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		ABSTRACT	

O-Acetylated	 GD2	 (OAcGD2)	 ganglioside	 is	 neo-expressed	 in	 neuroectodermal	 derived	

tumors	 as	 neuroblastoma	 and	 breast	 cancer.	 This	 oncofetal	 marker	 is	 an	 essential	 target	 for	

immunotherapy.		Dinutuximab	(Unitixin	TM),	a	therapeutic	antibody	targeting	GD2	has	recently	

obtained	Food	Drug	Administration	and	European	Medicines	Agency	approval	for	neuroblastoma	

treatment.	Nevertheless,	Dinutuximab	causes	toxicity	due	to	the	expression	of	GD2	on	peripheral	

nerve	 fibers.	 In	 that	way,	 targeting	OAcGD2	 seems	more	beneficial	 because	of	 absence	of	 this	

antigen	in	normal	tissues.	The	activities	of	OGD2	Pharma	Company,	partner	of	this	project,	are	

focused	 on	 therapeutic	 antibody	 development	 against	 OAcGD2.	 OGD2	 Pharma	 developed	 an	

antibody	specifically	targeting	OAcGD2	with	no	cross	reaction	with	GD2.	Absent	from	the	normal	

mammary	 gland,	 complex	 gangliosides	 especially	 GD2	 and	 its	 O-acetylated	 form	 have	 been	

detected	in	breast	cancer.	This	expression	is	correlated	with	poor	patient	outcome.	The	aim	of	this	

thesis	project	was	to	decipher	the	molecular	mechanisms	of	OAcGD2	biosynthesis,	expression	and	

its	role	in	breast	cancer,	 in	order	to	highlight	the	therapeutic	and	diagnostic	value	of	targeting	

OAcGD2	in	breast	cancer.		
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RESUME		

Le	 ganglioside	 GD2,	 ré-exprimé	 dans	 les	 cancers	 d’origine	 neuro-ectodermique,	 a	 été	

caractérisé	 comme	 un	 antigène	 oncofetal	 constituant	 une	 cible	 pour	 l’immunothérapie.	

L’anticorps	anti-GD2	dinutuximab	(Unitixin,	TM)	a	récemment	obtenu	l’agrément	de	la	Food	Drug	

Administration	et	de	l’Agence	Européenne	du	Médicament	pour	le	traitement	des	neuroblastomes	

pédiatriques.	Cependant,	l’utilisation	de	cet	anticorps	se	heurte	à	de	forts	problèmes	de	toxicité	

due	 à	 l’expression	 du	 GD2	 dans	 les	 nerfs	 périphériques	 sains.	 La	 forme	 O-acétylée	 du	 GD2	

(OAcGD2)	n’est	exprimé	que	dans	les	tissus	cancéreux	représentant	ainsi	une	cible	thérapeutique	

moins	toxique	que	le	GD2.	Les	activités	de	la	société	OGD2	Pharma,	partenaire	de	ce	projet,	sont	

axées	 sur	 le	 développement	 d’anticorps	 thérapeutiques	 dirigés	 contre	 le	 GD2	 O-acetylé.	

L’anticorps	 développé	 cible	 spécifiquement	 au	 GD2	O-acetylé	 sans	 réaction	 croisée	 avec	 GD2.	

Dans	le	cancer	du	sein,	les	gangliosides	complexes,	notamment	le	GD2	et	sa	forme	O-acetylé	sont	

ré-exprimés.	Cette	expression	est	corrélée	à	un	mauvais	pronostic	chez	les	patientes	atteintes	de	

cancer	 du	 sein.	 L’objectif	 principale	 de	ma	 thèse	 est	 d’identifier	 les	mécanismes	moléculaires	

régissant	 l’O-acétylation	 du	 GD2	 dans	 le	 cancer	 du	 sein	 afin	 de	 mettre	 en	 évidence	 l’intérêt	

thérapeutique	et	diagnostique	du	ciblage	de	cet	antigène.		

	



	

	 16	

ABBREVIATION		

• AA:	Amino	Acid		

• ADC:	Antibody	Drug	Conjugates	

• ADCC:	Antibody	Dependent	Cell	

Cytotoxicity	

• BC:	Breast	Cancer		

• CDC:	Complement	Dependent	Cytotoxity	

• CDK:	Cyclin	Dependent	kinase	

• CDR:	Complement	Determining	Region	

• CNS:	Central	Nervous	System	

• CSC:	Cancer	Stem	Cell		

• ER:	Endoplasmic	Reticulum	

• EMA:	European	Medicines	Agency		

• Ig:	Immunoglobulin		

• IgG:	Immunoglobulin	G		

• Fab:	Fragment	antigen	binding		

• Fc:	Fragment	crystallizable		

• FDA:	Food	Drug	Administration	

• FcR:	Fragment	crystallizable	receptor	

• FCS:	Fetal	Calf	Serum	

• GlcCer:	Glucosylceramide	

• GlcCerT:	Glucosylceramide	synthase	

• GM2-AP:	GM2	Activator	Protein		

• GM-CSF:	Granulocytes	Macrophages-	

colony	stimulating	factor	

• GSL:	Glycosphingolipids		

• GT:	Glycosyltransferase	

• HACA:	Human	Anti-Chimeric	Antibody		

• HAMA:	Human	Anti-Mouse	Antibody	

• HPRT:	Hypoxanthine	guanine	

PhosphoRibosyl	Transferase	

• KdN:	3-deoxy-non-2-ulosonic	acid	

• LacCer:	Lactosylceramide	

• Lse:	Lysosomal	Sialic	Acid	O-

acetylesterase		

• mAb:	monoclonal	Antibody		

• NB:	Neuroblastoma	

• Neu5Ac:	N-acetylneuraminic	acid	

• Neu5Gc:	N-glycolylneuraminic	acid		

• PBMC:	Peripheral	Blood	Mononuclear	

Cells	

• PNS:	Peripheral	nervous	system		

• SAP:	Sphingolipid	Activator	Protein		

• SCLC:	Small	Cell	Lung	Carcinoma	

• Sia:	Sialic	Acid		

• sLex:	Sialyl	Lewis	x	

• SOAE:	Sialyl-O-acetylesterase	

• SOAT:	Sialyl-O-acetyltransferase		

• scFv:	single	chain	variable	Fragment	

• TACA:	Tumor	Associated	Carbohydrate	

Antigen	 	
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General	Introduction		

	

1-Neuroectoderm:	from	development	to	tumorigenesis	

At	the	end	of	the	third	week	of	development,	the	three	embryonic	leaflets	are	developed	

giving	rise	 to	endoderm,	mesoderm	and	primary	ectoderm.	The	organogenesis	process	occurs	

from	week	3	to	8	(Elshazzly	and	Caban,	2019).	The	primary	ectoderm	will	split	into	the	external	

ectoderm	and	the	neuroectoderm	respectively	from	the	extremity	to	the	inner	dorsal	embryonic	

leaflet.	 The	 neuroectoderm	will	 form	 the	 neural	 tube	 and	 neural	 crests.	 The	 neural	 tube	will	

generate	 the	 central	 nervous	 system	 (CNS),	 and	 the	 spinal	 cord.	 From	 the	 neural	 crest,	 the	

peripheral	 nervous	 system	 (PNS),	 the	bones	 and	 cartilage	 of	 visceral	 arches	will	 be	produced	

(Etchevers	et	al.,	2019).	Neural	crest	cells	are	multipotent	cells	which	differentiate	in	many	organs	

according	 to	 their	migratory	 capabilities.	 They	 can	 differentiate	 into	 nervous	 and	 glial	 cell	 of	

sensorial	and	autonomous	ganglions,	adrenal	gland	cells,	epidermis	cells,	neuroendocrine	cells	of	

gastrointestinal	tract,	lung	cells,	odontoblasts,	and	connective	tissues.	The	neural	tube	generates	

mostly	neurons,	glial	cells,	and	oligodendrocytes.	The	external	ectoderm	derives	mainly	into	the	

epidermis,	the	integumentary	system,	and	the	mammary	glands	(Watson	and	Khaled,	2008).		

Neuroectoderm-derived	 tumors	 embed	 cancers	 of	 all	 organs	 deriving	 from	 ectoderm	

leaflet	organogenesis	due	to	a	similar	molecular	patterning	of	tumors	exhibited	by	those	different	

cancers.	 These	 tumors	 comprise	 mainly	 Neuroblastoma	 (NB),	 Glioblastoma,	 Melanoma,	

Osteosarcoma,	Small	Cell	Lung	Cancer	(SCLC),	and	Breast	Cancer	(BC).	This	project	was	focused	

on	 the	 study	 of	 ganglioside	 molecular	 patterns	 of	 neuroectoderm-derived	 tumors,	 with	 a	

particular	focus	on	breast	cancer.		
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2-	Breast	Cancer		

Breast	cancer	is	the	most	frequent	women	cancer	worldwide	impacting	2,1	million	women	

each	year.	In	2018,	it	is	estimated	by	the	World	Health	Organization	that	627	000	women	died	

from	breast	cancer,	representing	thus	the	leading	cause	of	death	among	women	(Figure	1).	BC	

metastasizes	to	lymph	nodes,	bones,	liver,	lung,	and	brain.	Early	diagnosis	of	the	disease	can	lead	

to	a	better	prognosis	and	a	higher	survival	rate.	Whereas	surgical	resection	and	chemotherapy	

can	cure	primary	tumors	and	early	stage	metastasis,	metastatic	disease	causes	death	in	90%	of	

cases	 (Valastyan	 and	 Weinberg,	 2011).	 BC	 tumors	 characterization	 is	 needed	 for	 the	

determination	of	systemic	therapy.	Systemic	therapies	for	the	treatment	of	BC	are	chemotherapy,	

endocrine	therapy	and	targeted	therapy	such	as	therapeutic	antibodies.		

	

The	breast	 is	 composed	of	 a	bilayer	epithelium	constituted	by	 two	main	epithelial	 cell	

types:	luminal	and	basal.	Luminal	cell	forms	ductal	structures	that	ensure	milk	transportation	to	

nipples	during	lactation.	Basal	cells	surround	luminal	cells	and	are	in	contact	with	the	membrane	

that	separate	the	parenchyme	from	the	stromal	component	of	the	tissues	(Gusterson	and	Stein,	

Figure	1	:	Estimation	of	numbers	of	incident	and	death	worldwide	among	women.	

Adapted	from	Globocan	2018,	global	cancer	observatory	(http://gco.iarc.fr/),	International	agency	for	

cancer	research	on	2019.	
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2012).		BC	tumorigenesis	occurs	in	a	sequential	manner	from	the	malignant	transformation	of	a	

normal	cell	line	to	a	cancer	one.	Clinicopathological	features	allow	to	make	the	difference	between	

benign	 and	 tumoral	 lesions.	 Benign	 lesions	 are	 local	 lesions	 growing	 slowly	whereas	 tumoral	

lesions	 proliferate	 faster	 and	 are	 not	 localized.	 In	 the	 case	 of	 ductal	 carcinoma	 development,	

accumulation	 of	 abnormal	 chromosomal	 changes	 transforms	 benign	 lesions	 into	 atypical	

hyperplasia,	 then	 into	 in	 situ	 carcinoma,	 and	 invasive	 carcinoma	 (Burstein	 et	 al.,	 2004).	

Nevertheless,	 BC	 is	 not	 a	 single	 disease,	 it	 corresponds	 to	multiple	 diseases	 that	 have	 highly	

diverse	histopathologies,	genetics	and	genomics	variations,	and	clinical	outcomes	(Vargo-Gogola	

and	Rosen,	 2007).	 Thus,	 the	 characterization	of	 the	disease	had	been	performed	according	 to	

different	criteria.	

The	anatomic	features	are	used	for	biological	classification	of	tumors	according	to	T,	N,	M	

categories	 corresponding	 respectively	 to	 the	 size	 of	 tumor	 (T),	 lymph	 node	 invasion	 (N)	 and	

distant	metastases	(M).	First	developed	in	1959,	the	TNM	classification	is	used	as	a	prognostic	

guide	to	select	whether	to	apply	systemic	therapy.	T,	N,	and	M	are	graded	from	0	to	4	according	

to	the	gravity	of	disease	(Amin	et	al.,	2017).	The	notation	occurs	from	T0	in	the	case	of	the	absence	

of	 the	primary	 lesion,	 to	T4	which	 is	 the	most	 extensive	 tumor	 represented	by	 the	maximum	

diameter	of	the	lesion.	Lymph	node	status	is	classified	from	N0	to	N3	for	assessing	the	presence	

and	the	distribution	of	proximal	metastasis	into	lymph	nodes.	The	presence	of	distal	metastasis	is	

defined	by	M1	regardless	of	 the	number	of	metastasis	or	proximity	 to	 the	primary	 lesion.	M0	

defines	the	absence	of	metastases	of	tumors	(Table	1).	

Table	1:	TNM	classification	of	BC	according	to	AJCC	

Stade		 Tumors	Size	 Lymph	Node	Invasion	 Metastasis		
I		 >2	cm		 N0		 None		

II		 2-5	cm	 N1	 None	

III		 <5	cm		 N1;	N2;	N3	 None		

IV	 ≥2	cm	-≤	5cm	 N0;	N1;	N2;	N3	 Yes			
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Nowadays,	 a	 TNM	 classification	 based	 solely	 on	 anatomical	 features	 for	 tumors	

characterization	is	not	sufficient	for	the	choice	of	the	adapted	systemic	treatment.	BC	is	classified	

in	4	molecular	sub-types:	luminal,	basal,	Her2-like	and	normal	breast-like	based	on	the	genomic	

profile	of	tumors.	Luminal	subtype	is	characterized	by	estrogen	receptor	(ER)	and	progesterone	

receptor	(PR)	expression.	Her2-like	subtype	is	associated	mainly	to	Her2	receptor	overexpression	

and	also	to	ER	and	PR	expression.	Basal	subtype	(also	named	triple	negative	BC)	is	characterized	

by	the	absence	of	expression	of	previously	mentioned	receptors.	Normal	breast-like	subtype	is	

negative	for	ER,	PR	and	Her2	similarly	to	triple	negative	breast	subtype,	but	keeps	the	expression	

of	genes	expressed	by	normal	breast	tissue	(Table	2).		

Table	2:	Molecular	classification	of	BC	

Subtype	 Immunocytochemical	

markers	

Additional	

features			

Grade	 Prevalence		 Outcome		

Luminal	A	 ER+/PR+/Her2-	 Low	Ki67	 I	or	II	 19-39%	 Good		

Luminal	B	 ER+/PR+/	Her2+	 High	Ki67	 II	or	III	 10-23%	 Intermediary	

or	Poor	

Basal	like		
(Triple	
negative)	

ER-/PR-/Her2-	
	

CK5/6	+	
CK14+		

EGFR+	

	

III	 30-45%	 Poor	

ERBB2/Her2+	 ER-/PR-/Her2+	 	 III	 4-10%	 Poor	

Normal	
breast-like	

ER-/PR-/Her2-	
	

	

CK5/6-	
CK14-	

	EGFR-	

III	 10%	 Poor	

	

The	histologic	grade	of	tumors	is	assigned	for	all	invasive	breast	carcinoma	according	to	

the	Scarff-Bloom-Richardson	(sbr)	grading	system	(Table	2).	The	grade	for	a	tumor	is	determined	

by	assessing	the	morphological	features	from	1	to	3	respectively	favorable	to	unfavorable	(Table	

3).	

Table	3:	Histological	grade	of	BC	according	to	the	Scarff-Bloom-Richardson	classification	

Grade		 Sbr	score		 Prognostic		
I	 3-5	 Favorable		

II	 6-7	 Moderately	favorable		

III	 8-9	 Unfavorable		

IV		 <9	 Unfavorable		
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The	American	 Joint	 community	 of	 cancer	 (AJCC)	 designed	 3	 types	 of	BC	 classification:	

anatomic	stage,	clinical	prognostic	stage,	pathological	prognostic	stage.	In	2018,	the	expert	panel	

suggested	that	clinical	and	pathological	stage	are	the	two	stages	needed	to	define	the	systemic	

therapy.	Clinical	prognostic	 stage	 is	used	 for	all	patients	and	pathological	prognostic	 stage	 for	

patient	who	undergo	surgical	resection	as	the	initial	treatment	of	BC.	The	clinical	prognostic	stage	

takes	into	account	the	history	of	the	patients,	the	physical	examination,	imaging	analysis,	cytology	

and	 histology	 of	 biopsies	 collected	 before	 treatment.	 This	 stage	 includes	 TNM	 classification,	

hormone	receptor	status	and	HER2	status.	The	pathological	prognostic	stage	includes	TNM,	grade,	

Her2,	ER	and	PR	status,	and	also	genomic	assays	if	tumors	belong	to	ER	positive,	Her2	negative	or	

T1-2	N0	group	(Amin	et	al.,	2017).		

