1	 and	P2RY8-CRLF2	 cooperating	 to	 increase	cell	

signalling	 via	 increased	 TSLPR	 and	 increased	 CRLF2	 and	 STAT5	 downstream	 gene	

expression.	 Modelling	 the	 cells	 of	 individual	 ALL	 patients	 to	 understand	 gene	

relationships,	cell	signalling	and	to	create	targeted	therapeutic	approaches	will	likely	

be	the	future	of	ALL	research.	
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Methods	

Contact	for	reagent	and	resource	sharing	

Additional	 data	 and	 requests	 for	 resources	 should	 be	 directed	 to	 the	 lead	 contact,	

Deborah	White	(deborah.white@sahmri.com).	Materials	can	be	obtained	via	material	

transfer	 agreement	 from	 authors’	 institutions	 upon	 reasonable	 request	 to	

corresponding	authors.	

	

Experimental	Model	and	Subject	Details	

Cell	lines	and	maintenance	

HEK293T	 cells	 (ATCC,	 Manassas,	 VA)	 were	 maintained	 in	 DMEM	 and	 Jurkat	 cells	

(ATCC,	Manassas,	VA)	in	RPMI,	supplemented	with	10%	Fetal	Calf	Serum	(FCS),	200	

mM	 L-Glutamine	 (SAFC	 Biosciences),	 5000	 U/mL	 penicillin	 and	 5000	 µg/mL	

streptomycin	sulphate.	

	

Constructing	the	FgH1tUTG	gRNA	vector	

The	Benchling	gRNA	design	tool	(Biology	Software,	2019,	https://benchling.com)	was	

used	to	design	gRNAs	targeting	the	intron	following	the	first	non-coding	exon	of	P2RY8	

and	preceding	 the	 first	exon	of	CRLF2	with	5’	Esp3I	restriction	sites	 (Table	SI).	The	

FUCas9Cherry	 and	 FgH1tUTG	plasmids	were	 a	 gift	 from	Marco	Herold	 (Addgene	#	

70182	 and	 #	 70183)21.	 FgH1tUTG	 vector	 was	 digested	 with	 Esp3I	 (New	 England	

Biolabs	 (NEB)	 #	 R0734L)	 and	 rSAP	 (NEB	 #	 M0371L)	 for	 1	 hour	 at	 37°C.	 The	

complementary	gRNAs	were	phosphorylated	at	a	final	concentration	of	10	µM	using	

T4	PNK	(NEB	#	M0201L),	then	diluted	1:125	with	nuclease	free	water.	Five	ng/µL	of	
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FgH1tUTG	 vector	was	 digested	with	 0.8	 pmol	 of	 diluted	 gRNA	 and	 ligated	with	 T4	

ligase	overnight	(NEB	#	M0204L)	at	4°C.	

	

Lentiviral	Transduction	

Lentivirus	 was	 produced	 by	 transfecting	 5.5	 µg	 of	 the	 FuCas9mCherry	 vector	 or	

FgH1tUTG	 gRNA	 vector,	 with	 packaging	 constructs	 pMD2.G	 (2.25	 µg),	 pMDL-PRRE	

(3.375	 µg)	 and	 pRSV-REV	 (1.575	 µg)	 with	 30	 µL	 lipofectamine	 added	 into	 1x106	

HEK293T	cells	in	a	T25	culture	flask	in	5mL	media.	Viral	supernatant	was	harvested	

48	hours	later	and	passed	through	a	0.45	µm	filter.	Jurkat	cells	at	a	concentration	of	

5x105	/mL	were	centrifuged	at	1800	rpm	for	1	hour	with	30	µg/mL	polybrene	in	4	mL	

of	viral	supernatant	in	a	6-well	plate	at	room	temperature.	

	

Flow	cytometry	cell	sorting		

Jurkat	cells	transduced	with	FuCas9mCherry	and	FgH1tUTG	were	resuspended	in	1	mL	

of	RPMI	with	2%	FCS	at	a	concentration	of	1x107	cells.	This	suspension	was	sorted	on	

a	BD	FACSAria™	 for	GFP	and	mCherry	double	positive	 cells.	Pure	populations	were	

resuspended	in	1	mL	RPMI	with	2%	FCS	and	sorted	into	single	cells	in	a	96-well	round	

bottom	plate	with	100	µL	RPMI	with	20%	FCS	on	a	BD	FACS	Melody™.	Clones	were	

sub-cultured	into	1	mL	of	media	in	a	24	well	plate	three	weeks	post	sort.	

	

Method	Details	

Genome	targeting	efficiency	assay	

Jurkat	 cells	 transduced	 with	 Cas9	 and	 gRNA	 vectors	 (Key	 Resources	 Table)	 were	

exposed	to	1	µg/mL	doxycycline	hyclate	(Sigma-Aldrich,	St.	Louis,	MO)	in	milli-Q	water	
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for	72	hrs	to	induce	the	320	KB	deletion.	gDNA	was	isolated	from	transduced	cells	by	

phenol	chloroform	extraction	and	the	P2RY8-CRLF2	fusion	breakpoint	was	amplified	

via	 PCR	 using	 Phusion	 kit	 (New	 England	 Biolabs	 (NEB),	 Notting	 Hill,	 VIC).	 Primer	

sequences	are	outlined	in	the	Key	Resources	Table.	Heteroduplexes	were	formed	by	

denaturing	 and	 re-annealing	 the	 breakpoint	 amplification	 PCR	 product	 which	 was	

digested	 with	 T7	 endonuclease	 (NEB).	 The	 resulting	 products	 were	 gel	 purified	

(Qiagen,	Venlo,	NL)	and	Sanger	sequenced.		

	

Surface	flow	cytometry		

Transduced	 Jurkat	 cells	 were	 stained	 with	 TSLPR-APC	 or	 isotype	 control	 IgG2a	

(Invitrogen,	 Carlsbad,	 CA)	 for	 30	 min	 in	 100	 µL	 RPMI	 with	 10%	 FCS	 on	 ice.	

Approximately	 5x106	 cells	 were	 washed	 with	 1	 mL	 RPMI	 with	 10%	 FCS	 and	

resuspended	in	200	µL	1x	PBS	and	read	on	a	BD	FACS	Fortessa™	analyser.	

	

Phospho-flow	cytometry	

Jurkat	 cells	were	 fixed	with	 a	 final	 concentration	of	 1.6%	paraformaldehyde	 for	10	

mins,	washed	 in	1	x	PBS	and	then	permeabilised	with	80%	methanol	overnight	at	 -

80°C.	Cells	were	then	washed	in	1x	PBS,	and	subsequently	in	1	x	PBS	containing	1%	

bovine	serum	albumin	(BSA).	All	intracellular	staining	was	carried	out	in	the	dark,	on	

ice,	for	60	mins	at	room	temperature	in	1	x	PBS/	1%	BSA	with	antibodies	outlined	in	

the	 Key	 Resources	 Table.	 Cells	 were	 washed	 in	 1x	 PBS	 before	 reading	 on	 a	 BD	

FACSCanto™	analyser.	
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Real	Time	PCR	Analysis	

RNA	was	isolated	from	transduced	Jurkat	cells	using	TRIzol®	(Invitrogen)	and	cDNA	

was	synthesised	using	Quantitect	reverse	transcriptase	(Qiagen).	SYBR	green	reagents	

(Qiagen)	 were	 used	 with	 10µM	 CRLF2	 OR	 HMGN1	 primers	 outlined	 in	 the	 Key	

Resources	Table.	

	

Proliferation	assay	

Jurkat	cells	were	seeded	at	390	cells/mL	in	a	24-well	plate	in	duplicate.	On	days	0,	2,	4	

and	6	20	µL	of	CellTiter-Glo	2.0®	reagent	(Promega,	Fitchburg,	WI)	was	added	to	20	

µL	 of	 cell	 suspension.	 Following	 30	min	 incubation	 in	 the	 dark,	 luminescence	 was	

measured	on	a	Perkin	Elmer	Victor	X5	luminometer	set	to	luminescence	at	0.1	seconds.	

	

Quantification	and	Statistical	Analysis	

GraphPad	 Prism	 software	 Version	 8.4.0©	 (GraphPad	 Software	 Inc.)	 and	 FlowJo	

software	(FlowJo	LLC)	were	used	for	analyses.	Graphs	represent	the	median	value	or	

mean	with	stand	error	of	the	mean	(SEM)	error	bars	as	stated	in	the	figure	legends.	

Students	 t-test	was	used	 to	determine	 the	difference	between	experimental	groups.	

Differences	 were	 considered	 statistically	 significant	 when	 the	 p-value	 was	 <0.05.	

Experiments	were	carried	out	a	minimum	of	three	times	(n=3)	unless	otherwise	stated.	
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Supplementary	Figure	1:	Confirmation	of	the	P2RY8-CRLF2	breakpoint	in	Jurkat	

CRISPR/Cas9	 cells.	 A)	 Two	 isoforms	 of	 the	 P2RY8-CRLF2	 breakpoint	 detected	 by	

breakpoint	PCR	in	Jurkat	CRISPR/Cas9	edited	cells	with	the	pre-CRLF2	gRNA	and	the	

CRLF2	UTR	gRNA.	B)	PCR	amplification	of	the	P2RY8-CRLF2	breakpoint	in	single	cell	

clones	of	Jurkat	CRISPR/Cas9	edited	P2RY8-CRLF2	cells.	
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Supplementary	Figure	2:	Characterising	the	breakpoints	of	Jurkat	P2RY8-CRLF2	

cells.	Sequencing	alignments	identifying	multiple	P2RY8-CRLF2	breakpoints	in	CRLF2	

UTR	and	pre-CRLF2	cells.	
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Supplementary	 Figure	 3:	 Characterising	 the	 signaling	 profile	 of	 Ba/F3	 cells	

expressing	P2RY8-CRLF2	 from	patient	cDNA.	 	Ba/F3	cells	overexpressing	P2RY8-

CRLF2	 have	 increased	 phosphorylation	 of	 STAT5	 and	 ERK,	 and	 decreased	

phosphorylation	 of	 S6	 kinase	 compared	 to	 Ba/F3	 control	 cells.	 Protein	

phosphorylation	 measured	 by	 flow	 cytometry.	 All	 graphs	 represent	 the	 mean	 of	

biological	replicate	of	n=3	with	SEM	error	bars	and	a	student’s	t-test	was	used	between	

the	 Ba/F3	 cell	 line	 and	 the	 Ba/F3	 P2RY8-CRLF2	 expressing	 line	 to	 determine	

significance,	***p<0.001.	
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Supplementary	Figure	4:	Signalling	profile	pf	pre-CRLF2	cells	compared	to	

CRLF2	UTR	and	Cas9	control	cells.	

Phosphorylation	 levels	 of	 STAT5,	 ERK	 and	 S6	 kinase	 of	 Jurkat	 CRISPR/Cas9	 edited	

P2RY8-CRLF2	 cells	 measured	 by	 flow	 cytometry.All	 graphs	 represent	 the	 mean	 of	

biological	replicate	of	n=3	with	SEM	error	bars	and	a	student’s	t-test	was	used	between	

the	 Jurkat	 Cas9	 cell	 line	 and	 each	 P2RY8-CRLF2	 expressing	 line	 to	 determine	

significance,	***p<0.001.	
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Supplementary	 Figure	 5:	 Efficacy	 of	 sorting	 high	 expressing	 TSLPR+	 Jurkat	

CRISPR/Cas9	edited	cells	with	and	without	HMGN1	expression.	A)	Using	qRT-PCR	

to	 measure	 HMGN1	 mRNA	 expression	 in	 Jurkat	 CRISPR/Cas9	 cell	 lines	 prior	 to	

transduction	of	gRNAs.	RQ	values	determined	using	housekeeper	actin	expression	and	

normalised	to	the	parental	Jurkat	Cas9	control	cells.	B)	Number	of	TSLPR	+	cells	sorted	

from	CRISPR/Cas9	P2RY8-CRLF2	cells	with	or	without	HMGN1	overexpression.	
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Abstract	

Gene	 fusions	 converging	 on	 cytokine	 receptors	 and	 activating	 kinase	 signalling	

pathways	 in	acute	 lymphoblastic	 leukaemia	(ALL)	are	targetable	with	specific	small	

molecule	inhibitors	to	arrest	cell	proliferation.	Activating	mutations	in	the	JAK/STAT	

and	RAS	signalling	pathways	are	frequently	observed	in	cytokine	receptor	like	factor	2	

(CRLF2)	rearranged	ALL	patients.	CRLF2	gene	fusions	and	activating	mutations	make	

up	approximately	50%	of	high-risk	ALL	patients.	We	explore	cell	signalling	using	the	

Pro-B	Ba/F3	cell	line	model	harbouring	P2RY8-CRLF2	or	the	CRLF2	p.F232C	mutation	

to	identify	the	need	for	different	treatment	approaches	dependent	on	the	individual	

upregulated	signalling	pathways.	Twelve	clinically	available	small	molecule	inhibitors	

that	target	the	JAK/STAT,	RAS,	PI3K	and	epigenetic	pathways	have	been	screened	to	

determine	their	efficacy.	A	synergistic	combination	of	fedratinib	and	selumetinib	was	

identified	to	reduce	viability	of	human	B-ALL	cells	harbouring	IGH-CRLF2	with	 JAK2	

p.R683G	or	the	aggressive	CRLF2	p.F232C	mutation	in	Ba/F3	cells.	We	demonstrate	the	

ability	of	fedratinib/selumetinib	to	terminate	pSTAT5	and	pERK	signalling,	resulting	

in	leukaemic	cell	death	as	well	as	decreasing	the	expression	level	of	c-MYC.	Targeting	

these	 signalling	 pathways	 with	 a	 precision	 medicine	 approach,	 in	 addition	 to	

chemotherapy,	could	improve	survival	outcomes	for	high-risk	ALL	patients.	
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Introduction	

Targeted	small	molecule	 inhibitors	(SMI)	have	been	introduced	into	the	therapeutic	

regime	 for	acute	 lymphoblastic	 leukaemia	(ALL)	patients	with	Philadelphia	positive	

(Ph+)	ALL1.	These	patients	harbour	a	reciprocal	translocation	between	chromosomes	

9	 and	22	known	as	 the	Philadelphia	 chromosome2,	 resulting	 in	 the	BCR-ABL1	 gene	

fusion.	Ph+	ALL	occurs	in	less	than	5%	of	children	with	ALL3,	4,	and	there	are	currently	

no	clinically	available	targeted	SMI	for	the	remaining	95%	of	paediatric	ALL	patients	

at	diagnosis,	 therefore,	 conventional	 chemotherapy	 is	 the	only	 treatment	 approach.	

Approximately	20%	of	childhood	ALL	patients	harbour	kinase	activating	gene	fusions	

with	a	gene	signature	similar	 to	 the	BCR-ABL1	 fusion4.	Paediatric	ALL	patients	with	

these	kinase	activating	fusions	are	high	risk	and	approximately	50%	of	these	patients	

harbour	a	rearrangement	of	cytokine	receptor	like	factor	2	(CRLF2r)5,	6.	

	

CRLF2	 is	 commonly	 rearranged	 in	 two	 ways;	 a	 320	 KB	 deletion	 in	 the	 X	 or	 Y	

chromosome,	placing	the	entire	coding	sequence	of	CRLF2	directly	downstream	of	the	

first	non-coding	exon	of	the	purinergic	receptor	(P2RY8)	creating	P2RY8-CRLF27.	The	

second	 CRLF2	 rearrangement	 is	 via	 a	 translocation	 to	 the	 chromosome	 14	

immunoglobulin	 heavy	 chain	 (IGH)	 enhancer	 elements,	 resulting	 in	 the	 IGH-CRLF2	

fusion8,9.	 Both	CRLF2	 gene	 fusions	 result	 in	 the	 upregulation	 of	 the	 thymic	 stromal	

lymphopoietin	receptor	(TSLPR)	and	increased	cell	signalling,	however,	these	fusions	

are	not	sufficient	to	cause	leukaemic	transformation	alone	and	additional	lesions	are	

required10.	 A	 point	 mutation	 in	 the	 transmembrane	 domain	 of	 CRLF2	 at	 position	

p.F232C	 induces	 constitutive	 JAK/STAT	 signalling8,	 9.	 Patients	 harbouring	 CRLF2	

p.F232C	 do	 not	 require	 additional	 lesions	 for	 leukaemic	 transformation11.	

Approximately	50%	of	CRLF2r	ALL	cases	harbour	point	mutations	in	Janus	Kinase	2	
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(JAK2)1.	Therefore,	targeting	JAK/STAT	signalling	with	SMI	is	a	viable	treatment	option	

for	CRLF2r	patients2,	5,	12,	13,	and	the	JAK1/2	inhibitor,	ruxolitinib,	is	currently	in	phase	

2	clinical	trials	(NCT02723994	and	NCT03117751).	

	

Ruxolitinib	was	originally	approved	 in	2011	by	the	US	Federal	Drug	Administration	

(FDA)	for	the	treatment	of	myelofibrosis14.	Ten	years	later,	the	highly	selective	JAK2	

ATP	competitive	inhibitor,	fedratinib,	also	gained	approval	for	myelofibrosis	treatment	

15-17.	 JAK2	 inhibitors	 have	 become	 important	 in	 the	 treatment	 of	 hematological	

malignancies18,	and	will	be	central	 to	developing	a	precision	medicine	approach	 for	

high-risk	ALL	patients12,	19.	Point	mutations	in	JAK2	are	acquired	in	many	subtypes	of	

ALL20,	particularly	in	the	pseudokinase	domain,	resulting	in	constitutive	activation	of	

JAK/STAT	 signalling.	 JAK2	 can	 also	 be	 rearranged	with	 14	 known	 partner	 genes21,	

therefore	it	is	an	attractive	candidate	for	targeted	therapy	in	ALL.	

	

Many	ALL	gene	fusions	or	point	mutations	including	CRLF2r	activate	JAK/STAT,	PI3K	

or	RAS	signalling	pathways1	which	have	the	potential	to	be	targeted	with	different	SMI	

that	are	already	clinically	available5,22.	Currently,	clinical	trials	of	targeted	SMI	for	ALL	

patients	 incorporate	not	only	 ruxolitinib,	but	 also	 the	PI3K	 inhibitor	 idealisib,	b-raf	

inhibitor,	 sorafenib,	 and	 the	 multiple	 receptor	 tyrosine	 kinase	 (RTK)	 inhibitor,	

sunitinib	(NCT02779283).	In	this	trial,	the	targeted	inhibitor	used	is	determined	via	

precision	medicine	 functional	 laboratory	 testing.	 Similarly,	 trial	NCT02551718	uses	

personal	gene	expression	data	and	drug	sensitivity	assays	to	guide	treatment	using	a	

variety	of	SMI	and	other	drugs	in	combination	with	chemotherapy.	
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RAS	pathways	mutations	are	also	commonly	observed	in	ALL	23,	particularly	in	patients	

with	CRLF2r	lacking	JAK	mutations21,	23.	Inhibitors	for	RAS	pathway	constituents	b-Raf	

and	 MEK	 are	 being	 considered	 for	 use	 in	 ALL24,	 25.	 The	 highly	 selective	 allosteric	

MEK1/2	inhibitor	selumetinib25	has	been	trialled	in	solid	tumours26	and	more	recently	

in	 acute	 myeloid	 leukaemia	 (AML)27.	 Selumetinib	 has	 been	 demonstrated	 to	 act	

synergistically	in	combination	therapies	including	chemotherapy28,	29	and	with	the	JAK	

inhibitor	AZD1480	in	ALL30	and	is	a	potential	candidate	for	targeting	multiple	subsets	

of	ALL	including	CRLF2r,	hypodiploidy	and	early	thymic	precursor	(ETP)	ALL13.	