Despite	all	the	efforts	made	for	the	early	detection	of	the	disease,	BC	remains	the	leading	

cause	of	death	among	women.	Strategies	targeting	the	primary	tumor	have	markedly	improved	

but	systemic	treatments	to	prevent	metastasis	are	less	effective,	drug	resistance	and	metastatic	

disease	remain	the	underlying	cause	of	death	in	the	majority	of	patients	with	BC	(Hawley	et	al.,	

2018).	Substantial	evidence	gathered	since	10	years	suggest	that	BC	initiation,	progression	and	

recurrence	 is	 supported	 by	 cancer	 stem	 cell	 (CSC)	 (Owens	 and	 Naylor,	 2013).	 Liang	 and	

coworkers	 have	 shown	 co-expression	 of	 ganglioside	 GD2	 on	 BC	 stem	 cells	 which	 are	 CD44	

high/CD24	low	(Battula	et	al.,	2012;	Liang	et	al.,	2013).	GD2	expression	activates	c-Met	receptor	and	

induces	 an	 increase	 of	 tumor	 aggressiveness	 by	 potentiating	 the	 epithelial-mesenchymal	

transition	(Cazet	et	al.,	2012;	Liang	et	al.,	2017;	Sarkar	et	al.,	2015).	Furthermore,	GD2	ganglioside	

is	 characterized	 as	 a	 Tumor	 Associated	 Carbohydrate	 Antigen	 (TACA)	 in	 NB	 and	 melanoma	

(Furukawa	et	al.,	2006).	Since	they	are	not	expressed	in	healthy	adult	tissues/cells,	TACA,	such	as	

GD2	ganglioside,	are	considered	as	good	targets	for	cancer	immunotherapy.	
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PART	I:	Immunotherapy	targeting	gangliosides		

GD2	is	widely	expressed	during	developmental	stages	and	decreases	progressively	and	is	

lost	 in	 almost	 every	 tissue	 in	 healthy	 adults.	 Only	 traces	 amount	 of	 GD2	 are	 expressed	 in	

melanocytes,	 neurons	 and	 peripheral	 nerve	 fibers	 in	 healthy	 adults.	 During	 tumorigenesis,	

complex	gangliosides	are	re-expressed,	especially	in	neuroectoderm	derived	tumors.	In	that	way,	

GD2	is	considered	as	oncofetal	marker	in	SCLC,	melanoma	and	NB	(Sun	et	al.,	2017).	GD2	neo-

expression	had	been	also	detected	in	BC	and	osteosarcoma	(Orsi	et	al.,	2017;	Roth	et	al.,	2014;	

Shibuya	et	al.,	2012).	In	2015,	the	anti-GD2	immunotherapy	Dinutuximab	(UnituxinTM;	ch14.18)	

developed	 by	 United	 Therapeutics	 Corporation	 and	 the	 National	 Cancer	 Institute	 has	 been	

approved	by	the	Food	Drug	Administration	(FDA)	for	the	use	in	a	combination	therapy	for	the	

treatment	of	pediatric	high-risk	NB	(Dhillon,	2015).	In	2017,	Qarziba	(Dinutuximab	beta	EUSA;	

Dinutuximab	beta	Apeiron;	 ch14.18/CHO)	has	 been	 approved	by	European	Medicines	Agency	

(EMA)	for	the	treatment	of	NB.	Nevertheless,	the	use	of	this	antibody	for	treatment	induces	side	

toxicity	 due	 to	 GD2	 expression	 on	 peripheral	 nerve	 fibers.	 The	 infusion	 of	 the	 antibody	 is	

associated	with	pain,	which	cannot	be	entirely	controlled	by	morphine	injection	(Wallace	et	al.,	

1997).	As	an	alternative	strategy,	targeting	the	O-acetylated	form	of	GD2	(OAcGD2)	seems	to	be	a	

better	option	than	GD2	since	OAcGD2	is	not	expressed	in	healthy	cells	nor	on	peripheral	nerve	

fibers	(Alvarez-Rueda	et	al.,	2011).		

In	 this	part	of	 the	 introduction,	we	will	 focus	on	anti-GD2	ganglioside	 immunotherapy	

developed	to	treat	neuro-ectoderm	derived	cancers.		

1-	Structural	characterization	of	antibodies	

Antibodies	are	glycoproteins	belonging	to	the	Immunoglobulin	family	(Ig).	 Ig	consist	of	

two	sandwiched	b-pleated	sheets	pinned	together	by	a	disulfide	bridge	between	the	hinge	region	

(Williams	and	Barclay,	1988).	Ig	are	heterodimeric	proteins	composed	by	2	heavy	(H)	and	2	light	

chains	 (L).	The	L	 chain	 consist	 of	 a	k	 or	l	 chain.	Each	 component	 chain	 consists	 of	 one	NH2-
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terminal	 variable	 (VL)	 or	 one	 COOH-terminal	 constant	 (C)	 domains	 (Schroeder	 and	 Cavacini,	

2010).	The	L	chain	contains	1	C	domain	(Ck	or	Cl)	and	1	VL	domain	for	a	total	mass	of	25	kDa	

whereas	the	H	chain	contains	3	or	4	CH	domains	and	1	VH	domain	for	a	mass	of	about	55	kDa.	The	

H	chain	with	3	domains	also	includes	a	hinge	domain	between	the	CH1	and	CH2	domains	(Figure	

1).	An	antibody	can	be	functionally	separated	into	the	variable	domain	that	binds	the	antigen	and	

the	constant	domain(s)	that	specify	effector	function	(Figure	2).		

	

Figure	2:	Structural	organization	of	Immunoglobulin	G	in	two-dimensional	model.	

Adapted	from	Schroder	et	al.,	2010.	IgG	antibody	is	composed	by	two	heavy	and	two	light	chains.	The	

fragment	antigen-binding	(Fab)	is	composed	of	CH1,	and	Ck/Cl	constants	domains,	VL	light	variable	

domain	and	VH	heavy	variable	domain.	The	Fragment	crystallizable	(Fc)	domain	is	composed	by	CH2	

and	CH3	constants	domains.			

The	 variable	 domain	 defines	 the	 fragment	 antigen-binding	 (Fab)	 region	 which	 is	

composed	by	 the	CH1	domain	and	all	 the	variable	domains.	 Structurally,	 a	 variable	domain	 is	

composed	 by	 three	 sequences	 encoding	 hypervariable	 domain	 defining	 the	 Complementary	

determining	 region	 (CDR)	 situated	 between	 four	 regions	 of	 stable	 sequence	 which	 are	 the	

framework	regions.	The	constant	domain	carries	the	effector	function	such	as	the	activation	of	

complement	 or	 binding	 to	 the	 fragment	 crystallizable	 receptor	 (FcR).	 The	 H	 chain	 constant	

domain	is	mainly	composed	by	CH1-CH2-CH3	with	the	additional	CH4	domain	dependent	of	the	

Ig	class.	Each	CH	domain	is	folded	into	3-strands/4-strands	b	sheets	pinned	together	by	intrachain	

disulfide	bonds.	This	fragment	crystallizable	(Fc)	fragment	defines	the	isotype	and	the	subclass	of	

immunoglobulin.	Isotypes	are	common	antigenic	determinants	defining	the	constant	domain	of	
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the	antibody	allowing	the	grouping	of	Ig	into	classes.	Each	class	defines	an	individual	type	of	C	

domain	and	are	located	on	the	same	transcriptional	orientation	on	chromosome	14.		

Five	 isotypes	 (µ,	 d,	 e,	 g,	a)	 are	 classified	 according	 to	 their	 size,	 protein	 composition,	

expression,	properties	for	FcR	binding	and	complement	fixation.	The	H	chain	generally	contains	

CH1-CH2-CH3	for	IgG,	IgA	or	IgD	(Table	4).	It	contains	the	additional	CH4	domain	for	IgM	and	IgE	

(Schroeder	and	Cavacini,	2010).	IgM	is	the	first	Ig	expressed	in	early	B-cell	development.	While	

its	monomeric	form	exhibits	low	affinity	due	to	its	immature	form,	the	pentameric	form	of	IgM	

has	higher	avidity	in	antigen	targeting,	especially	when	the	antigen	contains	repeated	epitopes.	

IgM	 production	 is	 considered	 as	 primary	 immune	 response.	 The	 main	 functions	 of	 IgM	 are	

opsonizing	antigen	for	destruction	and	fixing	complement.	IgM	are	natural	antibodies	which	are	

frequently	used	to	diagnose	acute	exposure	to	an	immunogen	or	pathogen.	This	isotype	is	more	

polyreactive	than	other	isotypes	(Boes,	2000).	IgD	are	circulating	antibodies	detected	at	low	levels	

in	serum	due	to	their	short	half-life.	IgD	are	co-expressed	on	the	membrane	of	B-cells	when	they	

leave	 the	 bone	 marrow	 and	 populate	 the	 secondary	 lymphoid	 organs.	 Nevertheless,	 its	

immunogenic	 function	 is	 still	unclear.	 IgG	 is	 the	most	prevalent	 isotype	exhibiting	 the	 longest	

serum	half-life	among	all	isotypes.	IgA	isotypes	are	highly	expressed	on	mucosal	surfaces	and	in	

secretions	such	saliva	and	milk,	and	to	a	lesser	extent	in	serum.	IgA	are	divided	in	two	sub-classes	

according	to	the	size	of	the	hinge	domain	which	is	 longer	in	IgA1	than	IgA2.	This	 longer	hinge	

domain	confers	to	IgA1	a	higher	sensitivity	to	bacterial	proteases.	IgA2	monomers	predominate	

in	mucosal	secretions	whereas	dimers	of	IgA1	constitute	90%	of	IgA	expressed	in	serum.	IgE	is	a	

short-life	component	of	serum,	present	at	a	low	concentration	and	associated	to	hypersensitivity	

and	allergic	reactions	(Chang	et	al.,	2007).	IgE	is	upregulated	and	exhibits	a	strong	binding	to	FcRI	

expressed	 on	 mast	 cells,	 basophils,	 eosinophils	 and	 Langerhans	 cells	 contributing	 to	 its	

immunologic	potency	(Chang	et	al.,	2007).			
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Table	4:	Properties	of	immunoglobulins	isotypes.	Adapted	from	Schroder	et	al.,	2010	

Isotype	 %	
Serum	

1/2	
life	

Structure	 CDC	 ADCC	 Opsonizing	 FcR	 Other	
functions	

IgG	 75	 ++++	 Monomer	 Yes	 Yes	 Yes	 FcgR	 Secondary	

response.	

Neutralize	
toxins	and	

virus	

IgM	 10	 ++	 Pentamer	 Yes	 -	 -	 Neonatal	

FcR	

Primary	

response	

IgD	 <0.5	 ++	 Monomer	 -	 -	 -	 FcdR	 	

IgA	 15	 ++	 Monomer	 -	 -	 -	 FcaR	 Mucosal	

response	

IgE	 <0.01	 +	 Monomer	 -	 -	 -	 FceR	 Allergy	

	

IgG	 are	 divided	 into	 subclasses	 according	 to	 their	 structural,	 antigenic,	 functional	

differences	in	the	constant	domains.	They	are	ranked	according	to	their	expression	in	the	serum	

of	healthy	European	subjects:	IgG1	>	IgG2	>	IgG3	>	IgG4	(Table	5).	IgG	exhibit	different	functional	

activities.	All	IgG	subtypes	except	IgG4	can	activate	the	complement	cascade	through	C1q	binding..		

For	 immunotherapy,	 IgG	 are	 the	 prevalent	 isotype	 used	 for	 anti-cancer	 therapeutic	 antibody	

development.	 The	 activation	 of	 immune	 response	 by	 IgG	 is	 directed	 by	 FcR	 which	 links	 the	

humoral	response	to	the	immune	cell.	Each	isotype	has	its	proper	FcR:	FcgR,	FceR,	FcaR,	FcdR,	

neonatal	FcR	which	bind	to	the	Fc	domain	of	IgG,	IgE,	IgA,	IgD	and	IgM,	respectively	(Heijnen	and	

van	de	Winkel,	1997).	

Table	5:	Properties	of	IgG	subtypes.	Adapted	from	Bruhns	et	al.,	2012	

IgG	
subtype	

Molecular	
Weight	
(kDa)	

½	life	
(day)	

Binding	to	
protein	A	

ADCC	 CDC	 Opsonization	 FcgR	

IgG1	 146	 21	 +++	 +++	 ++	 +++	
FcgRI,	

II,	III	

IgG2	 146	 21	 +++	 -	 +	 +	 FcgRII		

IgG3	 165	 7	 -	 ++	 +++	 ++	
FcgRI,	

II,	III	

IgG4	 146	 21	 +++	 -	 -	 +	
FcgRI,	

II	

	



	

	 27	

These	isotypes	have	different	functions	in	immune	system	regulation.	The	IgG	is	the	

isotype	actively	used	for	the	development	of	anti-cancer	therapeutics.		

2-	Immunotherapy	and	therapeutic	antibody	

Immunotherapy	 is	a	rapidly	growing	 field	 for	cancer	 therapy	 joining	surgery,	cytotoxic	

chemotherapy,	radiation	and	targeted	therapy	(Oiseth	and	Aziz,	2017).	Immunotherapy	induces	

the	activation	of	immune	system	by	two	approaches:	passive	and	active	immunotherapy.	Active	

immunotherapy	 aims	 at	 using	 the	 patient’s	 immune	 system	 by	 two-ways:	 Non-specific	 active	

immunotherapy	 or	 specific	 active	 immunotherapy	 tending	 to	 prepare	 the	 organism	 to	 a	wide	

target	panel	or	 to	 target	 just	one	antigen	respectively.	Passive	 immunotherapy	consists	 in	 the	

administration	of	monoclonal	antibodies	(mAb)	targeting	specific	antigen.	Currently,	more	than	

80	mAb	have	been	granted	to	marketing	approvals	and	570	antibody	therapeutics	are	at	various	

clinical	phases	including	62	antibodies	in	late-stage	clinical	study	(Kaplon	and	Reichert,	2019).		

Following	 the	 development	 of	 the	 hybridoma	 technology	 by	 Kohler	 and	Milstein,	 first	

mAbs	have	been	developed	 in	mice.	Hybridoma	are	obtained	by	the	 fusion	of	plasmocytes,	 i.e.	

antibody	generating	spleen	cells	from	immunized	mice,	rat	or	rabbit,	to	immortal	myeloma	cell	

lines.	 The	 myeloma	 cells	 are	 deficient	 for	 hypoxanthine-guanine	 phosphoribosyl	 transferase	

(HPRT).	This	property	is	used	for	clonal	selection	of	hybridoma	expressing	mAb	in	hypoxanthine	

aminopterin	 thymidine	 (HAT)	 supplemented	 media.	 These	 selected	 clones	 are	 immortal	 and	

secrete	indefinitely	mAb	(Köhler	and	Milstein,	1975).	B-series	gangliosides	are	expressed	during	

developmental	stages	and	their	expression	is	extremely	low	in	healthy	adults.	Because	of	their	

low	immunogenicity,	the	development	of	antibodies	targeting	gangliosides	remains	a	challenging	

issue.	However,	 the	 detection	 of	mAb	 targeting	 ganglioside	 such	GM1a	or	GD1b	 in	 peripheral	

neuropathy	bearing	patients’	 renders	 the	 ganglioside	 immunogenicity	 status	 sufficient	 for	 the	

development	of	mAbs	 (Willison	 and	Yuki,	 2002).	 Indeed,	 some	 strategies	have	been	 set-up	 to	

produce	specific	antibodies	targeting	gangliosides,	especially	GD2,	such	as	repeated	injections	of	

gangliosides	or	PBMC	(Peripheral	blood	mononuclear	cells),	adjuvants	administration,	irradiation	
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of	hybridoma	with	interferon	g	for	exacerbation	of	the	immune	reaction	in	mice	(Cheung	et	al.,	

1985;	Gross	et	al.,	1989;	Livingston	et	al.,	1989).	In	that	way,	murine	anti-GD2	antibodies	have	

been	developed	for	a	therapeutic	use.	Among	the	4	subtypes	of	murine	antibodies	(IgG1,	IgG2a,	

IgG2b,	 IgG3),	 IgG3	 subtype	 preferentially	 recognize	 TACA	 and	 is	 developed	 as	 therapeutic	

antibody	 targeting	 ganglioside	 (http://www.ebook777.com/kuby-immunology-7th-edition).	