	

We	hypothesised	cells	harbouring	CRLF2	rearrangements	or	the	CRLF2	p.F232C	point	

mutation	would	 activate	 different	 signalling	 pathways,	 and	 therefore,	 be	 targetable	

with	different	 small	molecule	 inhibitors.	We	have	 screened	12	 SMI	 for	 efficacy	 and	

identified	a	synergistic	combination	of	fedratinib	and	selumetinib	against	CRLF2r	and	

the	CRLF2	p.F232C	activating	mutation.	Using	a	combination	of	SMI	in	ALL	treatment	

could	lead	to	improved	survival	outcomes	for	high-risk	ALL	patients.	

	

Materials	and	Methods	

Cell	lines	and	maintenance	

HEK293T	(ATCC,	Manassas,	VA)	cells	were	maintained	in	DMEM	supplemented	with	

10%	Fetal	Calf	Serum	(FCS).	Jurkat	and	Ba/F3	cells	(ATCC)	were	maintained	in	RPMI	

supplemented	with	10%	FCS	and	Ba/F3	cells	supplemented	5%	WEHI-3B	conditioned	

media	as	a	source	of	murine	IL-331.	The	human	B-ALL	cell	line	with	IGH-CRLF2	and	JAK2	

p.R683G,	 MUTZ5	 (ATCC),	 and	 NALM-19	 (ATCC)	 were	 maintained	 in	 RPMI	

supplemented	with	20%	FCS.	All	cell	line	media	contained	200	mM	L-Glutamine	(SAFC	

Biosciences),	5000	U/mL	penicillin	and	5000	µg/mL	streptomycin	sulphate.	
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Site	directed	mutagenesis	

The	NEBaseChanger®	tool	was	used	to	design	mutagenesis	primers	(Table	SI)	to	create	

CRLF2	p.F232C.	The	pRufIRES-WT-CRLF2-mCherry	vector	was	used	as	template	for	the	

mutagenesis	reaction,	and	the	Q5	Site	Directed	Mutagenesis	Kit	(New	England	Biolabs	

(NEB),	Notting	Hill,	VIC)	was	used	according	to	the	manufacturer’s	instructions.	

	

Viral	Transduction	

Retrovirus	was	produced	by	transfecting	1	x	106	HEK293T	cells	in	5	mL	recipient	cell	

media	in	a	T25	culture	flask	with	4	µg	of	the	pRuf-IRES-CRLF2	p.F232C	vector,	or	the	

MSCV	 P2RY8-CRLF2	 vector,	 4	 µg	 of	 the	 pEQ-ECO	 packaging	 vector	 and	 20	 µL	

lipofectamine	 (Invitrogen,	Carlsbad,	 CA).	Viral	 supernatant	was	harvested	48	hours	

post	 transfection,	 spun	 and	 passed	 through	 a	 0.45	 µm	 filter.	 Ba/F3	 cells	 at	 a	

concentration	of	3	x	105/mL	were	centrifuged	at	1800rpm	for	1	hour	with	30	µg/mL	

polybrene	 in	4	mL	of	viral	supernatant	 in	a	6-well	plate	at	room	temperature.	Cells	

were	washed	24	hours	 later	 and	 sub-cultured	 in	 original	media	before	 sorting	 at	 a	

concentration	of	1	 x	107/mL	 in	RPMI	and	2%	FCS	on	a	BD	FACSAria™	 for	GFP	and	

TSLPR	expression	at	>95%	purity.	

	

Proliferation	assay	

Ba/F3	cells	were	seeded	at	390	cells/mL	in	media	starved	of	IL-3	in	a	24-well	plate	in	

duplicate.	On	days	0,	2,	4	and	6,	20	µL	of	CellTiter-Glo	2.0®	reagent	(Promega,	Madison,	

WI)	was	added	to	20	µL	of	cell	suspension.	Following	30	min	incubation	in	the	dark,	

luminescence	 was	 measured	 on	 a	 Perkin	 Elmer	 Victor	 X5	 luminometer	 set	 to	

luminescence	at	0.1	seconds.	
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Flow	cytometric	analysis	

Transduced	Ba/F3	cells	were	stained	with	TSLPR-APC	(Invitrogen)	on	ice	for	30	mins	

and	were	analysed	on	a	BD	FACSCanto™	analyser.	Ba/F3	cell	death	was	assessed	by	

seeding	at	3.5x104	cells/mL	 in	a	96-well	plate	with	a	dose-response	of	drug	 (in	 the	

presence	of	0.5%	IL-3	conditioned	supernatant	if	required)	for	a	3-day	cell	death	assay.	

At	72	hours	cells	were	stained	with	0.4	µL	AnnexinV-PE	(BD,	Franklin	Lakes,	NJ)	and	

0.04	µL	7-AAD	(ThermoFisher,	Waltham,	MA)	in	20	µL	HANKS	with	1%	HEPES	and	5%	

CaCl2.	Drug	synergy	was	calculated	using	CalcuSyn	where	the	combination	index	(CI)	

<1	indicated	synergy.	Following	a	6-hour	starvation	from	IL-3,	Ba/F3	cells	were	fixed	

with	a	final	concentration	of	1.6%	paraformaldehyde	for	10	mins,	washed	in	1xPBS	and	

then	permeabilised	with	80%	methanol	overnight	at	-80°C.	Cells	were	then	washed	in	

1xPBS,	 and	 subsequently	 in	 1xPBS/1%	 bovine	 serum	 albumin	 (BSA).	 Cells	 were	

stained	with	antibodies	outlined	in	Table	SI	and	all	intracellular	staining	was	carried	

out	in	the	dark,	on	ice,	for	60	mins	at	room	temperature	in	1xPBS/1%	BSA.	Cells	were	

washed	in	1xPBS	before	reading	on	a	BD	FACSCanto™	analyser.	

	

Real	Time	PCR	Analysis	

RNA	was	isolated	from	transduced	Ba/F3	cells	using	TRIzol®	(Invitrogen)	and	cDNA	

was	 synthesised	 using	 Quantitect	 reverse	 transcriptase	 (Qiagen,	 Venlo,	 NL).	 SYBR	

green	reagents	(Qiagen)	were	used	with	10µM	primers	outlined	in	Table	SI.	

	

Statistical	Analysis	

GraphPad	 Prism	 software	 Version	 8.4.0©	 (GraphPad	 Software	 Inc.)	 and	 FlowJo	

software	version	10.6.1	(FlowJo	LLC)	were	used	for	analyses.	All	assays	were	carried	
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out	in	triplicate	and	graphs	represent	the	median	value	or	mean	with	stand	error	of	the	

mean	(SEM)	error	bars	as	indicated	in	the	figure	legends.	Unpaired	t-test	was	used	to	

determine	 the	 difference	 between	 experimental	 groups.	 Benjamini-Hochberg	 false	

discovery	rate	adjustment	was	used	for	multiple	comparisons.	LD50	was	determined	

from	cell	death	assays	by	applying	a	nonlinear	regression	model	and	using	the	95%	

confidence	interval.	Differences	were	considered	statistically	significant	when	the	p-

value	was	<0.05.	*p<0.05,	**p<0.01,	***p<0.001.	

	

Results	

CRLF2	p.F232C	confers	cytokine	independence	in	Ba/F3	cells	through	activation	

of	JAK/STAT	signalling	

	

Ba/F3	cells	transduced	with	P2RY8-CRLF2	or	CRLF2	p.F232C	(CRLF2F232C)	were	starved	

of	 IL-3	over	6	days	 in	a	cytokine	 independent	assay.	Non-transduced	Ba/F3	cells	or	

P2RY8-CRLF2	 cells	were	 unable	 to	 proliferate	 past	 day	 2	 and	 4,	 respectively,	while	

CRLF2F232C	 cells	 underwent	 cellular	 transformation	 (Fig	 1A,	 p<0.001	 compared	 to	

parental	Ba/F3	cells).	The	amount	of	CRLF2	mRNA	expressed	by	the	transduced	Ba/F3	

cells	was	quantified	using	RQ-PCR.	P2RY8-CRLF2	produced	significantly	more	CRLF2	

mRNA	with	an	RQ	value	of	1.5x106	±	8x104,	compared	to	CRLF2F232C	cells	RQ	of	5.6x105	

±	1.7x105	(Fig	1B,	p=0.008).	Conversely,	a	higher	level	of	TSLPR	was	detected	on	the	

surface	of	CRLF2F232C	cells	(MFI:	13,344)	compared	to	P2RY8-CRLF2	cells	(MFI:	4,162,	

p<0.001,	Fig	1C).	

	

The	 phosphorylation	 levels	 of	 P2RY8-CRLF2	 and	 CRLF2F232C	 Ba/F3	 cells	 indicated	

different	 signalling	 profiles.	 CRLF2F232C	 cells	 significantly	 upregulated	 pSTAT5	
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compared	to	parental	Ba/F3	cells	after	a	5-hour	starvation	from	IL-3	(Fig	1D,	MFI:	182	

±	26,	compared	to	Ba/F3	cells	MFI:	49	±	10,	p=0.043).	P2RY8-CRLF2	cells	resulted	in	a	

significant	increase	in	pAKT	(Fig	1E,	MFI:	85	±	8,	compared	to	Ba/F3	cells	MFI:	12	±	1,	

p=0.013)	and	pERK	(Fig	1F,	MFI:	99	±	9,	compared	to	Ba/F3	cells	MFI:	28	±	5,	p=0.019).	

A	15	min	TSLP	stimulation	did	not	have	an	effect	on	CRLF2F232C	cells	(Fig	1G-I),	however	

an	increase	in	pSTAT5	was	observed	in	TSLP	stimulated	P2RY8-CRLF2	cells	(Fig	1G,	

MFI:	57	±	16	compared	to	DMSO	control	MFI:	49	±	10,	p=0.022).	

	 	



Chapter	4:	Dual	targeting	of	JAK	and	MEK	is	effective	against	CRLF2+	Acute	Lymphoblastic	Leukaemia	
	

	 148	

	

Figure	1:	Characterising	the	signalling	profile	of	CRLF2r	Ba/F3	cells.	A)	Cytokine	

independence	assessed	by	CellTiter	Glo	2.0®	proliferation	assay	over	6	days,	culturing	

Ba/F3	cells	in	media	with	no	IL-3.	Absorbance	reading	measured	using	a	Perkin	Elmer	

Victor	 X5	 luminometer.	B)	 Using	 qRT-PCR	 to	measure	 CRLF2	 mRNA	 expression	 in	

Ba/F3	HMGN1	and	CRLF2	cell	lines	starved	of	IL-3	for	6	hours.	RQ	values	determined	

using	housekeeper	actin	expression	and	normalised	to	the	parental	Ba/F3	control	cell	

line.	 	C)	Representative	histogram	depicting	TSLPR-APC	expression	of	Ba/F3	CRLF2	

cell	lines	starved	of	IL-3	for	6	hours.	Phosphorylation	levels	of	STAT5-PE	(D),	AKT-PE	

(E)	 or	 ERK-PE	 (F)	 basally	 or	 with	 the	 addition	 of	 15min	 TSLP	 stimulation	 before	
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staining	(G,	H	&	I)	of	Ba/F3	cell	lines	expressing	CRLF2r	measured	by	phospho-flow	

cytometry	after	being	starved	of	 IL-3	 for	6	hours.	All	graphs	represent	 the	mean	of	

biological	replicate	of	n=3	with	SEM	error	bars	and	a	student’s	t-test	was	used	between	

parental	Ba/F3	cells	and	CRLF2r	or	CRLF2mut	cells	to	determine	significance,	*p<0.05,	

**p<0.01,	***p<0.001.	
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Screening	 small	molecule	 inhibitors	 against	P2RY8-CRLF2	and	 CRLF2	p.F232C	

cells	

	

Due	to	the	increase	in	JAK/STAT,	PI3K	and	RAS	signalling	pathways,	small	molecule	

inhibitors	of	each	pathways	were	trialled	against	P2RY8-CRLF2	and	CRLF2F232C	cells.	

The	 JAK2	 inhibitors	 fedratinib,	 AZ960,	 ruxolitinib	 and	 cerdulatinib	 reduced	 the	

viability	of	P2RY8-CRLF2	cells	at	similar	concentrations	with	LD50	~350	nM	(Fig	2A).	

The	JAK	inhibitors	were	less	effective	against	CRLF2F232C	cells	with	LD50	~750	nM	for	

AZ960	and	cerdulatinib	and	LD50	~3-4	µM	for	both	ruxolitinib	and	fedratinib	(Fig	2B).	

All	doses	were	within	the	clinically	achievable	range.	

	

The	PI3K	inhibitors	GSK-1059615	and	MK-2206	had	similar	high	LD50	between	5-7	µM	

for	both	P2RY8-CRLF2	and	CRLF2F232C	cells,	while	duvelisib	did	not	impact	cell	viability	

in	 either	 line	 (Fig	 2C-D).	 Therefore,	 the	 investigation	 of	 PI3K	 pathway	 inhibitors	

against	 these	 lines	was	 discontinued.	 The	 RAS	 pathway	 inhibitors	 selumetinib	 and	

PD0325901	 were	 more	 effective	 against	 P2RY8-CRLF2	 cells	 than	 CRLF2F232C	 cells.	

P2RY8-CRLF2	cells	had	LD50	values,	LD50selumetinib	10	µM	and	LD50PD0325901	4.5	µM	(Fig	

2E),	 however,	 PD0325901	 had	 no	 effect	 on	 CRLF2F232C	 cells	 up	 to	 10	 µM	 and	

selumetinib	 had	 a	 higher	 LD50	 of	 ~12	 µM	 (Fig	 F).	 The	 histone	 deacetylase	 (HDAC)	

inhibitor	 givinostat	 had	 LD50	 of	 200	 nM	 for	 P2RY8-CRLF2	 cells	 and	 450	 nM	 for	

CRLF2F232C	cells,	and	panobinostat	had	LD50	of	25	nM	for	P2RY8-CRLF2	cells	and	75	nM	

for	CRLF2F232C	 cells.	The	 last	 inhibitor	 trialled	was	 luminespib,	 inhibiting	heat	shock	

protein	90	(HSP90)	which	targeted	P2RY8-CRLF2	and	CRLF2F232C	cells	similarly,	with	

an	LD50	of	400	nM	(Fig	2G-H).	
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Figure	 2:	 Screening	 small	molecule	 inhibitors	 effective	 against	 CRLF2r	 Ba/F3	

cells.	A	&	B)	 JAK2	inhibitors,	C	&	D)	PI3K	pathway	inhibitors,	E	&	F)	RAS	pathway	

inhibitors,	or	G	&	H)	HDAC	or	HSP90	inhibitors	were	assessed	via	an	AnnexinV/7-AAD	

cell	death	assay	over	three	days	against	Ba/F3	P2RY8-CRLF2	cells,	supplemented	with	

2.5%	IL-3	(left)	or	Ba/F3	CRLF2F232C	cells	starved	of	IL-3	(right).	
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A	 combination	 of	 fedratinib	 and	 selumetinib	 is	mildly	 synergistic	 against	 the	

CRLF2	p.F232C	activating	mutation	

	

The	CRLF2F232C	mutation	stimulates	constitutively	active	signalling	pathways	through	

a	CRLF2	homodimer	receptor.	A	combination	of	the	JAK2	inhibitor,	fedratinib,	and	the	

MEK	inhibitor,	selumetinib,	was	trialled	to	target	both	JAK/STAT	and	RAS	pathways.	A	

significant	decrease	in	cell	viability	was	achieved	with	a	combination	of	1	µM	fedratinib	

and	 1	 or	 2	 µM	 selumetinib	 (CI=0.9,	 Fig	 3A).	 The	 human	 B-ALL	 cell	 line	 MUTZ5	

harbouring	 IGH-CRLF2	 and	 JAK2	 p.R683G	 also	 achieved	 the	 same	 synergistic	

combinations	as	the	Ba/F3	CRLF2F232C	line	(CI=0.9),	in	addition	to	lower	concentrations	

of	0.5	µM	fedratinib	and	1	or	2	µM	selumetinib	(CI=0.6)	as	well	as	1	µM	fedratinib	and	

0.5	µM	selumetinib	(Fig	3B,	CI=0.9).	The	human	B-ALL	line,	NALM-19	was	used	as	a	

negative	 CRLF2	 control	 and	 the	 fedratinib	 and	 selumetinib	 combination	 was	 not	

synergistic	for	this	line	(Fig	3C,	CI>1)	indicating	specificity	for	CRLF2+	lines.	
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Figure	 3:	 Effective	 targeting	 of	 Ba/F3	 cell	 lines	 expressing	 CRLF2	 p.F232C	 or	

human	 IGH-CRLF2	 +JAK2	 p.R683G	 cells	 with	 fedratinib	 and	 selumetinib	

combination	therapy.	The	inhibitors	fedratinib,	selumetinib,	or	a	combination	of	the	
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two	were	assessed	by	an	AnnexinV/7-AAD	cell	death	assay	over	 three	days	against	

Ba/F3	CRLF2F232C	cells	(A),	MUTZ5	cells	(B),	or	control	human	NALM-19	cells	(C).	All	

graphs	 represent	 the	mean	 of	 biological	 replicate	 of	 n=3	with	 SEM	 error	 bars	 and	

*synergistic	combinations	were	identified	using	CalcuSyn	where	CI<1.		
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To	determine	 the	 functional	effect	of	 the	combinationfed/sel,	pSTAT5	and	pERK	were	

profiled	 using	 phosphoflow	 (Fig	 4).	 Interestingly,	 neither	 fedratinib	 alone	 or	 the	

combination	were	sufficient	to	reduce	pSTAT5	in	the	Ba/F3	CRLF2F232C	line	(Fig	4C).	

However,	 a	 significant	 decrease	 in	 pERK	was	 observed	when	CRLF2F232C	 cells	were	

treated	with	selumetinib	alone	(p=0.006)	or	the	combinationfed/sel	(p=0.009,	Fig	4D).	