However,	 the	development	 of	 the	 immune	 response	of	 patients	 to	murine	 antibody	 induces	 a	

rapid	clearance	of	the	mAb	by	Human	anti-Mouse	antibody	(HAMA)	limiting	the	effector	functions	

(Sahagan	et	al.,	1986).	That	is	why	humanized	anti-GD2	antibodies	have	been	developed	to	avoid	

anti-idiotypic	response	of	patients	(Ahmed	and	Cheung,	2014).	Humanization	is	a	process	leading	

to	the	bioengeneering	of	an	antibody	produced	from	xenogeneic	sources	to	a	human	version	for	a	

better	effector	function	and	a	lower	immunogenicity	(Hwang	and	Foote,	2005),	aiming	at	a	better	

therapeutic	 response	 (Figure	 3).	 Commons	 methods	 for	 humanization	 include	 framework-

homology-based-humanization,	 germline	 humanization,	 complementary	 determining	 region-

homology	based	humanization	and	specificity-determining	residues	grafting	(Safdari	et	al.,	2013)	

producing	 chimeric	 or	 humanized	 antibodies.	 All	 of	 these	methods	 developed	 for	 therapeutic	

antibody	 production	 tend	 to	 limit	 immunogenicity	 due	 to	 the	murine,	 rabbit	 or	 rat	 origin	 of	

antibody	production	(Hwang	and	Foote,	2005).	Basically,	chimeric	antibodies	are	obtained	by	the	

fusion	of	variable	murine	domain	to	human	constant	portion	for	a	better	potentiation	of	effector	

function	(Morrison	et	al.,	1984;	Sahagan	et	al.,	1986)	for	limiting	the	clearance	of	the	antibody	by	

the	HAMA.	The	framework-homology-based-humanization	is	one	the	main	method	employed	for	

chimerization.	Limited	HAMA	increases	the	half-life	in	serum	and	induces	a	better	conservation	

of	pharmacological	properties	of	the	antibody	compared	to	mice	antibody	(Boulianne	et	al.,	1984),	

which	together	lead	to	a	better	response	immune	response	by	patients.	Nevertheless,	chimeric	

antibodies	could	also	be	responsible	of	the	production	of	human	anti-chimeric	antibody	(HACA)	

responses	which	opened	a	field	for	the	full	humanization	of	therapeutic	antibodies.	The	complete	

humanization	 of	 an	 antibody	 is	 more	 complex	 and	 needs	 the	 use	 of	 methods	 like	 germline	

humanization,	 complementary	 determining	 region-homology	 based	 humanization	 and	
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specificity-determining	 residues	 grafting	 for	 replacing	mice	 fragment	 of	 antibodies	 by	 human	

ones	as	much	as	possible.	The	generation	of	humanized	antibodies	requires	additional	strategies	

such	 as	 phage	 display	 techniques	 or	 the	 use	 of	 transgenic	mice	 (Deckert,	 2009).	 Basically,	 in	

humanized	antibodies,	the	main	part	of	murine	variable	domain	is	also	replaced	by	the	human	

one	(Morrison	et	al.,	1984).	Humanization	process	is	essential	for	the	development	of	therapeutic	

antibodies	in	order	to	decrease	humoral	response	of	patients	and	increase	mAbs	pharmacological	

properties.			

	

Figure	3:	Structure	of	murine,	human,	chimerized	and	humanized	antibody.		

Murine	antibody	is	represented	in	blue,	while	human	antibody	is	represented	in	orange.	In	the	

chimeric	and	humanized	antibody,	murine	portions	are	represented	in	blue,	while	human	portion	are	

represented	in	orange.	

	

Five	types	of	mAb	are	developed	for	a	therapeutic	use	and	are	denominated	according	to	

the	 conventions	 whether	 they	 are	 mouse	 (-omab),	 chimeric	 (-ximab),	 humanized	 (-zumab),	

human	(-umab)	or	artificial	recombinant	antibodies.	The	minimal	target	recognition	module	of	an	

antibody	 is	 composed	 by	 two	 non-covalently	 associated	 variable	 domains	 (VH+VL).	 The	

development	 of	 recombinant	 antibody	 is	 based	 on	 this	 concept	 (Bannas	 et	 al.,	 2017).		
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Recombinant	antibodies	are	single-domain	antibodies	that	have	some	unique	features	like	small	

size,	high	stability,	enhanced	binding	properties	and	high	penetration	in	dense	tissues	(Mir	et	al.,	

2019).	 These	 properties	 enhance	 the	 efficiency	 of	 cancer	 treatment	 by	 targeting	 tumor	

environment	and	favorizing	tumor	infiltration	(Chanier	and	Chames,	2019).	This	is	a	growing	field	

of	antibody	engineering	since	 their	pharmacological	and	structural	properties	 lead	to	resist	 to	

harsh	environments,	such	as	the	strong	pH	of	the	stomach,	or	to	infiltrate	the	blood	brain	barrier	

and	even	reach	intracellular	targets	due	to	their	small	size.	Recombinant	antibodies	include	single	

chain	variable	 fragments	 (scFv),	diabodies,	nanobodies,	bispecific	antibodies	or	antibody	drug	

conjugates	(ADC)	(Deckert,	2009).	The	fusion	of	VH	and	VL	domains	via	a	linker	peptide	into	a	

small	single	polypeptide	binding	module	is	designed	as	scFv,	which	can	fuse	to	one	another	to	

generate	bispecific	or	multi-specific	antibodies	(Bannas	et	al.,	2017).	Bispecific	antibodies	refers	

to	a	class	of	constructs	in	which	two	antibody-derived	antigen	specific	binding	sites	are	aligned	

within	one	molecule	by	recombinant	DNA	or	cell-fusion	technologies	(Choi	et	al.,	2011).	Indeed,	

bispecific	antibodies	used	in	tumor	immunotherapy	have	one	arm	specific	for	a	tumor	antigen	and	

the	other	for	the	effector	cells.	For	example,	anti-CD3	x	anti-GD2	bispecific	antibody	3F8BiAb	has	

been	developed	for	targeting	CD3	on	T	cells	and	GD2	in	NB.	3F8BiAb	shows	enhance	anti-tumoral	

activity	in	vitro	compared	to	naked	3F8	antibody	(Yankelevich	et	al.,	2012).	Nanobodies	are	single	

domain	antibodies	devoid	of	light	chains	developed	by	mimicking	camelid	antibodies.	Camelids	

produce	antibodies	composed	of	only	heavy	chains	and	a	single	variable	domain	(VHH)	as	a	target	

recognition	module	(Bannas	et	al.,	2017;	Chanier	and	Chames,	2019;	Hamers-Casterman	et	al.,	

1993).	 Three	 categories	 of	 nanobodies	 exists:	 naked	monomeric,	 multimerics	 nanobodies,	 or	

nanobodies-peptide	 fusion	 (Bannas	 et	 al.,	 2017).	 ADC	 could	 be	 produced	 with	 all	 generation	

antibodies	by	the	fusion	of	cytokines,	chemokines,	drugs	for	promoting	the	cytotoxic	effect	of	the	

antibody	 (Govindan	 and	 Goldenberg,	 2010).	 ADC	 aimed	 to	 increase	 the	 efficiency	 of	 cancer	

treatment	by	targeting	directly	cancer	cells	sparring	the	surrounding	normal	tissues.		

A	 large	 number	 of	 different	 type	 of	 antibodies	 have	 been	 developed	 for	 cancer	

immunotherapy.	 For	 therapeutic	 antibody	 development,	 key	 elements	 are	 the	 choice	 of	 the	
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antibody	isotype	and	the	production	methods	which	will	mainly	define	its	immune	effects	during	

patient	treatment	and	allow	to	optimize	antibody	properties.	

3-Anti-cancer	therapeutic	antibody	activities	

Anti-cancer	therapeutics	antibodies	are	monoclonal	antibodies	belonging	to	IgG	isotypes.	

They	are	mostly	developed	 to	against	antigens	 that	are	neo-expressed	or	 re-expressed	during	

tumorigenesis,	targeting	specifically	cancer	cells	but	sparing	surrounding	normal	cells.	Antigens	

are	 preferentially	 membrane	 receptors	 inducing	 alteration	 of	 cell	 signaling,	 increasing	 cell	

proliferation	 or	migration.	 The	 anti-tumor	 action	 of	 developed	 antibodies	 can	 target	 immune	

system	dependent	or	 independent	mechanisms.	 Immune	system	 independent	mechanisms	are	

regrouping	 neutralizing,	 agonist	 and	 antagonist	 effects	 of	 these	 antibodies.	 Immune	 system	

dependent	mechanisms	 involve	either	Complement	Dependent	Cytotoxicity	(CDC)	or	Antibody	

Dependent	Cell	Cytotoxicity	(ADCC)	through	the	Fc	region.	When	the	therapeutic	antibody	is	fixed	

on	its	target,	the	Fc	region	which	is	the	carrier	of	effector	function	activate	ADCC	and	CDC.		

A-	Immune	system	independent	mechanisms		

The	immune	system	independent	mechanisms	consist	in	the	direct	effect	of	the	antibody	

binding.	There	are	three	different	activities	which	may	be	involved:	neutralizing	effect,	agonist	or	

antagonist	 effect.	 Neutralizing	 antibodies	 are	 targeting	 soluble	 antigens	 like	 toxins,	 virus,	 or	

cytokines	 and	 block	 their	 biological	 activity	 by	 inhibiting	 their	 interactions	 with	 partners.	

Antagonist	 antibodies	 target	membrane	 receptors	 and	 inhibit	 their	 activity	 by	 competing	 and	

interfering	with	ligand	binding,	leading	to	alteration	of	cell	signaling.	Agonist	antibodies	induce	

similar	 effects	 than	 their	 target	 in	 fine	 exacerbating	 their	 activity.	 Furthermore,	 conjugated	

antibodies	 which	 can	 carry	 cytotoxic	 immune-based	 payloads	 like	 radioisotopes,	 toxins	 or	

enzymes	can	enhance	the	effect	of	antibody.	Finally,	anti-idiotypic	network	is	another	mechanism	

contributing	to	anti-tumor	effect.	The	humoral	response	of	 the	host	generates	an	anti-idiotype	

antibody	 against	 the	 therapeutic	 antibody.	 This	 anti-idiotype	 antibody	 represents	 an	 internal	

image	of	the	therapeutic	antibody.	The	host	system	subsequently	generates	a	second	anti-idiotype	
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antibody	presenting	the	antigen	expressed	on	the	surface	of	cancer	cells.	In	that	way,	therapeutic	

antibodies	contribute	to	the	activation	of	host	immune	system	(Cheung	et	al.,	2000).		

B-	Immune	system	dependent	mechanisms		

1-	Complement	Dependent	cytotoxicity		

CDC	occurs	when	the	Fc	region	of	IgG	binds	to	C1q	complement	molecule	and	activates	the	

complement	cascade,	activating	in	turn	the	membrane	attack	complex	composed	by	C5b,	C6,	C7,	

C8	and	C9.	The	membrane	attack	complex	form	membrane	pores	inducing	the	permeabilization	

of	cell	membrane	resulting	 in	cytotoxicity	 (Gelderman	et	al.,	2004).	Alternatively,	complement	

dependent	cell	cytotoxicity	(CDCC)	is	activated	when	iC3b	complement	molecule	recruits	effector	

cells	through	CR3	receptor	binding	(Chan	and	Carter,	2010).		

2-	Antibody	Dependent	Cell	cytotoxicity	

ADCC	activation	requires	the	activation	of	Fc	receptors	(FcgR)	on	immune	effector	cells	by	

binding	to	the	Fc	region	on	IgG	of	target	cells.	This	activation	induces	cytotoxic	effects	on	target	

cell.	FcR	for	For	IgG,	FcR	links	the	humoral	immune	part	to	the	cellular	immune	part.	This	FcgR	

family	 is	 composed	 by	 6	 receptors	 in	 human	 and	 4	 in	 mice.	 These	 receptors	 are	 classified	

according	 to	 their	affinity	 for	 IgG,	 their	activator	or	 inhibitor	 function,	and	 their	expression	 in	

hematopoietic	and	endothelial	cells	(Nimmerjahn	and	Ravetch,	2007).	The	human	IgG	receptor	

family	consists	in	several	activating	receptors	(hFcgRI,	hFcgRIIA,	hFcgRIIC,	hFcgRIIIA),	one	low-	

affinity	inhibitory	receptor	(hFcgRIIB),	one	receptor	with	unclear	functions	(hFcgRIIIB)	and	one	

receptor	involved	in	recycling	function	(FcRn)	and	transport	of	IgG	(Clynes	et	al.,	2000;	Wang	et	

al.,	2015).	Basically,	all	Fc	receptors	can	be	linked	to	all	IgG,	except	hFcgRI	and	hFcgRIIB	which	are	

linked	to	IgG1,	IgG3,	and	IgG4	(Shields	et	al.,	2001).	hFcgRI	expression	is	restricted	to	monocytes,	

macrophages	 and	 dendritic	 cells	 and	 is	 inducibly	 expressed	 on	 neutrophils	 and	 mast	 cells.	

hFcgRIIA	(CD32A)	is	expressed	on	myeloid	cells	except	lymphocytes.	hFcgRIIB	(CD32B)	is	highly	

expressed	on	circulating	myeloid	cells	and	basophils,	monocytes	and	neutrophils,	macrophages,	

and	dendritic	cells.	hFcgIIC	is	expressed	on	NK	cells,	monocytes	and	neutrophils.	hFcgRIIIA	(CD16)	
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is	expressed	in	NK	cells,	monocytes	and	macrophages.	hFcgRIIIB	is	expressed	on	neutrophils	and	

basophils	(Bruhns,	2012;	Magnusson	et	al.,	2007;	Meknache	et	al.,	2009;	Veri	et	al.,	2007).		ADCC	

is	mainly	mediated	by	hFcgRIIIA	activating	NK	cells,	inducing	the	secretion	of	cytotoxic	molecules	

such	perforins	or	granzymes,	which	leads	to	the	apoptosis	of	the	target	cell	(Sulica	et	al.,	2001).	

Antibody	dependent	cellular	phagocytosis	(ADCP),	is	mainly	induced	by	hFcgRIIA	and	hFcgRIIIA	

and	corresponds	to	the	macrophage	phagocytosis	after	opsonization	of	the	antigen	(Manches	et	

al.,	 2003).	 Activated	 macrophages	 can	 also	 participate	 in	 tumoral	 cell	 lysis	 by	 secreting	

inflammatory	molecules	such	as	cytokines,	or	interferons.	Phagocytosis	of	opsonized	tumor	cells	

can	also	contribute	to	the	activation	of	immune	system.	It	has	been	suggested	that	dendritic	cells	

can	present	 tumor-associated	antigen	 to	 immune	cells	after	 ingestion	of	apoptotic	 tumor-cells	

(Hoffmann	et	al.,	2000).		

The	 stimulation	 and	 the	 activation	 of	 the	 immune	 system	 is	 triggered	 by	 therapeutic	

antibodies	inducing	an	effective	protection	of	patient	against	pathologies	like	cancers.	Anti-GD2	

antibodies	 have	 been	 engineered	 since	 1980	 in	 order	 to	 stimulate	 patient’s	 immune	 system	

against	neuroectoderm-derived	tumors.		

4-	Anti-GD2	therapeutic	mAb	against	Neuroblastoma		

A-	Neuroblastoma		

NB	is	the	most	common	extracranial	solid	tumor	in	children,	it	represents	7%	of	the	total	

childhood	cancer	diagnosed	each	year,	and	15%	of	cancer	deaths	 in	children.	Most	of	children	

with	NB	are	below	5,	although	some	can	develop	the	disease	later,	up	to	26	years.	The	primary	

lesion	 is	mostly	 located	 on	 adrenal	medulla	 or	 paraspinal	 sympathetic	 ganglia.	NB	 is	 a	 highly	

metastatic	 cancer	 spreading	 to	 liver,	 cortical	 bones,	 regional	 lymph	nodes,	 bone	marrow,	 and	

subcutaneous	tissues.	Around	40%	of	localized	NB	tumors	detected	in	children	present	a	tumor	

of	 grade	 I	 or	 II	 of	 neuroblastome	 according	 to	 the	 International	 NB	 Staging	 system	 (INSS).	

Localized	tumors	are	chemotherapy	responsive	and	subject	 to	surgery	excision.	About	60%	of	

children	are	diagnosed	for	NB	when	the	disease	has	already	reached	its	disseminated	form	(Maris	
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et	al.,	2007).	Most	recently,	the	international	NB	risk	group	staging	system	(INRGSS)	classified	NB	

into	 very-low	 risk,	 low-risk,	 intermediate-risk	 and	 high-risk	 NB	 stage	 following	 the	 clinical,	

pathological,	and	genetic	status.	Therapy	against	NB	will	be	tailored	according	to	the	risk	staging	

system.	For	patients	belonging	to	very	low	and	low	risk,	surgery	for	excision	of	tumors	will	be	

performed.	For	the	intermediate	risk	NB	surgery	and	chemotherapy	will	be	preconized.	The	high-

risk	 NB	 patients	 can	 be	 treated	 using	 different	 strategies	 like	 chemotherapy,	 surgery,	

radiotherapy	or	even	megatherapy	by	autologous	peripheral	blood	stem	cell	transplantation	or	

bone	marrow	transplantation.	The	risk	status	predicts	the	clinical	behavior	of	tumors	and	how	

they	will	 respond	 to	 therapy.	The	5-year	 event-free	 survival	 of	patients	 is	near	40%	(Dhillon,	

2015).	Despite	the	tailored	therapeutic	combination	for	the	treatment	of	NB,	complete	remission	

is	hard	to	achieve	especially	for	high-risk	NB	patients	which	are	relapsing	in	50%	of	cases.	Dose-

intensive	chemotherapy	improves	tumor	resectability	and	post-surgical	irradiation	reduces	the	

risk	of	relapse	in	primary	site	to	less	than	10%.	Despite	a	high	clinical	response	seen	after	the	first	

line	of	treatment,	residual	cancerous	cells	are	mainly	responsible	for	the	short	overall	survival	of	

patients	 (Castel	et	 al.,	 2010).	The	 standard	 care	 for	NB	 is	 the	use	of	 intense	 chemotherapy	 to	

achieve	 clinical	 remission	 and	 results	 in	 lymphopenia	 and	 immunosuppression	 rendering	 the	

patients	 more	 responsive	 to	 therapeutic	 antibodies	 treatment	 (Kushner	 et	 al.,	 2007).	

Immunotherapy	 targeting	 specifically	 markers	 of	 NB	 cell	 are	 required	 to	 ensure	 the	 proper	

eradication	of	tumors	cells	in	patients’	organisms.	NB	cell	lines	are	known	for	overexpressing	of	

ganglioside	 GD2.	 The	 use	 of	 anti-GD2	 therapeutic	 antibodies	 for	 relapsing	 NB	 has	 shown	

promising	results	in	patients.	

B-	Anti-GD2	antibodies	

Therapeutic	antibodies	against	GD2	have	been	first	developed	in	mice	using	hybridoma,	

then	chimerized	and	even	humanized	to	increase	their	efficiency	to	treat	neuroectoderm-derived	

cancers.	 The	 use	 of	 several	 anti-GD2	 antibodies	 has	 been	 approved	 by	 the	 Food	 Drug	

Administration	and	European	Medicines	Agency	respectively	in	2015	and	2017	for	the	treatment	
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of	 high-risk	 pediatric	 NB	 patients.	 Among	 them,	 we	 can	 distinguish	 10B8,	 3F8,	 14G2a,	 14.18	

targeting	GD2	and	8B6	targeting	the	O-acetylated	form	of	GD2:	OAcGD2	(Table	6).		

Table	6:	List	of	anti-GD2and	OAcGD2	antibodies.		

mAb	 Target	 Isotype	 KD	 Ref		

14.18	 Anti-GD2	 IgG3,k	 	 Schulz	et	al.	1984		

3F8	 Anti-GD2	 IgG3,k	 5	nM	 Cheung	et	al.,	1985	

14G2a	 Anti-GD2	 IgG2a,k	 77	nM	 Mujoo	et	al.,	1989	

10B8	 Anti-GD2	 IgG3,k	 	 Cerrato	et	al.	1997	

60C3	 Anti-GD2	

Anti-OAcGD2		
IgG3,k	 	 Cerrato	et	al.	1997	

8B6	 Anti-OAcGD2	 IgG3,k	 32	nM	 Cerrato	et	al.	1997	

	

1-	3F8	antibody		

3F8	 was	 the	 first	 anti-GD2	 antibody	 used	 in	 phase	 I	 study	 in	 patients	 with	 NB	 and	

melanoma	(Cheung	et	al.,	1987).	This	is	a	murine	IgG3	mAb	produced	in	immunized	BALB/C	mice	

using	hybridoma	technology	(Cheung	et	al.,	1985).	3F8	has	a	binding	affinity	of	5	nM	for	GD2,	

which	is	the	best	KD	among	all	anti-GD2	mAbs	available	(Cheung	et	al.,	2012).	The	murine	3F8	

mAb	is	known	for	anti-OAcGD2	and	GD1b	cross-reactivity.	This	antibody	has	been	shown	to	be	

effective	against	NB	and	melanoma	cell	lines.	3F8	induces	cell	death,	and	mediates	ADCC,	and	CDC.	

Granulocytes	macrophages-colony	stimulating	factor	(GM-CSF)	injection	in	patients	before	3F8	

inoculation	 enhances	 3F8-mediated	 ADCC	 on	 GD2	 expressing	 NB	 and	 melanoma	 cell	 lines	

(Kushner	and	Cheung,	1989).	

Most	 patients	 who	 have	 received	 3F8	 treatment	 in	 early	 clinical	 trials	 developed	 a	 HAMA	

response.	HAMA	response	competes	for	the	binding	site	of	the	antibody,	decreases	binding	to	GD2	

and	accelerates	the	clearance	of	the	antibody	from	the	circulation	(Klee,	2000).		

2-	14.18	antibody		
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14.18	 is	 the	murine	 IgG3	mAb	 specifically	 recognizing	 GD2	 on	 human	NB,	melanoma,	

glioblastoma	and	SCLC	cell	lines.	This	antibody	was	produced	against	LAN-1	cell	by	hybridoma	

technology	on	BALB/C	mice.	The	14.18	mAb	also	reacts	with	normal	adult	cerebellum	and	fetal	

brain.	The	m14.18	antibody	induced	CDC	and	ADCC	in	NB	cell	lines,	and	suppressed	NB	tumors	

growth	in	athymic	mice	(Mujoo	et	al.,	1987).	The	binding	affinity	of	m14.18	mAb	is	77	nM	for	GD2	

(Cheung	et	al.,	2012).	Isotypes	switch	variant	antibodies	were	generated	using	14.18	hybridoma	

in	 order	 to	 increase	 the	 effector	 function	 of	 m14.18	 mAb.	 The	 IgG1,	 IgG2a	 and	 IgG2b	 were	

produced	respectively	by	hybridoma	14G1,	14G2a,	and	14G2b	antibodies,	and	exhibit	the	same	

binding	activity	than	14.18.	All	antibodies	can	suppress	NB	tumor	growth	in	athymic	mice.	These	

antibodies	exhibit	different	effector	 functions.	14.18,	14G2a	and	14G2b	but	not	14G1	activates	

CDC	on	NB	cells.	However,	only	14.18	and	14G2a	can	activate	ADCC	on	tumor	cells	(Mujoo	et	al.,	

1989).	Furthermore,	14G2a	antibody	targeting	GD2	induces	a	mitochondrial-induced	cell	death	

on	NB	and	melanoma	cell	line	in	an	immune	system	independent	manner	featuring	the	common	

marker	for	apoptosis	and	necroptosis	(Doronin	et	al.,	2014;	Horwacik	et	al.,	2013;	Kowalczyk	et	

al.,	 2009).	 The	 combination	 of	 chemotherapeutic	 agents	 such	 as	 doxorubicine,	 topotecan	 or	

carboplatin	with	 14G2a	mAb	 shows	 a	 synergistic	 effect	 for	 killing	 IMR32	NB	 cell	 line	 in	 vitro	

(Kowalczyk	et	al.,	2009).		

3-	8B6	antibody		

60C3,	 10B8	 and	 8B6	 mAbs	 were	 obtained	 by	 immunizing	 A/J	 mice	 with	 hybridoma	

technology	against	NB	cell	lines	(Cerato	et	al.,	1997).	Thin	Layer	Chromatography	experiments	

(TLC)	 showed	 that	 10B8	 is	 specific	 to	GD2	with	 no	 cross-reaction	with	 its	O-acetylated	 form,	

whereas	60C3	antibody	can	react	either	with	GD2	and	OAcGD2.	Interestingly,	8B6	mAb	antibody	

is	specific	for	OAcGD2	(Cerato	et	al.,	1997).	In	NB	treatment,	GD2	expression	on	healthy	tissue	

especially	on	nerve	fibers	induces	severe	side	toxicity	effects	due	to	14.18	mAb	antibody	fixation	

on	GD2.	The	specificity	of	8B6	antibody	against	OAcGD2	offers	an	interesting	alternative	to	limit	

side	toxicity	since	OAcGD2	expression	is	exclusively	expressed	on	cancer	cells.	Murine	8B6	mAb	

shows	the	same	efficacy	than	14G2a	antibody	for	tumor	growth	suppression	in	vitro	and	in	vivo	
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(Alvarez-Rueda	et	al.,	2011;	Cochonneau	et	al.,	2013).	8B6	 induces	mitochondrial	 induced	cell	

death	by	activation	of	caspase	3,	leading	to	apoptosis	of	NB	cell	line	(Cochonneau	et	al.,	2013).	The	

chimerization	 of	 8B6	was	 performed	 by	 switching	murine	 IgG3	 to	 human	 IgG1.	 This	 process	

induced	the	loss	of	apoptotic	properties	of	8B6	mAb	due	to	the	variation	on	the	whole	structure	

of	the	antibody,	especially	the	Fc	domain.	Chimerization	of	60C3	showed	identical	binding,	affinity	

and	specificity	against	GD2	but	also	induced	the	loss	of	the	effector	function,	inducing	apoptosis	

through	ADCC	and	CDC.	Tumor	growth	was	not	suppressed	with	the	same	efficiency	when	mice	

were	treated	with	chimeric	60C3	compared	to	the	murine	parental	version	of	antibody.		

C-	Dinutuximab/	Qarziba		

1-	Dinutuximab	

Dinutuximab,	(UnituxinTM)	has	been	developed	by	United	Therapeutics	Corporation	and	

the	National	Cancer	Institute	and	approved	by	the	Food	Drug	Administration.	This	antibody	has	

been	 approved	 in	 combination	 interleukin	 2	 and	 isotretinoin	 for	 the	 treatment	 of	 high-risk	

pediatric	 NB	 patients	 who	 achieve	 at	 least	 partial	 response	 to	 prior	 first-line	 multiagent,	

multimodality	 therapy	 (Dhillon,	 2015).	 The	 combinatorial	 use	 of	 Dinutuximab	 with	 GM-CSF,	

interleukin	2	and	 isotretinoin	(13-cis	retinoic	acid)	was	based	on	results	obtained	 in	phase	 III	

open-label	 randomized	 trial	 conducted	 by	 the	 Children’s	 Oncology	 Group	 (NCT00026312;	

ANBL0032).	 The	 recommended	 dosage	 is	 17.5	 mg/m2/day	 administrated	 as	 an	 intravenous	

injection	over	10-20h	for	4	consecutive	days	for	5	cycles	maximum.	The	half-life	of	Dinutuximab	

in	patients’	 serum	 is	about	66.6	h	±	27.4	h	 (Ladenstein	et	al.,	2018).	The	combinatorial	use	of	

Dinutuximab	with	GM-CSF,	 interleukin	2	and	 isotretinoin	 improved	outcomes	 in	patients	with	

high-risk	NB	who	had	a	response	to	induction	therapy,	autologous	stem	cell	transplantation	and	

radiotherapy	 (Yu	 et	 al.,	 2010).	 The	 Children’s	 Oncology	 group	 randomized	 trial	 on	 the	

combination	of	Dinutuximab,	temozolomide	and	irinotecan	demonstrated	a	high	response	rate	

into	NB	 patients	with	 progressive	 disease.	 Dinutuximab,	 ch14.18	 is	 a	 human/mouse	 chimeric	

(IgG1,	k)	 switch	 variant	 of	murine	mAb	14G2a	 produced	 in	murine	myeloma	 cell	 line	 SP2/O.	

Dinutuximab	binds	to	GD2	and	induces	ADCC	and	CDC,	and	subsequent	NB	cell	death	(Mueller	et	
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al.,	2018)	in	a	more	effective	manner	than	14G2a	by	recruiting	granulocytes	and	natural	killer	

cells	from	peripheral	blood	mononuclear	population	(Barker	et	al.,	1991).	The	adverse	effect	of	

immunotherapy	 by	 the	 combination	 dinutuximab-isotretinoin-interleukine-2	 compared	 with	

standard	chemotherapy	is	neuropathic	pain	52%	vs		6%;	hypokalaemia	(low	potassium	level	in	

the	blood	serum)	35	vs	2%;	hypersensitivity	reactions	25	vs	1%;	hyponatraemia	(low	sodium	level	

in	the	blood	serum)	23	vs	4%;	elevation	of	alanine	transferase	level	23	vs	3%	and	hypotension	18	

vs	 0%	 (Yu	 et	 al.,	 2010).	 Furthermore,	 approximately	 18%	 of	 patients	 developed	 an	 anti-

dinutuximab	antibody	response.		

2-	Qarziba		

Dinutuximab	antibody	is	produced	in	a	non-secreting	murine	myeloma	cell	SP2/0	which	

contains	 murine	 retroviruses.	 Thus,	 this	 antibody	 is	 unavailable	 in	 Europe.	 The	 Society	 of	

Paedriatic	Oncology	European	NB	Group	(SIOPEN)	has	commissioned	the	production	of	14.18	in	

CHO	(Chinese	Hamster	Ovary)	cell	lines	mostly	used	for	the	production	of	recombinant	proteins.	

This	antibody	is	produced	in	the	same	plasmid	and	has	the	same	sequence	than	ch14.18	produced	

in	 SP2/0	 (ch14.18/SP2/0)	with	 the	 absence	 of	murine	 xenotropic	 retroviruses	 contamination	

(Shepherd	 et	 al.,	 2003).	 The	 chimeric	 14.18	 produced	 in	 CHO	 (ch14.18/CHO)	 also	 exhibits	 a	

favorable	 glycosylation	 pattern	with	minor	 expression	 of	N-glycolylneuraminic	 acid	 (Neu5Gc)	

mainly	found	in	mice,	preventing	the	rapid	clearance	of	the	antibody	developed	against	Neu5Gc	

in	early	childhood.	The	European	HR-NBL-1/ESIOP	studied	the	benefit	of	using	ch14.18/CHO	for	

immunotherapy	to	treat	high-risk	NB	patients.	The	binding	specificity	of	ch14.18/CHO	to	GD2	is	

the	same	than	ch14.18/SP2/0.	Concerning	the	effector	function	of	ch14.18/CHO,	while	the	CDC	

activity	 exhibited	 remains	 the	 same,	 ADCC	 activity	 is	 enhanced	 in	 vitro	 and	 in	 vivo	 at	 lower	

concentrations	of	antibody	on	NB	and	melanoma	cells.	 Indeed,	ch14.18/CHO	is	effective	 in	the	

suppression	of	NB	and	liver	metastasis	in	vivo	by	a	natural	killer	cell	dependent	ADCC	(Zeng	et	al.,	

2005).	The	European	Medicines	Agency	approved	ch14.18/CHO	developed	by	Apeiron	 in	May	

2017	as	Qarziba	(Dinutuximab	beta)	then	out	licensed	to	EUSA	pharma.	The	EMA	recommended	

Qarziba	 dosage	 is	 20	 mg/m2/day	 administrated	 as	 intravenous	 injection	 over	 8h	 for	 5	
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consecutives	days	at	5	cycles	maximum	and	the	half-life	in	patients’	serum	is	76.9h	±	52.5h.	The	

adverse	 effects	 of	 ch14.18/CHO	 compared	 to	 ch14.18/SP2/0	 remains	 mostly	 the	 same	

(Ladenstein	et	al.,	2018).	
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Part	II-	Gangliosides	chemistry	and	biology	

This	part	is	divided	in	three	main	axes	from	(1)	the	biological	role	and	expression	of	gangliosides	

to	 (2)	 their	 structure	 and	 (3)	 metabolism	 aiming	 the	 proper	 understanding	 of	 gangliosides	

expression	and	functions	in	cells.		