The	CRLF2F232C	line	was	compared	to	the	parental	Ba/F3	line	starved	of	IL-3	for	6	hours	

which	expressed	low	levels	of	pSTAT5	and	pERK	(Fig	4A-B).	fedratinib	alone	(p=0.044)	

and	 the	 combinationfed/sel	 (p=0.014)	 decreased	 pSTAT5	 in	 Ba/F3	 cells,	 and	 a	 non-

significant	 decrease	 of	 pERK	 was	 observed	 with	 selumetinib	 or	 combinationfed/sel	

treatment.	 Interestingly,	 fedratinib	 (p=0.015)	 and	 the	 combinationfed/sel	 (p=0.013)	

treatment	 of	 MUTZ5	 cells	 resulted	 in	 a	 significant	 decrease	 in	 pSTAT5	 (Fig	 4E),	

however,	the	selumetinib	and	combinationfed/sel	treatment	did	not	result	in	a	significant	

decrease	 in	 pERK	 (Fig	 4F).	 The	 human	 NALM-19	 line	 was	 used	 as	 a	 control	 with	

nominal	 pSTAT5	 expression	 and	 minor	 pERK	 expression,	 of	 which	 none	 of	 the	

treatments	had	an	effect	(Fig	4G-H).	

	

Using	 the	Ba/F3	CRLF2+	 cell	 lines,	 the	 expression	of	 genes	downstream	of	pSTAT5	

were	 quantified	 using	 RQ-PCR	 after	 treatment	 with	 1	 µM	 fedratinib	 and	 2	 µM	

selumetinib	 (Fig	 4I).	 Interestingly,	 the	 expression	 of	 MYC	 was	 decreased	 with	

combinationfed/sel	 treatment	 in	 parental	 Ba/F3,	 P2RY8-CRLF2	 and	 CRLF2F232C	 lines.	

GATA3	 expression	 was	 also	 reduced	 in	 parental	 Ba/F3	 and	 P2RY8-CRLF2	 cells,	

however,	GATA3	expression	in	CRFL2F232C	cells	was	not	sensitive	to	treatment.	CDKN1	

and	 SOCS1	 expression	 were	 only	 decreased	 in	 parental	 Ba/F3	 cells	 with	

combinationfed/sel	 treatment,	 and	 their	 expression	 was	 not	 altered	 in	 drug	 treated	

CRLF2+	lines.	 	
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Figure	4:	A	combination	of	fedratinib	and	selumetinib	decreases	JAK/STAT	and	

RAS	signalling	in	CRLF2	expressing	cells.	Levels	of	pSTAT5-PE	(A,	C,	E,	G)	or	pERK-

PE	(B,	D,	F,	H)	measured	via	flow	cytometry	in	parental	Ba/F3	cells	or	cells	harbouring	

CRLF2F232C	after	being	starved	of	IL-3	for	6	hours	and	MUTZ5	or	NALM-19	cells	exposed	

to	1	µM	fedratinib	and	2	µM	selumetinib	for	2	hours.	All	histograms	are	representative	

of	biological	replicate	of	n=3.	All	graphs	represent	the	mean	of	biological	replicate	of	

n=3	with	SEM	error	bars	and	a	student’s	t-test	was	used	between	each	treatment	and	

its	 corresponding	 vehicle	 control	 to	 determine	 significance,	 *p<0.05,	 **p<0.01,	

***p<0.001.	 I)	 Using	 qRT-PCR	 to	 measure	MYC,	 GATA3,	 CDKN1,	 and	 SOCS1	 mRNA	

expression	in	Ba/F3	CRLF2	cell	lines	starved	of	IL-3	for	6	hours	and	exposed	to	1	µM	

fedratinib	 and	 2	 µM	 selumetinib	 for	 2	 hours.	 RQ	 values	 determined	 using	 b-actin	

expression	and	normalised	to	the	vehicle	control	of	each	cell	line.			
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Discussion	

The	use	of	JAK	inhibitors	for	CRLF2	rearranged	ALL	is	well	established	with	ruxolitinib	

in	Phase	II	 trials32.	Ruxolitinib	was	approved	for	the	use	 in	treating	myelofibrosis14,	

and	 recently,	 the	 JAK2	 inhibitor	 fedratinib	 was	 also	 approved	 for	 myelofibrosis	 in	

201915.	Fedratinib	is	likely	to	enter	clinical	trials	for	ALL,	following	in	the	footsteps	of	

ruxolitinib.	However,	patients	with	the	aggressive	CRLF2F232C	mutation	rarely	harbour	

JAK	mutations8	and	therefore,	JAK	inhibitors	are	not	always	sufficient	to	target	CRLF2+	

B-ALL	cells.	The	MEK	inhibitor,	selumetinib	has	been	demonstrated	to	target	B-ALL	in	

combination	 therapies28,	 29,	 in	 particular,	 combined	 with	 JAK	 inhibitors	 for	 JAK-

mutated	ALL30.	Here,	we	have	demonstrated	efficacy	of	fedratinib	and	selumetinib	in	

combination	to	target	CRLF2F232C	cells	and	JAK2	mutated	cells	harbouring	IGH-CRLF2.	

	

We	have	used	the	Pro-B	Ba/F3	cell	 line	 to	model	 the	P2RY8-CRLF2	gene	 fusion	and	

CRLF2F232C	activating	mutation.	Consistent	with	previous	reports8,9,	we	demonstrated	

cytokine	 independent	 growth	 of	CRLF2F232C	 cells,	 but	 not	P2RY8-CRLF2	 Ba/F3	 cells.	

After	6	hours	IL-3	starve	of	Ba/F3	cells,	an	increase	in	different	signalling	pathways	in	

cells	 harbouring	P2RY8-CRLF2	 compared	 to	CRLF2F232C	was	observed.	P2RY8-CRLF2	

cells	 increased	phosphorylation	of	 pAKT	and	pERK,	whereas	CRLF2F232C	 cells	 relied	

solely	on	STAT5	signalling.	This	could	be	due	to	the	CRLF2/IL7Ra	heterodimer	that	

occurs	in	P2RY8-CRLF2	cells,	compared	to	homodimerization	of	CRLF2	in	CRLF2F232C	

cells11.	To	consolidate	this	model,	an	increase	in	pSTAT5	in	P2RY8-CRLF2	cells	upon	

TSLP	stimulation	was	demonstrated,	as	previously	described33.	

	

To	determine	efficacy	of	SMI	against	P2RY8-CRLF2	and	CRLF2F232C	cells,	12	SMI	were	

screened	in	a	cell	death	assay.	Overall,	P2RY8-CRLF2	cells	were	more	sensitive	to	all	



Chapter	4:	Dual	targeting	of	JAK	and	MEK	is	effective	against	CRLF2+	Acute	Lymphoblastic	Leukaemia	
	

	 159	

SMI	 compared	 to	 CRLF2F232C	 cells	 as	 expected	 from	 the	 activating	 mutation.	 We	

demonstrate	 efficacy	 of	 type	 1	 JAK2	 inhibitors	 fedratinib,	 AZ960,	 ruxolitinib	 and	

cerdulatinib	in	a	dose	dependent	manner	against	P2RY8-CRLF2	cells.	Due	to	the	lower	

sensitivity	 of	 type	 1	 JAK2	 inhibitors	 in	CRLF2F232C	 cells,	 type	 2	 inhibitors	 including	

CHZ868	 may	 be	 a	 better	 candidate	 as	 recently	 identified	 to	 target	 the	 mutated	

receptor34.	

	

PI3K	pathway	dysregulation	is	observed	in	CRLF2r	patients12,	33,	therefore,	inhibition	

of	PI3K	or	AKT	was	hypothesised	to	be	efficacious	against	P2RY8-CRLF2	or	CRLF2F232C.	

The	PI3K	and	AKT	inhibitors	trialled	were	effective	against	P2RY8-CRLF2	cells	as	an	

increase	in	pAKT	was	also	observed,	however	CRLF2F232C	cells	were	less	sensitive	as	

they	did	not	activate	pAKT.	The	 inhibitor,	duvelisib,	which	 is	FDA	approved	 for	 the	

treatment	of	chronic	lymphocytic	leukaemia35	was	not	successful	in	targeting	either	of	

the	CRLF2+	lines.	

	

The	allosteric	MEK	inhibitors	selumetinib	and	PD0325901	decreased	the	viability	of	

P2RY8-CRLF2	 cells	 in	 a	 dose	 dependent	 manner,	 while	 CRLF2F232C	 cells	 required	 a	

higher	 concentration	 of	 selumetinib	 to	 be	 affected,	 and	 no	 change	 in	 viability	 was	

observed	with	the	use	of	PD0325901.	Interestingly,	the	RAS	signalling	pathway	is	often	

upregulated	in	iamp2136	and	Down	Syndrome	ALL23,	37,	both	of	which	frequently	co-

occur	 with	 CRLF2r38	 indicating	 MEK	 inhibitors	 may	 be	 viable	 candidates	 for	 the	

therapeutic	targeting	CRLF2r	ALL.	

	

Alterations	in	epigenetic	regulator	genes	are	also	frequently	associated	with	CRLF2r	

ALL11.	The	HDAC	inhibitors	givinostat	and	panobinostat	both	potently	reduced	P2RY8-
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CRLF2	and	CRLF2F232C	cell	viability.	Sensitivity	to	givinostat	has	been	demonstrated	in	

CRLF2r	and	JAK	inhibitor	resistant	CRLF2r	cells39	and	could	be	a	potential	candidate	

for	treatment	resistant	or	relapsed	ALL	patients.	HSP90	inhibition	is	proposed	to	be	

effective	 against	 aggressive	 ALL	 subtypes.	 In	 particular,	 HSP90	 inhibitors	 target	

CRLF2r	cells	that	rely	on	JAK2,	by	promoting	JAK2	degradation40,	41.	In	this	study,	the	

HSP90	 inhibitor	 luminespib	 effectively	 targeted	 P2RY8-CRLF2	 and	 CRLF2F232C	 cells,	

confirming	efficacy	of	targeting	this	pathway.	Similarly	to	the	HDAC	inhibitors,	HSP90	

inhibition	 has	 been	 demonstrated	 to	 overcome	 JAK	 inhibitor	 resistance	 in	 CRLF2r	

cells41.	