1-	Expression	and	Roles		

In	 this	 part,	 we	 will	 focus	 on	 ganglioside	 expression	 and	 their	 roles	 in	 physiological	 and	

pathological	 conditions	 in	 order	 to	 underline	 gangliosides	 as	 antigens	 of	 interest	 for	

immunotherapy.	This	part	of	 the	work	has	been	published	 in	Biomolecules	 as	a	 review	named	

“Gangliosides:	The	Double	edge-sword	of	neuroectoderm	derived	tumors.”	
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2-	Structure		

In	 this	part,	we	will	 focus	on	 the	 chemical	 structure	of	 gangliosides	 from	 the	monosaccharide	

building	block	to	the	whole	ganglioside	structure.	

A-	Glycosphingolipids		

	 Glycosphingolipids	are	a	heterogenous	class	of	lipids	composed	by	a	ceramide	backbone	

and	sugar	headgroup.	The	hydrophobic	ceramide	part	consists	of	a	sphingoid	base	and	a	fatty	acid	

inserted	in	cellular	membrane	while	the	sugar	head	group	faces	the	extracellular	space	(Figure	4).	

Glycosphingolipids	 exhibit	 a	 huge	 heterogeneity	 in	 backbone	 and	 headgroup	 structure.	 In	 the	

ceramide	 backbone,	 the	 sphingoid	 base	 may	 vary	 in	 length,	 saturation,	 hydroxylation,	 and	

branching.	The	fatty	acid	 is	amid-linked	to	amino	group	of	 the	sphingoid	base	and	can	vary	 in	

length,	 saturation	 and	 hydroxylation.	 In	 human,	 the	 fatty	 acid	 chain	 varies	 in	 length	 mostly	

between	 16	 and	 24	 Carbone	 residues	 and	 is	 often	 saturated.	 Complex	 GSL	 are	 made	 by	 the	

stepwise	 addition	 of	monosaccharide	 residues	 from	 their	 activated	 nucleotide	 precursor	 onto	

GlcCer.	The	oligosaccharidic	moiety	is	usually	composed	by	Glc,	Gal,	GalNAc	and	Neu5Ac	which	

allows	the	classification	of	GSL	 into	5	main	series:	 lacto,	neolacto,	globo,	 isoglobo	and	ganglio-

series,	depending	on	their	core	structure	composition	(Degroote	et	al.,	2004)	(Table	7).	

Table	7:	Oligosaccharidic	cores	of	GSL-series.		
Cer:	ceramide;	Glc:	glucose;	Gal:	galactose;	GalNAc:	N-acetylgalactosamine.	

	

	

	

	

	

Glycosphingolipids	 can	 also	 be	 classified	 as	 neutral,	 sulfated,	 and	 acidic	 glycosphingolipids.	

Neutral	 glycosphingolipids	are	exclusively	 composed	by	neutral	monosaccharide	 residues	and	

Name	 Symbol	 Structure	

Ganglio	 Gg	 Galb1-3GalNAcb1-4Galb1-4Glcb1-Cer	

Lacto	 Lac	 Galb1-3GlcNAcb1-4Galb1-4Glcb1-Cer	

Neo-Lacto	 nLac	 Galb1-4GlcNAcb1-4Galb1-4Glcb1-Cer	

Globo	 Gb	 GalNAcb1-3Gala1-3Galb1-4Glcb1-Cer	

Iso-Globo	 iGb	 GalNAcb1-3Gala1-4Galb1-4Glcb1-Cer	
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composed	 by	 globo-	 and	 lacto-series	 glycosphingolipids.	 They	 are	 mainly	 expressed	 in	 skin	

fibroblasts	 and	 blood	 cells.	 Sulfated	 glycosphingolipids	 contain	 a	 sulfate	 group	 and	 the	main	

species	are	lactosylceramide-sulfate	and	galactosylceramide-sulfate.	Sulfated	GSL	are	expressed	

in	myelin	producing	oligodendrocytes.	Acidic	glycosphingolipids	are	gangliosides	carrying	one	or	

several	N-acetylneuraminic	residues	and	have	been	primarily	characterized	in	neuronal	cells.		

	

Figure	4:	Structure	of	a	GSL	composed	of	a	ceramide	backbone	and	a	carbohydrate	moiety:	the	
example	of	GD2	ganglioside.	

	

B-	Gangliosides	

Gangliosides	 are	 ganglio-series	 (GgCer)	 based	 glycosphingolipids	 containing	 the	

tetrasaccharidic	 core	 (GalNAcb1-4Galb1-4Glcb1-1Cer)	 and	 they	 are	 highly	 conserved	 among	

vertebrates	(Table	7).	They	carry	one	or	several	sialic	acid	residues	in	their	carbohydrate	moieties	

and	are	mainly	located	in	glycolipid-enriched	microdomains,	also	called	rafts,	on	the	outer	leaflet	

of	the	membrane	bilayer.	They	are	found	in	different	cell	types	and	tissues	as	a	mixture	of	di-,	tri-

,	tetra-saccharides	structures	which	confers	to	this	subclass	a	high	heterogeneity.		
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residues	(1	to	5);	the	Arabic	numerals	and	lower-case	letters	refers	to	the	order	of	migration	of	

the	 gangliosides	 on	 thin	 layer	 chromatograms.	 In	 that	 way,	 a-serie	 gangliosides	 are	

monosialogangliosides	also	named	simple	gangliosides,	mainly	composed	by	GM1,	GM2,	GM3.	In	

contrast,	b-	and	c-series	are	di-	and	tri-series	gangliosides	also	named	complex	gangliosides,	and	

the	major	species	are	GD3,	GD3,	GD1,	GT1,	GQ1	(Table	8).		

C-	Sialic	Acids		

	

Figure	5:	Major	sialic	acid	species:	Neu5Ac,	Neu5Gc,	KdN.	

Ganglioside	 classification	 is	 based	 on	 the	 presence	 of	 Sia	 residues.	 Sia	 are	 9-carbon	

monosaccharides	 derived	 from	 neuraminic	 acid:	 5-amino,	 3,5-dideoxy-D-glycero-D-

galactononulosonic	 acid)	 containing	 either	 acetylated,	 hydroxylated	 or	 glycolated	 groups.	 The	

major	groups	are	N-acetylneuraminic	acid	(Neu5Ac),	and	3-deoxy-non-2-ulosonic	acid	(KdN),	N-

glycolylneuraminic	 acid	 (Neu5Gc)	 (Figure	 5).	 The	 second	 level	 of	 diversity	 results	 from	 the	

diversity	of	a-linkages	between	the	C2	of	the	sialic	acid	residue	and	underlying	sugars	by	specific	

sialyltransferases.	The	third	level	of	diversity	results	from	the	additional	substitutions	of	O-acetyl,	

O-methyl,	O-sulfate,	O-lactyl	 and	phosphate	groups.	Despite	 this	high	diversity	of	 structures,	 a	

simple	nomenclature	for	Sia	has	been	defined.	The	core	neuraminic	structure	is	defined	as	Neu	

for	neuraminic	acid,	and	KdN	for	2-keto-3-deoxynononic	acid.	The	other	substitutions	are	defined	

by	letter	codes	Ac	for	Acetylated,	Gc	for	Glycolyl,	Me	for	Methyl,	Lt	for	Lactyl,	and	S	for	Sulfate.	For	

example,	 9-O-acetylneuraminic	 acid	 is	 defined	 as	 Neu5,9OAc2.	 Although	 KdN	 is	 prominently	

expressed	in	fish,	whereas	mammals	are	known	to	express	Neu5Ac	and	Neu5Gc	(Davies	and	Varki,	

2015).	However,	humans	are	deficient	in	Neu5Gc	due	to	the	inactivation	of	the	enzyme	CMP-N-

acetylneuraminic	acid	hydroxylase	responsible	 for	converting	Neu5Ac	to	Neu5Gc.	Accordingly,	

Neu5Ac	is	the	major	sialic	acid	species	in	human	(Varki,	2001).	
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3-	Metabolism		

Ganglioside	 turnover	 results	 from	 the	 combination	 of	 de	 novo	 biosynthesis,	 direct	

glycosylation	processes,	ganglioside	catabolism	and	salvage	pathways	which	tightly	combine	to	

ensure	ganglioside	turnover	on	cellular	membranes.		

A-	De	novo	biosynthesis	

Biosynthesis	 process	 of	 gangliosides	 occurs	 mainly	 in	 ER	 and	 Golgi	 apparatus	 by	 the	

sequential	 action	 of	 membrane	 bound	 glycosyltransferases	 before	 their	 transport	 to	 the	 cell	

surface	membrane	by	exocytic	membrane	flow.	Gangliosides	segregate	spontaneously	together	

with	 cholesterol	 and	 specific	 transmembrane	 proteins	 into	 lipid	 raft	 domains	 also	 called	

glycolipid	enriched	microdomains,	where	they	fulfill	numerous	biological	functions.		

A-1	Ceramide	backbone	biosynthesis		

In	 mammalian	 cancer	 cells,	 ceramide	 backbone	 biosynthesis	 occurs	 de	 novo	 on	 the	

cytosolic	side	of	the	endoplasmic	reticulum	(ER).		L-serine	is	condensed	to	palmitoyl	CoA	by	the	

action	 of	 serine-palmitoyl	 CoA	 transferase	 forming	 3-ketodihydrosphingosine.	 This	 lipid	 is	

reduced	 to	 sphinganine	 also	 named	 dihydrosphingosine	 by	 3-ketosphinganine	 reductase.	

Dihydroceramide	synthase	subsequently	condenses	sphinganine	with	a	 fatty	acid	by	an	amide	

bound,	 forming	 dihydroceramide.	 Finally,	 dihydroceramide	 desaturase	 leads	 to	 ceramide	

formation	(Figure	6).		

Ceramide	molecules	 follow	 either	 the	 vesicular	 pathway	 or	 the	 CERT-dependent	 non-

vesicular	pathway	to	early	Golgi	compartments	where	they	can	be	converted	to	glucosylceramide	

(GlcCer)	(Perry	and	Ridgway,	2005).	CERT	is	a	Ceramide	ER-transport	protein	recognizing	ER	by	

its	Pleckstrin	Homology	domain	 and	 the	Golgi	 by	 its	Phosphatidyl	4-phosphate	domain.	CERT	

shuttles	ceramide	from	ER	to	Golgi	via	its	ceramide	binding	START	domain	(Perry	and	Ridgway,	

2005).	In	mammals,	the	ubiquitously	expressed	GlcCer	is	synthesized	by	the	UDP-Glc:	ceramide	

glucosyltransferase	(GlcCerT)	on	the	cytosolic	side	of	Golgi	membranes,	while	galactosylceramide	

(GalCer)	synthesis	occurs	only	on	ER	luminal	side	of	specialized	cells	in	kidney	and	brain.	
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Figure	6:	Glucosylceramide	synthesis	pathway.	Adapted	from	Van	Echten	et	Sandhoff,	1993.	

GalCer	is	the	precursor	of	Gala-series	of	glycolipids	which	are	expressed	exclusively	on	

specialized	 cells:	 	 GalCer	 and	 sulfatides	 are	 the	major	 lipids	 of	 the	 myelin	 sheath	 assembled	

around	the	axons	on	neuronal	cells	by	oligodendrocytes	and	Schwann	cells.	The	transfer	of	a	Gal	

residue	 from	 UDP-Gal	 to	 ceramide	 occurs	 in	 the	 ER	 and	 is	 catalyzed	 by	 a	 unique	 UDP-Gal:	

ceramide	galactosyltransferase	(Jeckel	et	al.,	1992).	GalCer	is	the	precursor	of	sulfatides	which	are	

synthetized	by	the	addition	of	a	sulfate	group	through	an	ester	linkage	to	the	3-position	of	the	Gal	

residue	(Huwiler	et	al.,	2000).	The	sulfation	reaction	is	catalyzed	by	sulfotransferases	in	the	lumen	

of	the	Golgi	apparatus	(Sundaram	and	Lev,	1992;	Tettamanti,	2004).	Among	gangliosides,	only	

GM4	ganglioside	is	synthetised	from	GalCer	rather	than	from	LacCer	(Degroote	et	al.,	2004).		
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A-2	Sugar	headgroup	biosynthesis	

Complex	GSL	are	made	by	the	stepwise	addition	of	monosaccharide	residues	from	their	

activated	 nucleotide	 precursor	 through	 the	 action	 of	 specific	 glycosyltransferases	 (GT)	 in	 the	

Golgi	 apparatus.	 Glycosyltransferases	 and	 sialyltransferases	 are	 specific	 for	 one	 enzymatic	

reaction.	GlcCer	is	the	precursor	of	ganglioside	biosynthesis	and	is	converted	to	Lactosylceramide	

(LacCer)	 by	 the	 action	 of	 UDP-Galp-ceramide	 β-D-glucosyltransferase	 (or	 Lactosylceramide	

synthase,	encoded	by	B4GALT5	gene)	by	the	transfer	of	Gal	residue	(Nomura	et	al.,	1998)	in	the	

Golgi	lumen	(Lannert	et	al.,	1994).	Ganglioside	synthesis	continues	in	the	Golgi	lumen	(Kolter	et	

al.,	2002)	by	the	action	of	sialyltransferases	ST3GalV	(GM3	synthase),	ST8SiaI	(GD3	synthase),	and	

ST8SiaV	(GT3	synthase)	leading	respectively	to	the	biosynthesis	of	the	precursors	of	a-,	b-,	and	c-

series	gangliosides.	Elongation	is	performed	by	the	sequential	action	of	β4GalNAc	T1,	β3Gal	T4,	

and	of	sialyltransferases	ST3Gal	II,	ST8Sia	V	and	ST6GalNAc	V.	Whereas	ST3Gal	I,	ST3Gal	II	and	

ST3Gal	V	sialyltransferases	transfer	a	Sia	residue	in	a2-3	linkage	to	Gal,	ST8Sia	I	and	ST8Sia	V	

sialyltransferases	transfer	Sia	residues	in	a2-8	linkage	to	Sia	(Tettamanti,	2004).		

The	0-series	gangliosides	are	directly	 synthesized	 from	LacCer,	producing	 sequentially	

GA2,	GA1,	GM1b,	and	GD1c.	GM3	is	the	precursor	of	a-series	gangliosides,	producing	GM2,	GM1a,	

GD1a,	GT1a.	GD3	is	the	precursor	of	b-series	gangliosides,	notably,	GD2,	GD1b,	GT1b	and	GQ1b.	

GT3,	the	precursor	of	c-series	gangliosides	leads	to	the	biosynthesis	of	GT2,	GT1c,	GQ1c,	and	GP1c	

(Figure	7).		

De	novo	produced	gangliosides	are	then	transported	from	the	trans-Golgi	network	to	the	

cell	surface	by	vesicular	pathways.		
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Figure	7:	Biosynthesis	pathway	for	gangliosides.	Adapted	from	Julien	et	al.,	2013.	

B-	Catabolism	

Ganglioside	degradation	occurs	sequentially	by	the	removal	of	sugar	residues	into	acidic	

compartments	of	cells.	Firstly,	 fragments	of	 the	plasma	membrane	containing	gangliosides	are	

endocytosed	as	coated	pits	or	 through	clathrin-independent	vesicles	mainly	 through	caveolae-

mediated	endocytosis	(Crespo	et	al.,	2008;	Daniotti	and	Iglesias-Bartolomé,	2011;	Sharma	et	al.,	
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Protein	 (GM2-AP)	 (Wilkening	 et	 al.,	 2000).	 The	 complex	 formed	 by	 SAP	 and	 gangliosides	 is	

recognized	and	hydrolyzed	by	exohydrolases.	All	 four	SAPs	 -A	 to	 -D	derive	 from	a	single	SAP-

precursor	which	is	proteolytically	processed	to	produce	individual	SAP	(Vielhaber	et	al.,	1996).	

SAPs	bear	a	site	of	N-glycosylation	and	three	disulfide	bridges	that	render	SAP	stable	to	the	acidic	

pH	 of	 lysosomes	 (Kishimoto	 et	 al.,	 1992)(Vaccaro	 et	 al.,	 1995).	 These	 non-enzymatical	

glycoproteins	share	a	lipid	binding	and	a	membrane	perturbing	property.	SAP-A	and	-B	bind	to	

GM1	or	GM2,whereas	SAP-C	and	SAP-D	contribute	to	ceramide	degradation	(Klein	et	al.,	1994;	

Linke	 et	 al.,	 2001)	 (Kishimoto	 et	 al.,	 1992).	 GM2-AP	 is	 a	 small	 non-enzymatic	 lysosomal	

glycoprotein	bearing	N-glycosidically	bound	oligosaccharide	chains		and	containing	four	disulfide	

bridges	 (Schütte	 et	 al.,	 1998).	 Thin-layer	 chromatography	 experiments	 showed	 that	 GM2-AP	

binds	selectively	to	GM1,	GM2	or	GM3	(Hama	et	al.,	1997)	and	lifts	them	out	of	the	membrane	to	

render	 gangliosides	 accessible	 to	 exohydrolases	 (Wilkening	 et	 al.,	 2000).	 The	 resulting	

degradation	products	can	 leave	 the	 lysosomes	 to	enter	 the	salvage	pathway,	of	can	be	 further	

degraded.	The	salvage	pathways	consist	 in	 integrating	catabolism	products	 into	a	biosynthetic	

process	

Ganglioside	degradation	occurs	in	the	following	way:	complex	gangliosides	from	b-	and	c-

series	 are	 transformed	 into	 simple	 a-	 series	 gangliosides	 through	 the	 removal	 of	 sialic	 acid	

residues	 by	 sialidases.	 GM2,	 GM1	 or	 GM3	 obtained	 by	 this	 first	 step	 of	 degradation	 are	

subsequently	digested.	GM1	produces	GM2	by	the	removal	of	Gal	residue	by	a	b-galactosidase	in	

the	 presence	 of	 either	 GM2-AP	 or	 SAP-B	 	 (Wilkening	 et	 al.,	 2000).	 GM2	 degradation	 to	 GM3	

requires	GM2-AP	and	occurs	by	the	removal	of	GalNAc	residue	through	the	sequential	action	of	

by	b-N-acetylhexosaminidase	and	by	b-galactosidase	(Fürst	and	Sandhoff,	1992).	The	removal	of	

the	sialic	acid	residue	from	GM3	by	a	sialidases	forms	LacCer	in	the	presence	of	SAP-B	(Fingerhut	

et	al.,	1992).	The	alternative	way	of	GM2	and	GM1	degradation	is	the	removal	of	sialic	acid	residue	

by	a	sialidase,	forming	GA2	and	GA1	respectively.	GA2	and	GA1	are	then	converted	to	LacCer	by	

the	action	of	b-N-acetylhexosaminidase	and	by	b-galactosidase	action.	LacCer	 is	digested	by	b-

galactosidase	 and	 b-glucosidase	 to	 form	 ceramide.	 This	 resulting	 lipid	 moiety	 is	 digested	 by	
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ceramidase	 to	 a	 fatty	 acid	 and	 a	 sphingoid	base	 in	 the	presence	of	 SAP-D	 (Linke	et	 al.,	 2001)	

(Figure	9).		

An	 alternative	 pathway	 for	 ganglioside	 catabolism	 consists	 in	 the	 cleavage	 of	 the	 b-

glycosidic	 linkage	 between	 glucose	 and	 ceramide	 by	 an	 endoglucoceramidase	 occurring	 in	

bacteria	and	leeches,	but	this	process	still	remains	controversial	in	mammals	(Tettamanti,	2004)	

(Ito	and	Yamagata,	1986).	The	resulting	catabolism	products	can	either	be	further	degraded	or	

can	escape	the	lysosomes	to	be	used	in	salvage	pathways.	(Figure	8).		

	

	

Figure	9:	Ganglioside	catabolism	pathway.	Adapted	from	Tettamanti	et	al.,	2004	

C-	Regulation	of	ganglioside	metabolism		

	 The	metabolic	 turnover	of	gangliosides	 implies	as	 indicated	 in	Figure	5	many	different	

biological	 processes	 including	 (1)	membrane	 recycling	 of	 internalized	 gangliosides,	 (2)	 direct	
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glycosylation	 of	 gangliosides	 in	 the	 Golgi	 apparatus,	 (3)	 degradation	 in	 lysosomes/late	

endosomes,	(4)	salvage	processes,	(5)	complete	degradation,	or	(6)	de	novo	biosynthesis	(Figure	

8).	 Assuming	 the	 complexity	 of	 internalized	 ganglioside	 metabolism,	 the	 determination	 of	

ganglioside	turnover	remains	difficult	to	study,	due	to	the	metabolic	and	functional	states	of	cell	

and	membrane	renewal	fluxes	that	are	highly	dynamic	and	variable,	especially	endocytosis	and	

exocytosis.	The	only	acceptable	measurements	of	gangliosides	content	are	 the	data	cumulated	

from	de	novo	biosynthesis,	direct	glycosylation,	and	salvage	pathways.	The	contribution	of	other	

events	remains	extremely	difficult	to	take	into	account	(Tettamanti,	2004).	The	calculation	of	the	

half-life	of	gangliosides	has	been	determined	on	cultured	cells.	The	values	range	from	2	to	5	h	in	

CHO	cells,	 to	30	h	 in	NB	cells	(Medlock	and	Merrill,	1988;	Miller-Podraza	and	Fishman,	1982).		

Thus,	gangliosides	turnover	is	highly	dependent	on	the	cell-type	and	still	remains	uneasy	to	study.	

Nevertheless,	 gangliosides	 metabolic	 turnover	 depends	 highly	 on	 membrane	 turnover	 and	

supply,	 and	 on	 the	 availability	 of	 enzymes,	 carrier	 proteins,	 activator	 proteins	 and	 substrates	

(Tettamanti,	2004).			

C-1	Spatio-temporal	expression	and	localization	of	GT		

The	pattern	of	ganglioside	expression	in	tissues	highly	depends	on	the	spatio-temporal	

expression	of	GT	involved	in	the	synthesis,	their	availability,	kinetic	parameters	and	enzymatic	

activities.	 The	 major	 changes	 described	 in	 the	 literature	 regarding	 ganglioside	 expression	

patterns	during	embryogenesis	are	in	agreement	with	modifications	of	GT	activities.	For	example,	

GD3	 synthase	 gene	 expression	 is	 higher	 during	 early	 stages	 whereas	 GM2/GD2	 synthase	

expression	 increases	 during	 late	 stages	 of	 brain	 development	 in	 mice,	 which	 correlates	 with	

changes	in	ganglioside	expression	implicated	in	brain	development	(Yamamoto	et	al.,	1996).	In	

the	 same	manner,	 Yu	 and	 coworkers	 have	 shown	 a	 shift	 between	 GT	 expression	 during	 fetal	

development	in	mice,	leading	a	preferential	expression	of	simple	gangliosides,	such	as	GM1,	GD1a,	

and	GT1a	(Yu	et	al.,	1988).	GT	are	membrane-bound	enzymes	located	in	the	different	cisternae	of	

the	Golgi	apparatus.	The	precise	 subcellular	 localization	of	GT	 in	 the	Golgi	apparatus	plays	an	

important	 role	 in	 the	 regulation	 of	 ganglioside	 synthesis.	While	 simple	 gangliosides	 synthesis	
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occurs	in	the	proximal	regions	of	the	Golgi	apparatus,	complex	gangliosides	synthesis	takes	place	

in	more	distal	 regions	 (Giraudo	and	Maccioni,	2003).	 In	agreement,	LacCer	synthase	and	GM3	

synthase	form	an	enzymatic	complex	for	the	synthesis	of	GM3	in	CHO-K1	cells.	This	enzymatic	

complex	is	located	in	the	cis-Golgi	apparatus.	GD3	synthase	overexpression	in	these	cells	lead	to	

the	 formation	 of	 trimeric	 complexe	 between	 LacCer	 synthase-GM3	 synthase-GD3	 synthase	

localized	to	trans-Golgi	network	(Giraudo	and	Maccioni,	2003;	Uliana	et	al.,	2006).		

GT	enzymatic	activity	is	usually	very	specific,	as	their	activity	consists	in	the	transfer	of	a	

single	monosaccharide	 residue	 on	 a	 specific	 acceptor	 substrate.	However,	 several	GT,	 such	 as	

those	 encoded	 by	 B4GALNT1	 and	 B3GALT4	 genes,	 can	 act	 on	 different	 substrates	 during	

gangliosides	synthesis	(Figure	7).	Thus,	substrate	availability,	which	is	linked	to	the	expression	

level	of	the	different	GT	genes,	regulates	by	itself	ganglioside	composition	in	various	tissues	and	

cell-types.	 For	 example,	GD3	 synthase	overexpression	 in	PC12	neuronal	 cell	 lines	 leads	 to	 the	

expression	of	GD1b	and	GT1b,	whereas	MDA-MB-231	GD3+	BC	cells	produce	mostly	GD3,	GD2,	

GT3	(Cazet	et	al.,	2009;	Fukumoto	et	al.,	2000).		

C-2	Transcriptional	and	posttranscriptional	regulation	of	GT	

GT	 are	mainly	 regulated	 at	 the	 transcriptional	 level,	 leading	 to	 tissue-specific	 or	 cell-

specific	GT	expression	(Nairn	et	al.,	2008).	GD2	synthase	mRNA	are	highly	expressed	in	human	

brain,	 lung	 and	 testis	whereas	GM3	 synthase	 transcripts	 are	 ubiquitously	 expressed	 in	 adults	

(Hidari	 et	 al.,	 1994;	 Ishii	 et	 al.,	 1998).	 Cytoplasmic	 phosphorylation/dephosphorylation	

mechanisms	modulate	GT	expression	and	Golgi/ER	location.	In	NB	cells,	the	activation	of	protein	

kinase	C	(PKC)	and	protein	kinase	A	(PKA)	induces	an	increase	of	b4GalNAcTI	activity	and	reduces	

ST3Gal	I	and	ST3Gal	II	activity	resulting	in	GM1	accumulation	(Yu	and	Bieberich,	2001).	Besides,	

PKC	 induces	 the	 phosphorylation	 of	 serine	 and	 threonine	 residue	 in	 the	 cytoplasmic	 tails	 of	

b4GalNAcTI	 and	 ST3GalI	 which	 decreases	 to	 half	 the	 activity	 of	 these	 enzymes	 (Gu	 et	 al.,	

1995).Furthermore,	the	distribution	of	GT	and	their	trafficking	from	Golgi	to	ER	is	regulated	by	
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their	N-glycosylation.	For	example,	N-glycosylation	of	GD3	synthase	is	crucial	for	both	its	catalytic	

activity	and	proper	trafficking	from	the	ER	to	the	Golgi	apparatus	(Martina	et	al.,	1998).	

C-3	Crosstalk	between	gangliosides	and	GT	synthesis	

GT	 synthesis	 can	 be	modulated	 by	 gangliosides	 expression.	 GM1,	 GM2,	 GT1b	 and	 to	 a	

major	extend	GD1a,	 inhibit	GM2/GD2	synthase	expression.	GQ1b,	GT1b	and	GD1a	 inhibit	GD3	

synthase	expression	in	Golgi	vesicles	isolated	from	rat	liver	(Yusuf	et	al.,	1987).	The	bifunctional	

enzyme	UDP-GlcNAc	2-epimerase/ManNAc	6-kinase	controls	Sia	biosynthesis	by	converting	UDP-

GlcNAc	to	N-acetylmannosamine.	Wang	and	coworkers	have	shown	that	overexpression	of	this	

enzyme	 increases	GM3	and	GD3	synthase	mRNA	 levels	 and	ganglioside	 synthesis,	whereas	 its	

repression	decreases	GM3	and	GD3	synthase	mRNA	levels	(Wang	et	al.,	2006).	These	data	suggest	

the	 existence	 of	 a	 cross-regulation	 between	 the	 expression	 of	 enzymes	 involved	 in	 glycolipid	

synthesis	(GT,	or	enzymes	such	as	UDP-GlcNAc	2-epimerase/ManNAc	6-kinase	that	is	involved	in	

Sia	metabolism)	and	the	expression	of	gangliosides.	

In	 conclusion,	 GT	 activity	 is	 highly	 dependent	 on	 their	 subcellular	 localization	 in	 the	

different	Golgi	cisternae,	on	gangliosides	that	are	already	expressed,	the	possibility	to	multimerize	

with	surrounding	enzymes	and	the	substrate	availability	which	explains	the	cell-type	dependent	

pattern	of	gangliosides.		

C-4	Spatio-temporal	localization	and	function	of	sialidases	

Sialidases,	 or	 neuraminidases	 are	 glycosidases	 that	 catalyze	 the	 removal	 of	 Sia	 from	

glycoconjugates.	 Sialidase	 level	 and	 activity	 is	 essential	 for	 the	 regulation	 of	 gangliosides	

turnover.	Four	types	of	sialidases	have	been	identified	and	characterized	so	far.	NEU1,	a	lysosomal	

sialidase,	 uses	 oligosaccharides	 and	 glycopeptides	 as	 substrates	 and	 contributes	 to	 immune	

functions	at	the	cell	surface	like	the	activation	of	Toll	like	receptor	4	(TLR4),	or	to	the	induction	

of	airway	inflammation	caused	by	hyposialylation	of	hyaluronic	receptor	of	CD4+	in	T	cells,	and	is	

also	involved	in	lysosomal	catabolism.	NEU2	has	been	characterized	as	the	cytosolic	sialidase	and	

is	 active	 on	 oligosaccharides,	 glycopeptides	 and	 gangliosides.	NEU2	 is	 involved	 in	muscle	 cell	
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differentiation	 (Monti	 and	 Miyagi,	 2015).	 NEU3	 is	 a	 plasma	 membrane	 sialidase	 using	

gangliosides	 as	 substrates.	 NEU4	 is	 able	 to	 desialylate	 oligosaccharides,	 glycoproteins,	 and	

gangliosides	 (Monti	 and	Miyagi,	 2015).	NEU4	 location	has	been	 suggested	 to	be	 the	 lysosome	

(Seyrantepe	et	al.,	2004),	mitochondria	(Yamaguchi	et	al.,	2005),	and/or	the	ER	(Bigi	et	al.,	2010).	

NEU3	 and	 NEU4	 regulate	 neuronal	 differentiation	 (Monti	 and	 Miyagi,	 2015).	 The	 last	 three	

neuraminidases	can	use	gangliosides	as	substrates	and	are	potentially	implicated	in	the	regulation	

of	ganglioside	expression.	NEU2	expression	is	expressed	at	very	low	levels	in	healthy	or	cancer	

human	 cells.	 Abnormal	 upregulation	 of	NEU3	 is	 involved	 in	 the	 progression	 of	malignancy	 in	

various	 types	 of	 cancers.	 In	 human	 colon	 cancer,	 NEU3	 mRNA	 is	 increased	 3-	 to	 100-	 fold	

compared	to	non-tumor	mucosa	(Kakugawa	et	al.,	2002).	In	contrast	to	human	colon	carcinoma,	

NEU3	 level	 is	downregulated	 in	 glioblastoma	accelerating	 cell	 invasion	via	 the	disassembly	of	

focal	 adhesions	 (Takahashi	 et	 al.,	 2017).	 The	mRNA	 level	 of	NEU4	 in	 human	 colon	mucosa	 is	

markedly	decreased	in	human	colon	cancer.	The	decreased	level	of	NEU4	is	related	to	a	significant	

inhibition	of	apoptosis	and	to	an	increase	of	invasion	and	motility	(Yamanami	et	al.,	2007).	Sawada	

and	coworkers	have	shown	that	low	metastatic	mouse	colon	adenocarcinoma	cell	clones	express	

low	 level	 of	 sialidases	 compared	 to	 clones	 with	 higher	 metastatic	 potential,	 showing	 that	

sialidases	 levels	 affects	 the	metastatic	 ability.	 Besides,	 overexpression	 of	 NEU2	 in	N17	 highly	

metastatic	 lung	 cells	 leads	 to	 the	 inhibition	 of	 lung	metastasis,	 reduces	motility	 and	 invasive	

capability	accompanied	by	a	decrease	of	sialyl	Lewis	x	(sLex)	and	GM3	amounts.	Furthermore,	

targeting	GM3	using	a	specific	antibody	decreases	metastasis	(Sawada	et	al.,	2002).	Desialylation	

by	 itself	 is	 involved	 in	 the	 suppression	 of	 tumorigenesis.	 NEU4	 deficiency	 in	 mice	 induces	

morphological	abnormalities	and	modifies	ganglioside	relative	amounts	in	brain,	with	an	increase	

in	GD1a	and	a	decrease	in	GM1	levels.	Sialidase	levels	and	activities	in	cancer	is	a	determining	

factor	for	metastatic	ability,	independently	of	the	cell	type.	
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D-	O-acetylated	gangliosides			

D-1	Expression	of	O-acetylated	gangliosides		

O-acetylated	gangliosides	are	considered	as	oncofetal	markers	in	cancer.	O-acetylation	is	

one	 of	 the	main	modifications	 of	 gangliosides	 and	O-acetylated	 species	 are	 known	 to	 be	 neo-

expressed	 during	 cancer	 development.	 The	 O-acetylation	 reaction	 takes	 places	 in	 the	 Golgi	

apparatus	and	is	cell	type	specific	and	developmentally	regulated	(Gerardy-Schahn	et	al.,	2015).	