	

The	emergence	of	resistance	to	either	chemotherapy,	or	targeted	inhibitors	has	led	to	

trials	of	 combination	 therapies1.	 	We	have	endeavoured	 to	dual	 target	CRLF2+	cells	

with	 the	 JAK2	 inhibitor,	 fedratinib	 and	 the	 MEK	 inhibitor,	 selumetinib.	 Synergistic	

therapies	that	result	in	a	lower	dose	of	either	drug	are	associated	with	less	toxicity	and	

minimal	 resistance	 generation42.	 JAK2	 inhibitors	 have	 previously	 been	 trialled	 in	

combination	with	other	SMI43.	Interestingly,	selumetinib	has	shown	efficacy	when	used	

in	combination	therapies	in	ALL44	and	AML27.	We	demonstrated	efficacy	of	fedratinib	

and	selumetinib	in	combination	against	both	CRLF2F232C	and	the	IGH-CRLF2	gene	fusion	

with	the	JAK2	p.R683G	activating	mutation.	Individually,	selumetinib	was	not	effective	

unless	used	at	high	concentrations	of	10	µM,	whereas	in	combination	with	fedratinib,	

this	concentration	was	reduced	to	2	µM.	CRLF2r	cells	rely	on	JAK/STAT	signalling11,	

therefore,	 ERK	 pathway	 activation	 may	 only	 occur	 when	 JAK/STAT	 signalling	 is	

terminated	 allowing	 selumetinib	 to	 be	 effective.	 This	 mild	 synergistic	 effect	 was	

specific	 to	CRLF2	 expressing	 lines,	 as	 the	 control	NALM-19	 cell	 line	 did	 not	 exhibit	

synergy.	
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The	combination	of	fedratinib	and	selumetinib	ceased	pSTAT5	and	pERK	signalling	in	

MUTZ5	cells.	However,	pSTAT5	signalling	remained	active	 in	CRLF2F232C	 cells	as	 the	

p.F232C	results	in	homodimer	formation	and	constitutive	JAK2	recruitment9.	A	type	2	

JAK	inhibitor	in	combination	with	selumetinib	may	be	more	beneficial	when	targeting	

the	aggressive	CRLF2F232C	mutation34.	The	combination	was,	however,	able	to	decrease	

expression	 of	MYC	 in	CRLF2F232C	 cells,	 but	 not	GATA3,	CDKN1	 or	 SOCS1,	 confirming	

active	STAT5	signalling.	Combination	JAK2	and	c-MYC	inhibition	has	been	successful	

in	 targeting	CRLF2r	 and	 JAK	mutant	B-ALLs,	 demonstrating	 the	 importance	 of	MYC	

expression	cessation45.	RAS	pathway	and	JAK	mutations	are	two	of	the	most	frequently	

observed	lesions	in	high-risk	ALL21,	therefore,	a	synergistic	combination	of	a	JAK	and	

MEK	inhibitor	such	as	 fedratinib	and	selumetinib	may	be	a	 therapeutic	option	 for	a	

range	of	ALL	subtypes.	However,	this	will	need	to	be	explored	further	in	preliminary	

in	vivo	models.	

	

High-risk	 ALL	 patients	 are	 associated	with	 lower	 survival	 rates	 and	 higher	 relapse	

rates21,39.	 	 A	 precision	 medicine	 approach	 using	 targeted	 inhibitors	 could	 greatly	

increase	 their	chances	of	 survival.	Currently,	 clinical	 trials	are	evaluating	 the	use	of	

gene	expression	data	to	inform	treatment	using	targeted	inhibitors.	We	have	screened	

12	 SMI	 and	 discovered	 an	 effective	 combination	 therapy	 using	 fedratinib	 and	

selumetinib	to	arrest	pSTAT5	and	pERK	signalling	which	could	benefit	not	only	CRLF2r	

patients,	 but	many	 high-risk	 ALL	 patients	with	 activating	mutations	 in	 JAK	 or	 RAS	

signalling	pathways.	
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Many	genes	in	the	Down	Syndrome	critical	region	of	chromosome	21	are	involved	in	

cancer-associated	 or	 gene	 activation	 pathways	 and	 have	 potential	 involvement	 in	

leukaemogenesis1,2.	Genes	including	the	dual	specificity	tyrosine	phosphorylated	and	

regulated	 kinase	 1A	 (DYRK1A),	 ETS	 related	 gene	 (ERG),	 ETS	 variant	 transcription	

factor	6	(ETV6)	and	RUNX	family	transcription	factor	1	(RUNX1)	have	been	studied	in	

ALL	so	far3-8.	This	thesis	builds	upon	the	investigation	of	HMGN1	in	the	development	

and	persistence	of	CRLF2r	ALL.	Critical	initial	studies	conducted	by	Lane	and	Mowery	

et	 al1,2	 defined	genes	 in	 the	Down	Syndrome	critical	 region	of	 chromosome	21	and	

highlight	the	involvement	of	HMGN1	in	transcriptional	activation.	Deciphering	the	role	

of	chromosome	21	in	leukaemogenesis	is	imperative	to	determine	the	predisposition	

DS-ALL	patients	have	to	leukaemia	development,	as	well	as	non-DS	ALL	patients	who	

harbour	polysomy	21	or	intrachromosomal	amplification	of	chromosome	219,10.	

	

The	articles	presented	in	this	thesis	investigate	the	cooperation	between	P2RY8-CRLF2	

and	 chromosome	 21	 gene,	 HMGN1,	 to	 understand	 its	 role,	 and	 develop	 targeted	

therapeutic	approaches	urgently	needed	for	DS-ALL	patients.	Together,	the	data	from	

chapters	2	and	3	identify	HMGN1	as	a	critical	leukaemic	gene,	and	potential	target	in	

DS-ALL.	 This	 is	 because	 of	 its	 important	 functions	 in	 nucleosome	 remodelling,	

proliferation,	 survival	 and	 cooperation	 with	 P2RY8-CRLF2.	 In	 chapters	 2	 and	 4,	

different	combination	therapies	have	been	identified	for	cells	harbouring	the	P2RY8-

CRLF2	gene	fusion	or	the	CRLF2	p.F232C	activating	mutation	to	target	their	different	

signalling	patterns.	The	role	of	HMGN1	identified	here,	provides	significant	insight	into	

the	 predisposition	 of	 DS-ALL	 patients	 harbouring	 P2RY8-CRLF2	 and	 demonstrates	

mechanisms	for	the	persistent	nature	of	these	cells.		
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Chapter	 2	 of	 this	 thesis	 demonstrates,	 for	 the	 first	 time,	 that	 HMGN1	 has	 driver	

potential	 similar	 to	 that	 of	 JAK2,	 in	 the	 proliferation	 and	 survival	 of	 trisomy	 21	

leukaemic	cells.	JAK2	has	been	well	characterised	as	a	driver	gene	in	haematological	

malignancies11-13.	 Driver	 potential	 of	 HMGN1	 was	 identified	 using	 a	 CRISPR/Cas9	

knockout	of	HMGN1,	and	its	role	was	explored	in	a	trisomy	21	CRLF2	xenograft	model.	

Bioluminescent	 imaging	 was	 used	 to	 track	 engraftment	 and	 also	 the	 reduction	 in	

leukaemic	burden	when	the	inducible	HMGN1	knockout	was	activated.	When	HMGN1	

was	knocked	out	of	the	trisomy	21	CRLF2+	murine	model,	not	only	was	leukaemic	cell	

proliferation	 perturbed,	 but	 also	 a	 significant	 survival	 advantage	 was	 gained.	

Furthermore,	 known	 leukaemia	 associated	 pathologies	 including	 anaemia,	

thrombocytopaenia	 and	 hepatosplenomegaly	 were	 mitigated.	 These	 findings	 are	

particularly	significant	as	the	trisomy	21	cells	expressed	the	aggressive	CRLF2	p.F232C	

activating	mutation	that	constitutively	activates	cell	signalling10,14.	Based	on	this	data,	

targeting	HMGN1	in	patients	harbouring	CRLF2	p.F232C,	would	have	the	potential	to	

significantly	decrease	treatment	related	toxicity.	This	is	clinically	relevant,	as	patients	

harbouring	CRLF2	p.F232C	currently	have	limited	therapeutic	options	and	are	at	high	

risk	of	relapse.	Repeating	this	model	using	DS-ALL	patient	derived	xenografts	would	

further	validate	the	leukaemic	role	of	HMGN1	in	ALL,	however,	the	low	transduction	

efficiencies	of	primary	ALL	material	may	limit	this	study.	

	

To	support	the	findings	from	the	in	vivo	model	in	Chapter	2,	I	demonstrate	for	the	first	

time,	 cooperation	 between	P2RY8-CRLF2	 and	HMGN1	 in	 leukaemic	 transformation.	

This	link	between	P2RY8-CRLF2	and	HMGN1	was	identified	using	two	in	vitro	models	

described	 in	 chapters	 2	 and	 3.	 Using	 the	 pro-B	 Ba/F3	 cell	 line,	 I	 demonstrate	 that	

neither	 gene	 (HMGN1	 or	 P2RY8-CRLF2)	 was	 alone	 transformative15,16,	 thus	 clearly	
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elucidating	 the	 critical	 synergistic	 role	 of	 HMGN1	 in	 proliferation	 and	 factor	

independent	 transformation	 when	 co-expressed	 with	 P2RY8-CRLF2.	 Further,	 the	

endogenous	 CRISPR/Cas9	 P2RY8-CRLF2	 model	 described	 in	 chapter	 3,	 provides	

additional	mechanistic	insight	into	the	role	of	HMGN1	in	this	process.	By	creating	the	

P2RY8-CRLF2	 gene	 fusion	 endogenously,	 the	 pre-leukaemic	 state	 of	 a	 cell	 can	 be	

explored.	 It	 has	previously	been	demonstrated	 that	 overexpression	of	HMGN1,	 as	 a	

result	 of	 trisomy	 21	 changes	 the	 transcriptional	 activation	 patterns	 of	 a	 cell17.	

Expressing	HMGN1	 in	 Jurkat	 cells	 for	 72	 hours	 prior	 to	 inducing	 the	 CRISPR/Cas9	

gRNAs	 to	 generate	 P2RY8-CRLF2	 resulted	 in	 increased	 efficiency	 of	 P2RY8-CRLF2	

formation	and	as	a	result,	surface	expression	of	TSLPR.	This	suggests	that	HMGN1	is	

likely	a	predisposing	factor	to	the	P2RY8-CRLF2	fusion	gene	formation	and	may	explain	

why	 this	 fusion	 is	 prevalent	 among	 patients	 with	 DS-ALL.	 Supporting	 the	 results	

identified	 in	 chapter	 2,	 the	 endogenous	 P2RY8-CRLF2	 and	 HMGN1	 expressing	 cells	

demonstrate	 the	 same	 trends	 in	 cell	 signalling	 and	 histone	 activation	 as	 the	Ba/F3	

model,	further	validating	HMGN1	as	an	important	leukaemic	gene.	HMGN1	also	plays	a	

role	in	DNA	repair18,	and	therefore,	it	may	have	a	role	in	facilitating	the	320	KB	deletion	

and	ligation	event	that	results	in	the	formation	of	P2RY8-CRLF2	at	the	PAR1	locus.	

	

To	confirm	this	mechanism,	 further	experiments	are	required	to	determine	HMGN1	

action	 at	 the	 P2RY8	 promotor.	 This	 will	 be	 done	 using	 ATAC	 seq	 (Assay	 for	

Transposase-Accessible	Chromatin	using	sequencing)	in	the	endogenously	expressing	

P2RY8-CRLF2	cell	lines	generated	in	chapter	3.	This	method	exposes	DNA	to	a	highly	

active	transposase	(Tn5).	Open	chromatin	sites	will	preferentially	bind	Tn5	which	will	

fragment	the	DNA	and	add	sequencing	primers	to	identify	regions	of	active	chromatin.	

As	 ATAC	 seq	 assesses	 chromatin	 accessibility,	 an	 endogenously	 expressing	 P2RY8-
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CRLF2	 cell	 line	will	 be	 a	 favourable	 option	 compared	 to	 virally	 overexpressing	 the	

fusion	gene	such	as	in	the	Ba/F3	cells	developed	in	chapter	2.	While	HMGN1	will	be	

virally	overexpressed,	it	can	be	determined	whether	the	protein	produced	acts	on	the	

endogenous	P2RY8	promotor	at	PAR1	in	a	human	cell	line.	The	Ba/F3	cells,	however,	

may	express	P2RY8-CRLF2	at	random	insertion	sites	in	the	genome	and	are	a	murine	

cell	line	rather	than	of	human	origin.	ATAC	seq	has	been	used	to	determine	if	HMGN1	

is	 responsible	 for	 transcriptional	 activation	 in	B-cells,	 however,	 this	was	not	 in	 the	

context	of	CRLF2r2.	 In	addition	to	ATAC	seq,	chromatin	 immunoprecipitation	(ChIP)	

will	provide	valuable	information	on	HMGN1	binding	sites	and	targets.	Using	ChIP	for	

HMGN1	and	H3K27me3	will	validate	the	flow	cytometry	methylation	and	acetylation	

data	generated	in	chapter	2,	as	well	as	demonstrate	its	role	in	cell	signalling.		

	

The	 endogenous	P2RY8-CRLF2	 cell	 line	model	 provides	 a	 useful	 research	 tool	 as	 a	

physiological	 level	of	gene	expression	 is	achieved,	 in	contrast	 to	 the	overexpression	

observed	in	the	context	of	retroviral	vectors19,20.	An	endogenously	expressing	P2RY8-

CRLF2	 cell	 line	 is	 a	 valuable	 research	 tool	 as	 there	 are	 currently	 only	 cell	 lines	

harbouring	the	IGH-CRLF2	fusion,	not	P2RY8-CRLF2.	This	model,	which	recapitulates	a	

pre-leukaemic	 state,	will	 also	 be	 valuable	 for	 the	 identification	 of	 new	 cooperating	

genes	or	investigation	of	other	chromosome	21	genes	in	DS-ALL.	As	P2RY8-CRLF2	 is	

not	 a	 transforming	 fusion	 gene	 alone,	 but	 a	 leukaemia	 initiating	 event,	 the	 co-

expression	of	other	potential	 leukaemic	genes	can	be	assessed	prior	to	inducing	the	

CRISPR/Cas9	P2RY8-CRLF2	fusion	generation.	For	example,	DYRK1A,	which	has	been	

demonstrated	to	promote	DS	megakaryoblastic	leukaemia	in	a	murine	model4	can	be	

expressed	 to	 determine	 its	 cooperation	 with	 P2RY8-CRLF2	 for	 leukaemic	

transformation	and	changes	in	cell	signalling.		
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Evidence	for	the	cooperation	between	P2RY8-CRLF2	and	HMGN1	has	been	established	

in	Chapters	2	and	3	through	the	achievement	of	cytokine	independence	in	Ba/F3	cells	

and	increased		efficiency	in	the	development	of	P2RY8-CRLF2	in	the	novel	CRISPR/Cas9	

model	 cell	 line.	 To	 further	 characterise	 this	 relationship,	 the	 development	 of	 a	

cooperative	 bone	marrow	 transplant	mouse	will	 be	 of	 value.	Murine	 bone	marrow	

transplants	 have	 been	 used	 to	 identify	 cooperative	 genes	 in	 leukaemic	

transformation21.	In	this	experiment,	lineage	negative	haemopoietic	precursors	will	be	

harvested	from	male	C57BL/6	mice	and	transduced	with	P2RY8-CRLF2,	CRLF2	p.F232C	

and	HMGN1	 individually,	 as	well	 as	P2RY8-CRLF2	 and	HMGN1,	CRLF2	 p.F232C	 and	

HMGN1	or	P2RY8-CRLF2	and	DYRK1A	as	a	control.	Transduced	cells	will	be	 injected	

into	syngeneic	C57BL/6	female	mice	and	monitored	to	determine	leukaemia	latency	

and	 to	 confirm	 P2RY8-CRLF2	 and	 HMGN1	 are	 cooperating	 to	 develop	 leukaemia.	

Leukaemic	cells	harvested	from	these	mice	could	later	be	used	in	a	pre-clinical	model	

to	 validate	 targeted	 therapies	 for	 DS-ALL,	 including	 the	 combination	 therapies	

identified	in	chapters	2	and	4.	The	application	of	CRISPR/Cas9	for	P2RY8-CRLF2	fusion	

generation	could	also	be	used	 in	murine	haematopoietic	precursors	 to	demonstrate	

leukaemic	 driver	 capabilities.	 Combinations	 of	 chromosome	 21	 genes	 with	

endogenous	expressing	P2RY8-CRLF2	murine	haematopoietic	cells	could	be	 injected	

into	recipient	mice	to	determine	engraftment,	leukaemic	potential	and	cooperation.	

	

Using	the	cooperative	in	vitro	Ba/F3	CRLF2	model	developed	in	chapter	2,	the	function	

of	P2RY8-CRLF2	and	HMGN1	was	further	elucidated.	Dual	expression	of	P2RY8-CRLF2	

and	 HMGN1	 lead	 to	 increased	 CRLF2	 mRNA	 production	 and	 surface	 TSLPR	 when	

compared	to	cells	expressing	P2RY8-CRLF2	alone.	This	finding	was	unique	to	P2RY8-



Chapter	5:	Discussion	and	Future	Directions		
	

	 177	

CRLF2	 cells	as	HMGN1	 expression	did	not	upregulate	CRLF2	 in	WT	CRLF2	or	CRLF2	

p.F232C	cells.	This	supports	the	endogenous	P2RY8-CRLF2	model	described	in	Chapter	

3	 and	 provides	 insight	 into	 the	 role	 of	HMGN1	 expression	 in	 cells	 predisposed	 to	

P2RY8-CRLF2	 fusion	 formation.	 The	 CRLF2	 p.F232C	 mutation	 does	 not	 require	

additional	 lesions	 for	 leukaemic	 transformation10,22	 and	 has	 high	 constitutive	

expression	 of	 TSLPR.	 With	 HMGN1	 expression,	 P2RY8-CRLF2	 cells	 also	 have	

upregulated	 TSLPR,	 akin	 to	 that	 observed	 in	 cells	 harbouring	CRLF2	 p.F232C.	 This	

finding	raises	mechanistic	questions	as	to	whether	HMGN1	has	a	direct	role	binding	to	

the	 P2RY8	 promotor,	 as	 it	 has	 been	 demonstrated	 to	 bind	 to	 promotor	 regulatory	

elements23.	Alternatively,	 it	may	have	an	 indirect	role	activating	other	 transcription	

factors	 that	 can	 then	 activate	 P2RY8-CRLF22,17.	 This	 warrants	 further	 investigation	

such	as	ATAC	seq	previously	described.	In	addition,	chromatin	immunoprecipitation	

for	HMGN1	would	identify	the	genes	HMGN1	binds	to,	that	result	 in	activation.	This	

will	determine	if	HMGN1	binding	patterns	change	in	the	presence	of	the	P2RY8-CRLF2	

fusion,	 and	 identify	 genes	 becoming	 active	 via	 HMGN1	 demethylation	 that	 may	

cooperate	with	P2RY8-CRLF2.	