Their	 synthesis	and	degradation	of	O-acetylated	glycolipids	are	 finely	 tuned	processes.	The	O-

acetylation	reaction	is	highly	dependent	on	the	availability	of	acceptors,	substrates,	the	Golgi-ER	

transporters,	 clathrin-dependent	 internalization	 of	 gangliosides	 and	 the	 balance	 between	 the	

Sialyl-O-acetyltransferases	(SOAT)	and	the	Sialyl-O-acetyl	esterase	(SOAE)	activity.	SOAT	activity	

and	O-acetylated	gangliosides	expression	are	tightly	linked.	Reduced	SOAT	activity	decreases	O-

acetylation,	 whereas	 enhanced	 SOAT	 activity	 increases	 O-acetylation	 and	 decreases	

hyposialylation	 by	membrane-bound	 sialidase	 (Corfield	 et	 al.,	 1999;	 Shen	 et	 al.,	 2004).	 These	

finely	 regulated	 processes	 gives	 rise	 to	 a	 tissue/cell-type	 specific	 pattern	 of	 O-acetylated	

gangliosides	expression	(Mandal	et	al.,	2015).		

After	 the	 translocation	 of	 CMP-sialic	 acid	 to	 the	 lumen	 of	 the	 Golgi	 apparatus	 by	 a	

nucleotide	sugar	transporter,	sialyltransferases	catalyzes	Sia	transfer	onto	a	Gal,	GalNAc,	GlcNAc	

or	Sia	residue	in	an	a2-3,	a2-6,	a2-8,	and	a2-9	linkages.	The	O-acetylation	reactions	catalyzed	by	

SOAT	correspond	to	the	transfer	of	an	acetyl	group	from	acetyl	coenzyme	A	to	the	C4/7/8/9	OH-

position	of	the	Sia	residue.	The	primary	site	of	O-acetyl	group	transfer	on	Sia	is	thought	to	be	C7,	

from	which	the	O-acetyl	group	can	subsequently	migrate	in	acidic	pH	conditions	to	the	C8	and	to	

the	C9	position,	considered	as	the	final	position	(Vandamme-Feldhaus	and	Schauer,	1998).	The	O-

acetyl	groups	are	removed	from	Sia	by	Sialyl-O-acetylesterases	(SIAE).	SIAE	can	remove	C4	or	C9-

O-acetyl	groups	on	Sia-linked	to	glycoconjugates	or	on	free	Sia	released	from	glycoconjugates	by	

sialidases.	It	is	well	established	that	the	O-acetylation	reaction	takes	place	in	the	Golgi	apparatus	

by	a	membrane-bound	SOAT,	whereas	de-O-acetylation	can	either	take	place	into	the	lysosomal	

compartment	by	a	membrane-bound	sialyl	O-acetyl	esterase	(Lse)	or	in	the	cytoplasm	by	a	soluble	
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esterase.	Takematsu	and	coworkers’	studies	suggest	that	full	length	Lse	goes	though	the	ER-Golgi	

pathway	and	 localizes	primarily	 in	 lysosomes,	while	an	alternative	splice	variant	at	 the	5’	end	

(lacking	 the	 signal	 peptide	 encoding	 region)	 encodes	 for	 a	 cytoplasmic	 SIAE.	 SIAE	 mRNA	

expression	 is	 also	 differentially	 regulated	 among	 tissues.	 While	 mRNA	 encoding	 Lse	 are	

ubiquitous	 among	 tissues,	 the	 ones	 encoding	 cytoplasmic	 SIAE	 are	mainly	 expressed	 in	 liver,	

ovary	 and	brain	 (Takematsu	et	 al.,	 1999).	 Furthermore,	 neutral	 to	 alkaline	pH	 is	 required	 for	

optimal	activity	of	SIAE,	which	corresponds	to	the	pH	of	the	cytoplasm,	but	not	to	the	lysosomal	

one.	It	has	been	suggested	that	either	minimum	Lse	activity	could	be	maintained	at	acidic	pH	or	

that	 lysosomal	 pH	 is	 increased	 for	 Lse	 (Butor	 et	 al.,	 1993).	 Despite	 the	 limited	 knowledge	

concerning	 SOAT	 and	 SIAE	 enzymes,	 the	 diversity	 of	 O-acetylated	 gangliosides	 and	 their	

differential	expression	among	tissues	and	developmental	stages	suggest	a	regulation	at	multiple	

levels.		

D-2	SOATs	

In	 this	 project,	 the	 main	 focus	 concerns	 the	 neo	 expression	 of	 O-acetylated	 GD2	

ganglioside	in	neuroectoderm-derived	tumors.	Different	levels	of	diversity	regulate	O-acetylated	

ganglioside	expression,	including	the	position	of	the	O-acetyl	group	on	the	carbone	residue,	the	

number	 of	 O-acetylated	 Sia	 residues	 and	 their	 position	 in	 the	 carbohydrate	 chains	 of	

glycoconjugates,	as	well	as	the	cellular	SOAT	activity.	Despite	the	limited	information	available	on	

O-acetylated	gangliosides	expression	in	human	tissues	or	cells,	some	studies	on	diverse	biological	

sources	are	still	available.	The	first	level	of	diversity	is	due	to	the	transfer	of	acetyl	group	from	

acetyl-coenzyme	 A	 to	 the	 C4/7/8/9	 of	 the	 Sia	 residue,	 generating	 different	 O-acetylated	

gangliosides.	The	preferential	site	of	insertion	of	the	O-acetyl	group	is	the	C7	of	the	Sia	residue.	It	

is	proposed	that	from	this	primary	insertion	site,	the	O-acetyl	group	can	migrate	to	C8	and	C9	due	

to	acidic	pH,	leaving	C7	available	for	a	new	transfer	(Vandamme-Feldhaus	and	Schauer,	1998).	

Mono-O-acetylation	of	the	C4	residue	seems	to	be	unusual,	whereas	di-O-acetylation	is	commonly	

found	on	C4-7,	C4-8	or	C4-9	in	horse	serum	hydrolysates	(Klein	et	al.,	1997).	In	vitro	studies	have	

demonstrated	that	SOAT	isolated	from	different	sources	have	preferential	acceptors	 for	the	O-
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acetylation	 reaction.	 Several	 acceptors	 including	 free	 Sia,	 CMP-Sia,	 gangliosides,	 glycoprotein	

bound-Sia	 could	be	acetylated	by	SOAT.	The	 transfer	of	 Sia	on	glycoconjugates	 is	 achieved	by	

specific	sialyltransfeases	that	use	CMP-Sia	transported	into	the	lumen	of	the	Golgi	apparatus	by	

the	 CMP-Sia	 transporter.	 The	 isolation	 of	 SOAT	 by	 biochemical	 procedures	 has	 led	 to	 the	

identification	 of	 different	 SOAT	 activities.	 On	 the	 one	 hand,	 SOAT	 isolated	 from	 microsomes	

prepared	from	bovine	submaxillary	glands	preferentially	transfers	O-acetylated	groups	to	the	C7	

of	the	Sia	residue,	these	O-acetyl	groups	subsequently	migrate	spontaneously	to	C8	and	then	to	

C9	 due	 to	 the	 acidic	 pH	 (Vandamme-Feldhaus	 and	 Schauer,	 1998).	 On	 the	 other	 hand,	 SOAT	

isolated	from	Golgi-enriched	fractions	from	the	Guinea	pig	liver	transfers	O-acetyl	groups	to	the	

C4	of	the	Sia	residue	(Iwersen	et	al.,	1998,	2003).	Furthermore,	some	observations	support	the	

possibility	that	distinct	SOAT	activities	may	exist	in	cells,	due	to	a	preferential	specificity	towards	

a2-8	rather	than	a2-3	linked	Sia	(Chen	et	al.,	2006).	All	the	attempts	made	for	the	biochemical	

isolation	of	SOAT	enzymes	were	unsuccessful	since	a	purified	enzyme	has	not	been	obtained	yet.	

However,	expression	cloning	lead	to	the	identification	of	SOAT	in	cell	lines	overexpressing	GD3	

synthase.	In	that	way,	Kanamori	et	al.	first	characterized	by	expression	cloning	in	the	ER	of	COS	

cells	a	multimembrane	spanning	protein	which	is	an	O-acetyl	coenzyme	A	transporter	(AT-1	or	

SLC33A1)	(Kanamori	et	al.,	1997).	AT-1	overexpression	in	Hela	cells	exacerbates	the	O-acetylation	

of	GD3	and	GT3	(Kanamori	et	al.,	1997).	In	a	CHO	cell	line	overexpressing	GD3	synthase	(CHO-

GD3S+),	 the	 cell	 cycle	 regulator	 expression	 Tis21	 is	 reduced	 compared	 to	 control	 cells.	 The	

overexpression	of	Tis	21	in	CHO-GD3S+	increases	OAcGD3	expression.	These	studies	suggest	that	

O-acetylation	of	GD3	is	enhanced	by	Tis21	induction	(Satake	et	al.,	2003).	The	role	of	Tis21	in	

GD3-Oacetylation	 has	 been	 controversial	 in	 GM2/GD2	 synthase	 knock-out	 mice	 lacking	 all	

complex	 gangliosides.	 These	mutant	mice	 exhibit	 high	 expression	 of	OAcGD3	 in	 nerve	 tissues	

despite	a	downregulated	Tis21	expression	(Furukawa	et	al.,	2008).	CASD1	has	been	described	as	

encoding	the	only	human	SOAT	up-to-now.	CASD1	expression	is	upregulated	in	human	primary	

cell	lines,	melanoma	and	liver-derived	cells.	The	overexpression	of	CASD1	and	GD3	synthase	genes	

correlated	with	an	increase	in	7-OAcGD3	biosynthesis	in	COS	cells	(Arming	et	al.,	2011),	and	in	9-
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Figure	14:	Kaplan	Meier	survival	plotter	in	BC	patients.		

The	database	integrates	gene	expression	and	clinical	data	simultaneously.	The	two	patient	cohorts	are	

compared	by	a	Kaplan-Meier	survival	plot,	and	the	hazard	ratio	with	95%	confidence	intervals	and	log	

rank	 P	 value	 are	 calculated.	 GD3	 synthase,	 GD2	 synthase,	 and	 CASD1	 expression	 are	 assessed	 in	

ER+/PR+	BC	patients	(upper)	and	ER-/PR-/Her2-	BC	patients	(bottom).	The	black	line	represents	the	

overall	survival	of	patient	with	a	low	gene	expression.	The	red	line	represents	the	overall	survival	of	

BC	patients	with	high	gene	expression.		

The	effect	of	CASD1	expression	 level	 in	BC	patients	could	be	assessed	by	Kaplan	Meier	

plotter	database	which	integrates	gene	expression	and	clinical	data	simultaneously	for	evaluating	

the	overall	survival	of	patients	according	to	the	level	of	gene	expression.	While	GD2	synthase	and	

GD3	 synthase	 expression	 levels	 do	 not	 affect	 BC	 patients’	 overall	 survival	 regardless	 of	 their	

ER/PR/Her2	status,	CASD1	high	expression	 is	associated	with	a	better	 survival	of	BC	patients	

having	ER-/PR-/Her2-	 status	 (Figure	 14).	 Although	O-acetylation	 of	 glycoconjugates	 is	 clearly	

related	to	tumorigenesis	promotion,	the	role	of	CASD1	remain	unclear.		
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STATE	OF	THE	ART		

BC	is	the	most	prevalent	cancer	among	women.	Approximatively	1	in	8	women	worldwide	

have	a	lifetime	risk	of	developing	BC	(Rojas	and	Stuckey,	2016).	This	is	one	of	the	most	frequent	

leading	cause	of	women	death	worldwide.	It	develops	through	a	multistep	process	influenced	by	

environmental	and	genetic	factors	(Sun	et	al.,	2017).	 	While	early	stage	diagnosis	is	successful,	

metastatic	spreading	of	the	cancer	represents	more	than	90%	of	death	(Valastyan	and	Weinberg,	

2011).	The	expression	of	di-sialylated	gangliosides	GD2,	the	well-described	oncofetal	marker	of	

NB	and	melanoma,	is	highly	prevalent	in	a	cohort	of	BC	patients,	especially	in	very	aggressive	BC	

subtypes	bearing	patients	 (Orsi	et	al.,	 2017).	The	 treatment	of	pediatric	NB	with	dinutuximab	

antibody	shows	severe	side	toxicities	due	to	the	expression	of	GD2	in	healthy	peripheral	nerve	

fibers.	 However,	 the	O-acetylated	 form	 of	 GD2	 is	 exclusively	 expressed	 in	 cancer	 tissues,	 and	

represents	 a	 better	 therapeutic	 target	 than	 GD2	 (Alvarez-Rueda	 et	 al.,	 2011).	 Thus,	 targeting	

OAcGD2	in	aggressive	BC	subtypes	may	represent	the	best	therapeutic	solution	to	reduce	relapse	

and	improve	patient	outcomes.	The	specific	expression	of	OAcGD2	in	cancer	tissues	highlights	the	

specificity	of	O-acetylation	mechanisms.	This	is	a	simple	process	consisting	in	the	transfer	of	an	

O-acetyl	group	onto	an	acceptor	molecule	by	a	SOAT.	However,	this	mechanism	remains	unclear	

still	unclear	since	only	one	SOAT,	encoded	by	CASD1,	has	been	identified	in	human	up	to	now.		

CASD1	 induces	 O-acetylation	 of	 either	 CMP-Sia	 or	 GD3	 gangliosides	 depending	 on	 the	

experimental	procedures	used	(Baumann	et	al.,	2015).	Although	these	studies	suggest	that	CASD1	

is	involved	in	ganglioside	O-acetylation,	its	precise	activity	and	function	remain	controversial,	as	

well	as	the	biosynthesis	pathways	of	gangliosides	O-acetylation.	In	order	to	clarify	these	points,	

the	aim	my	PhD	project	was	to	study	the	biosynthesis	mechanisms	underlying	GD2	O-acetylation	

in	BC.	

	

	



	

	 79	

THESIS	OBJECTIVES	

My	PhD	thesis	aimed	at	studying	the	expression	and	biosynthesis	mechanisms	of	OAcGD2	

antigenicity	 in	BC	 in	order	 to	evaluate	 the	potential	 therapeutic	use	of	 a	 specific	anti-OAcGD2	

antibody	developed	by	OGD2	Pharma	company	to	treat	BC	patients.	In	order	to	achieve	this	goal,	

my	 project	 objectives	 were	 splitted	 according	 into	 fundamental	 and	 translational	 research	

objectives.		

In	that	way,	my	fundamental	goals	were	to:		

1- Establish	the	expression	profile	of	gangliosides	in	BC	cells		

2- Decipher	of	the	biosynthesis	mechanisms	of	OAcGD2	in	BC	cells		

3- Study	OAcGD2	biological	functions	in	BC	cells		

4- Identify	new	genes	potentially	involved	in	gangliosides	O-acetylation	

My	translational	objectives	were:		

1- The	identification	of	the	OAcGD2	antigen		

2- The	quantification	of	OAcGD2	in	tumor	cells		
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PART	I:	Role	of	CASD1	in	GD2	O-acetylation	in	breast	cancer	cell	lines	

1-Introduction		

	 In	order	to	assess	the	potential	role	of	CASD1	in	GD2	O-acetylation	in	SUM159PT	BC	cell	

line,	the	modulation	of	CASD1	gene	expression	by	transfection	has	been	performed.	SUM	159PT	

is	a	triple	negative	BC	cell	line	derived	from	anaplastic	carcinoma	(Neve	et	al.,	2006).	Previous	

works	 in	 OGD2	 Pharma	 has	 led	 to	 the	 identification	 of	 a	 higher	 expression	 of	 OAcGD2	 in	

SUM159PT	 compared	 to	 MDA-MB-468,	 MDA-MB-231	 and	 4T1	 cell	 lines	 by	 flow	 cytometry.	