	

Co-expression	 of	 P2RY8-CRLF2	 and	 HMGN1	 in	 the	 Ba/F3	 model	 also	 identified	

upregulated	cell	signalling,	postulating	a	mechanism	for	the	observed	cooperation.	In	

non-DS	 CRLF2r	 ALL	 patients,	 50%	 present	 clinically	 with	 JAK2	 mutations	 and	

upregulated	 JAK/STAT	 signalling13,24.	 In	 the	 models	 generated	 herein,	 upregulated	

JAK/STAT,	PI3K	and	Ras	signalling	was	observed	when	HMGN1	was	co-expressed	with	

P2RY8-CRLF2	cells.	This	signalling	profile	is	similar	to	that	identified	in	CRLF2r	JAK2	

mutated	patients9,25-28.	These	cells	also	had	increased	acetylation	of	the	gene	activation	

mark,	H3K9ac,	and	decreased	methylation	of	the	gene	silencing	marks,	H3K9me2	and	



Chapter	5:	Discussion	and	Future	Directions		
	

	 178	

H3K9me3,	which	is	indicative	of	HMGN1	expression2,17.	Therefore,	P2RY8-CRLF2	and	

HMGN1	 cells	 may	 cooperate	 via	 nucleosome	 remodelling	 to	 activate	 cell	 signalling	

pathways	resulting	in	leukaemic	transformation	and	cell	survival.	Interestingly,	cells	

co-expressing	HMGN1	and	CRLF2	p.F232C	did	not	share	these	signalling	and	epigenetic	

patterns.	The	CRLF2	p.F232C	mutation	results	in	maximal	TSLPR	expression	and	as	a	

result,	constitutive	JAK/STAT	cell	signalling3,10,	and	therefore	do	not	require	additional	

cancer	 associated	 lesions.	 While	 cells	 harbouring	 the	 CRLF2	 p.F232C	 mutation	

exhibited	increased	gene	activation	marks	upon	co-expression	with	HMGN1,	this	did	

not	 impact	 signalling	 pathways,	 and	 no	 increase	 in	 PI3K	 or	 RAS	 signalling	 was	

observed.	This	further	highlights	the	need	for	a	precision	medicine	approach	for	DS-

ALL	patients,	including	those	within	the	same	subset	of	CRLF2	rearrangements,	as	the	

fusion	and	mutant	have	different	signalling	patterns,	and	therefore,	are	highly	unlikely	

to	be	targetable	with	the	same	therapies.	

	

To	determine	which	genes	are	activated	in	the	Ba/F3	CRLF2	p.F232C	cell	 line	when	

HMGN1	is	co-expressed,	ChIP	or	ATAC	seq	will	once	again	be	beneficial.	Furthermore,	

mass	spectrometry	profiling	and	RNA	sequencing	will	be	useful	to	determine	signalling	

patterns	and	the	gene	expression	profile	of	CRLF2	p.F232C	HMGN1	cells	to	better	target	

with	small	molecule	inhibitors.	In	chapter	2,	an	increase	in	the	gene	activation	mark,	

H3K9ac,	was	observed	in	Ba/F3	cells	co-expressing	CRLF2	p.F232C	and	HMGN1,	but	

not	an	 increase	 in	cell	signalling	or	CRLF2	expression.	Using	RQ-PCR,	an	 increase	 in	

BCL2	 and	MYC	 expression	was	 identified	 in	 this	 line,	 however,	 this	was	 a	 targeted	

experiment	rather	than	a	whole	genome	approach.	Given	the	upregulation	of	BCL2	and	

MYC,	it	will	also	be	worthwhile	to	trial	BCL2	and	BET	inhibitors	such	as	venetoclax	and	
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JQ1	in	a	cell	death	assay	against	the	CRLF2	p.F232C	cells.	These	agents	are	currently	

being	trialled	in	double	hit	lymphoma29.	

	

To	address	the	need	for	precision	medicine	treatment	for	patients	with	P2RY8-CRLF2	

or	the	CRLF2	p.F232C	mutation	due	to	their	differing	cell	signalling	profiles,	I	assessed	

two	combination	therapies	for	each	CRLF2	subset.	Both	therapies	centred	around	the	

use	 of	 fedratinib,	 a	 specific	 JAK2	 inhibitor	 recently	 approved	 for	 the	 treatment	 of	

myelofibrosis30	 as	 both	 CRLF2	 subsets	 upregulate	 JAK/STAT	 signalling.	 Cells	

expressing	HMGN1	have	been	demonstrated	to	respond	to	the	demethylase	inhibitor	

GSK-J41	which	 I	 have	 confirmed	using	Ba/F3	 cells.	 Therefore,	 in	 chapter	 2,	when	 a	

combination	of	fedratinib	and	GSK-J4	was	trialled	against	cells	co-expressing	P2RY8-

CRLF2	and	HMGN1,	a	significant	decrease	in	cell	viability	was	observed,	indicating	the	

two	compounds	act	in	synergy	and	validating	HMGN1	as	a	therapeutic	target	in	CRLF2r	

DS-ALL.	 This	 drug	 combination	 also	 proved	 	 synergistic	 against	 cells	 co-expressing	

CRLF2	p.F232C	and	HMGN1,	however,	to	a	much	lesser	extent.	Therefore,	in	chapter	4,	

my	 focus	 was	 on	 targeting	 cells	 harbouring	 CRLF2	 p.F232C	 with	 small	 molecule	

inhibitors.	 The	 MEK	 inhibitor,	 selumetinib,	 was	 first	 trialled	 alone	 due	 to	 the	

upregulation	of	pERK	in	CRLF2	p.F232C	cells.	A	modest	level	of	cell	death	was	achieved	

when	 selumetinib	was	 used	 alone.	 Interestingly,	 the	 combination	 of	 fedratinib	 and	

selumetinib	 acted	 in	 synergy	 to	 target	 CRLF2	 p.F232C	 cells.	 Surprisingly,	 a	 similar	

result	 was	 identified	 in	 an	 AML	 study31	 with	 selumetinib	 exhibiting	modest	 single	

agent	 efficacy	 but	 a	 low	 toxicity	 profile	 suitable	 for	 combination	 therapies.	 The	

fedratinib	 and	 selumetinib	 combination	was	 also	 identified	 to	 act	 synergistically	 in	

cells	 expressing	 the	 IGH-CRLF2	 fusion	 and	 JAK2	 activating	 mutation.	 Therefore,	 a	

combination	therapy	effective	for	the	CRLF2	p.F232C	mutation	may	also	be	successful	
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in	targeting	CRLF2	fusions	and	will	be	trialled	in	cells	harbouring	P2RY8-CRLF2.	The	

development	of	targeted	therapies	is	important	for	CRLF2r	patients,	in	particular	DS-

ALL	 patients	 who	 experience	 treatment	 toxicity	 to	 chemotherapy,	 as	 well	 as	 poor	

survival	outcomes	and	high	relapse	rates7,32.	
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Concluding	Remarks	

In	this	thesis	I	have	established	novel	roles	for	HMGN1	in	the	proliferation	and	survival	

of	 CRLF2+	 cells	 as	 well	 as	 cooperation	 with	 P2RY8-CRLF2	 for	 leukaemic	

transformation.	The	findings	presented	have	identified	several	potential	mechanisms	

including	the	upregulation	of	CRLF2	and	TSLPR,	in	addition	to	nucleosome	remodelling	

resulting	in	increased	cell	signalling	and	gene	activation.	Finally,	for	clinical	translation,	

assessment	 of	 therapeutic	 interventions	 has	 revealed	 two	 synergistic	 combination	

therapies	 for	 either	 the	 P2RY8-CRLF2	 fusion	 co-expressing	 HMGN1,	 or	 the	 CRLF2	

p.F232C	 mutation.	 Importantly,	 taken	 together,	 these	 data	 provide	 much	 needed	

evidence	on	the	predisposition	of	DS-ALL	patients	developing	P2RY8-CRLF2,	suggest	

potential	mechanisms	to	this	cooperation,	and	propose	a	therapeutic	option	that	would	

reduce	the	toxicity	DS-ALL	patients	experience	from	current	chemotherapy	regimens.	

This	 is	 important	 as	 the	 role	 of	 chromosome	 21	 is	 largely	 unknown	 in	

leukaemogenesis,	 and	 DS-ALL	 patients	 have	 a	 poor	 prognosis	 and	 need	 targeted	

therapies	to	improve	their	treatment	tolerability.	To	add	complete	clarity	of	the	role	of	

HMGN1	 in	 leukaemic	development	 and	persistence,	 further	 investigations	 including	

ATAC	seq	and	additional	cooperative	in	vivo	models	will	be	valuable.	
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