Previous	 works	 also	 showed	 that	 9,4%	 of	 SUM159PT	 cells	 expressing	 OAcGD2	 also	 express	

CD44high/CD24low	stem	cell	markers.	Finally,	anti-OAcGD2	8B6	mAb	treatment	of	SUM159PT	cells	

inhibits	their	growth	(data	not	shown).	Following	these	preliminary	data,	SUM159PT	has	been	

chosen	to	assess	CASD1	involvement	in	GD2	O-acetylation.		

	 The	modulation	of	CASD1	expression	had	been	performed	in	order	to	deplete	or	increase	

CASD1	gene	expression	in	a	transient	or	stable	manner.	The	effect	of	CASD1	modulated	expression	

has	been	assessed	by	using	immunofluorescence	and	confocal	microscopy.	Further	studies	of	the	

biological	 properties	 exhibited	 by	 selected	 clones	 stably	 overexpressing	 CASD1	 have	 been	

performed	using	MTS	tetrazolium	and	Transwell	assay.		

2-Material	and	methods	

Antibodies	

The	anti-GD2	mAb	14.18	mouse	 IgG3/k	 and	 the	 anti-OAcGD2	mAb	8B6	mouse	 IgG3/k	

were	produced	in	CHO	cells	by	OGD2	Pharma	(Nantes,	France).	The	secondary	antibodies	Alexa	

Fluor	488	donkey	anti-mouse	IgG	and	Alexa	Fluor	546	donkey	anti-rabbit	IgG	were	purchased	

from	Invitrogen	(Cergy	Pontoise,	France).		

Cell	culture		

Cell	culture	reagents	were	purchased	from	Lonza	(Verviers,	Belgium).	The	human	BC	cell	

SUM159PT	was	obtained	by	the	American	Tissue	Culture	Collection	(ATCC,	Rockville,	MD,	USA).	
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Cells	were	routinely	grown	in	monolayer	culture	and	maintained	at	37°C	in	an	atmosphere	of	5%	

CO2.	SUM159PT	cells	were	grown	in	DMEM/F12	(1:1)	containing	5%	heat-inactivated	fetal	calf	

serum	(FCS),	2	mM	L-glutamine,	1	µg/ml	hydrocortisone	and	5	µg/ml	insulin.	

siRNA	transfection		

	 Depletion	of	CASD1	was	performed	using	siRNA	strategy	by	a	double	 transfection.	The	

second	transfection	was	performed	48h	after	the	first	one	using	the	same	conditions.	Cell	were	

grown	in	six-well	plates	and	transfections	were	performed	with	2µM	of	siRNA-targeting	CASD1	

(L-016926-01-0010,	 Horizon)	 or	 a	 scramble	 sequence	 and	 8	 µL	 RNAimax	 (#137781,	 Thermo	

fisher	Scientific)	in	1	ml	of	UltraMem	(Lonza).	After	5h,	transfection	was	stopped	by	adding	1	ml	

of	DMEM	Ham’s	F12	media	supplemented	with	5%	FCS.	Cells	were	collected	at	72h	for	qPCR	and	

immunocytochemistry	experiments.		

shRNA	transfection		

	 Stable	depletion	of	CASD1	was	performed	using	shRNA	strategy.	Cells	were	grown	in	six-

well	plates	and	transfection	was	performed	in	500	ng	shRNA	plasmid	targeting-CASD1	(A236.1b)	

or	 a	 scramble	 sequence	 in	 4	 µL	 lipofectamine	 2000	 (Invitrogen).	 The	 selection	 of	 stables	

transfectants	was	performed	by	adding	hygromycin	at	500	µg/ml	48h	after	transfection.		

Transfection	by	CASD1-encoding	expression	vector		

The	 plasmid	 pcDNA3.1-V5-tag-CASD1-cMyc	 used	 for	 the	 transfection	 experiments	was	

kindly	 provided	 by	 Dr	 Mühlenhoff	 (Hannover	 University,	 Germany)	 (Baumann	 et	 al.,	 2015).	

Transfection	of	SUM159PT	cells	was	performed	with	RNAimax	transfection	reagent	(#137781,	

Thermo	Fisher	Scientific).	Cells	were	grown	in	six-well	plates,	washed	twice	with	UltraMem	and	

transfected	with	2	µg	of	plasmid	DNA	and	4	µL	of	RNAimax	in	1	ml	of	UltraMem	(Lonza).	After	5h,	

transfection	was	stopped	by	adding	1	ml	of	DMEM	Ham’s	F12	media	supplemented	with	5%	of	

FCS.	For	the	selection	of	stable	transfectants,	500	µg/ml	of	hygromycin	was	added	per	well	48h	

post-transfection.	Clones	were	isolated	by	limited	dilution.	Positive	clones	were	selected	by	qPCR	

and	immunocytochemistry-confocal	microscopy	experiments.		
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RNA	extraction,	cDNA	synthesis	and	qPCR		

	 Gene	expression	was	evaluated	using	real-time	qPCR	analysis	after	RNA	extraction	and	

cDNA	synthesis.	All	the	processes	used	for	the	preparation	and	analysis	were	previously	described	

(Cavdarli	et	al.,	2019).		

Immunocytochemistry	and	confocal	microscopy		

Transfected	cells	were	grown	on	glass	coverslips	fixed	for	15	min	in	4%	paraformaldehyde	

in	 0.1	 M	 sodium	 phosphate	 buffer.	 Cells	 were	 washed	 thrice	 with	 PBS	 and	 membrane	

permeabilization	was	 performed	 in	 5	 µg/ml	 digitonine	 in	 PBS	 for	 20	min.	 After	 saturation	 in	

blocking	buffer,	cells	were	incubated	with	either	with	the	anti-GD2	or	anti-OAcGD2,	or	anti-V5-

tag	mAbs	at	20	µg/ml	for	1h	followed	by	the	secondary	antibody	for	1h.	Cells	were	washed	and	

mounted	 in	 fluorescent	 mounting	 medium	 (Dako,	 Carpetaria,	 CA,	 USA).	 Stained	 slides	 were	

analyzed	under	a	Zeiss	LSM	700	confocal	microscope.	The	same	settings	were	used	for	all	of	the	

acquisition	so	as	to	ensure	the	comparability	of	the	data	obtained.		

MTS	assay		

	 Cell	 growth	 was	 analyzed	 using	 the	 MTS	 reagent	 (Promega,	 Charbonnières-les-bains)	

according	to	the	manufacturer’s	instructions.	Briefly,	cells	were	seeded	in	96	well	plates	in	0%,	

1%	or	5%	FCS	containing	media	in	which	MTS	reagents	was	added.	The	proliferation	rate	was	

measured	by	the	absorbance	of	MTS	reagent	at	490	nm	at	24h,	48h,	72h,	and	96	h	after	seeding.		

Transwell	assay	

	 Migration	 and	 invasion	 properties	 of	 cells	 were	 measured	 by	 transwell	 assay	 using	

migration	chambers	or	invasion	chambers	(Dutscher,	Brumath,	France).	Cells	were	seeded	in	24	

well	 plates	 containing	 either	migration	 or	 invasion	 chambers	 in	 serum-free	media.	 After	 24h	

incubation	at	37°C,	cells	were	fixed	4%	paraformaldehyde	in	0.1	M	sodium	phosphate	buffer	and	

non-migratory/invasive	cells	were	swapped	with	cotton	swabs.	Nuclei	were	counterstained	with	

DAPI	 and	 membrane	 were	 mounted	 on	 the	 slide	 with	 fluorescent	 mounting	 medium	 (Dako,	

Carpetaria,	CA,	USA).	Nuclei	were	counted	under	Leica	microscope.	
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Statistical	analysis		

	 Statistical	 difference	 was	 assessed	 using	 unpaired	 t-test	 with	 Welch’s	 correction:	

****p<0.0001.	

3-Results		

A-Depletion	of	CASD1	expression		

	

	

Figure	15:	Reduced	OAcGD2	expression	 in	 SUM159PT	depleted	 for	 CASD1	expression	using	
siRNA	strategy.	

A-	 qPCR	 quantification	 of	 GD2	 synthase	 and	 CASD1	 genes	 in	 transiently	 transfected	 and	 control	

SUM159PT	cells	(n=3).	Results	were	normalized	to	the	expression	of	HPRT	mRNA.	B-Representative	

images	of	the	analysis	of	GD2	and	OAcGD2	expression	in	BC	cells	using	immunochemistry	and	confocal	

microscopy	(n=3).	Cells	were	 incubated	with	an	anti-GD2	and	anti-OAcGD2	mAbs	and	gangliosides	

were	visualized	using	IgG	conjugate	Alexa	Fluor	488.	The	nuclei	were	counterstained	with	DAPI.	All	

images	were	taken	in	the	same	settings.	C-	Quantification	of	mean	fluorescence	intensity	of	GD2	and	

OAcGD2.	****p<0.0001	Statistical	difference	using	unpaired	t-test	with	Welch’s	correction.	
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The	 depletion	 of	 CASD1	 expression	 in	 SUM159PT	 has	 been	 performed	 by	 transient	

transfection	using	siRNA	strategy.	The	expression	levels	of	GD2	synthase	(B4GALNT1)	and	CASD1	

genes	 were	 determined	 by	 qPCR	 experiments	 and	 normalization	 to	 hypoxanthine	

phosphoribosyltransferase	(HPRT)	gene	expression.	Transfected	cells	exhibit	a	decrease	of	CASD1	

gene	expression	up	to	50%	while	GD2	synthase	gene	expression	is	unchanged	compared	to	control	

cells	(Figure	15A).	The	effect	of	CASD1	depletion	on	OAcGD2	expression	has	been	evaluated	by	

immunofluorescence	and	confocal	microscopy	experiments	and	suggest	that	OAcGD2	expression	

is	reduced	in	CASD1	depleted	cells	compared	to	control	cells	(Figure	15B).	The	mean	fluorescence	

intensity	 calculated	 based	 on	 multiple	 images	 shows	 that	 transfected	 cells	 exhibit	 a	 75%	 of	

reduced	OAcGD2	expression	 compared	 to	 control	 cells	 (Figure	15C).	We	 conclude	 that	 a	50%	

depletion	of	CASD1	gene	expression	leads	to	a	75%	decrease	of	OAcGD2	expression	in	transfected	

cells	compared	to	SUM159PT	control	cells.	The	stable	depletion	of	CASD1	expression	using	shRNA	

strategy	has	been	performed.	Nevertheless,	transfected	cells	did	not	grow	after	antibiotic	passage.	

Therefore,	 CASD1	 role	 in	 OAcGD2	 expression	 remains	 unclear.	 We	 next	 performed	

overexpression	of	CASD1	in	SUM159PT	cells.	

B-	Transient	overexpression	of	CASD1	in	SUM159PT	cells	

Overexpression	of	CASD1	in	SUM159PT	cell	has	been	performed	using	pcDNA3.1	V5-tag-

CASD1-cMyc	plasmid	kindly	provided	by	Dr	Mühlenhoff	(Medical	School	Hannover,	Germany).	In	

the	same	way	as	the	siRNA	strategy,	CASD1	and	B4GALNT1	(GD2	synthase)	gene	expression	was	

assessed	 by	 qPCR	 experiments	 and	 the	 effect	 on	 OAcGD2	 expression	 was	 assessed	 by	

immunocytochemistry	and	confocal	microscopy.	CASD1	mRNA	expression	level	increased	up	to	

3000	 folds	 in	 transfected	 cells	 compared	 to	 control	 cell.	 B4GALNT1	 expression	 remains	

unchanged	 between	 control	 and	 transfected	 cells	 (Figure	 16A).	 Representatives	 images	 from	

immunocytochemistry	analysis	shows	the	efficiency	of	transfection	using	anti-V5-tag	antibody	in	

the	red	channel	(to	visualize	tagged-CASD1)	and	gangliosides	expression	with	either	anti-GD2	or	

anti-OAcGD2	 antibodies	 in	 the	 green	 channel.	 CASD1	 transfected	 cells	 exhibit	 an	 increase	 of	

OAcGD2	and	GD2	expression	compared	to	control	cells	(Figure	16B).	Mean	fluorescence	intensity	
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C-	Effect	of	stable	CASD1	overexpression	in	SUM159PT	cells		

Stable	 transfectants	 overexpressing	 CASD1	 (SUM159PT	 CASD1+)	 have	 been	 produced	

using	the	plasmid	pcDNA3.1	V5-tag-CASD1-cMyc	and	clones	were	isolated	after	antibiotic	passage	

and	 limited	 dilutions.	 From	 the	 28	 clones	 pre-selected,	 12	 clones	 were	 maintained	 during	

proliferation	monitoring.	CASD1	expression	level	in	these	isolated	clones	was	assessed	by	qPCR	

experiments	showing	up	to	2-fold	overexpression	of	CASD1	in	CASD1+	clones	compare	to	controls	

(Figure	17).		

	

Figure	17:	CASD1	expression	in	SUM159PT	CASD1+	clones	after	stable	transfection.		

qPCR	quantification	of	CASD1	gene	expression	in	stably	transfected	and	control	SUM159PT	cells	(n=3).	

Results	were	normalized	to	HPRT	mRNA	expression.		

	

	 Selection	 of	 CASD1+	 clones	 among	 the	 12	 clones	 isolated	 has	 been	 performed	 by	 the	

analysis	of	GD2	and	OAcGD2	expression	using	immunocytochemistry	and	confocal	microscopy.	

CASD1+	clones	exhibiting	higher	CASD1	gene	expression	and	OAcGD2	ganglioside	expression	have	

been	chosen.	Thus,	the	following	3	clones	have	been	selected	for	further	analysis:	#19,	#26,	and	

#28	(Figure	17	&	18A).	Biological	properties	of	these	clones	were	studied	by	MTS	and	Transwell	

assays,	so	as	to	respectively	assess	their	proliferation	and	migration/invasion	capabilities.	While	

CASD1+	 clones	 did	 not	 exhibit	 differential	 growth	 properties	 compared	 to	 their	 control	
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counterpart	regardless	of	FCS	composition	in	media	(Figure	18B),	they	had	increased	migration	

and	invasion	capabilities	in	serum	free	media	(Figure	18C).	The	migration	capabilities	of	CASD1+	

clones	increased	twice	compared	to	their	control	counterpart.	The	invasion	activity	of	clones	#26	

and	#28	was	doubled	compared	to	control	while	this	activity	increased	up	to	10	folds	in	clone	#19	

compared	to	control	 (Figure	18C).	Nevertheless,	CASD1+	clones	maintained	 in	culture	 lost	 the	

expression	of	GD2	and	OAcGD2	two	months	after	selection	and	did	not	allow	further	experiments	

(Figure	18D).		

4-Discussion	&	Conclusion		

	 The	modulation	of	CASD1	 expression	using	 transfection	 strategies	provides	 interesting	

results	 concerning	 the	 potential	 role	 of	 CASD1	 in	O-acetylated	 gangliosides	 synthesis.	 Indeed,	

transient	 depletion	 or	 overexpression	 of	 CASD1	 induces	 variations	 of	 OAcGD2	 expression	 in	

SUM159PT	cells	compared	to	their	control	counterpart.	However,	stable	inhibition	of	CASD1	by	

shRNA	strategy	or	stable	overexpression	have	not	been	as	informative	as	transient	transfections.	

In	the	first	case,	cells	transfected	with	shRNA	targeting-CASD1	did	not	proliferate	and	underwent	

apoptosis.	 In	 the	 second	 case	 of	 stable	 overexpression,	 the	 expression	 of	CASD1	measured	 in	

transfected	 cells	 was	 slightly	 increased	 and	 led	 to	 the	 selection	 of	 3	 clones	 with	 increased	

migration	and	invasion	capabilities.	Nevertheless,	OAcGD2,	GD2	and	CASD1	expression	were	lost	

in	these	selected	clones	maintained	after	2	months	of	culture.	Since	the	expression	of	CASD1	in	

transfected	SUM159PT	clones	is	not	stable,	their	biological	properties	are	debatable,	and	still	the	

role	 of	 CASD1	 in	 GD2	 O-acetylation	 remains	 obscure.	 	 As	 a	 consequence,	 the	 structural	

characterization	of	OAcGD2	expressed	by	other	BC	cell	lines	is	required	and	constitutes	the	next	

part	of	this	project.		
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Figure	18:	Biological	properties	of	selected	SUM159PT	CASD1+	clones.		

A	 and	 D-	 Representatives	 images	 from	 the	 analysis	 of	 GD2	 and	 OAcGD2	 expression	 by	

immunocytochemistry	 and	 confocal	microscopy	 in	 stably	 transfected	 and	 control	 SUM159PT	 cells	

selected	 by	 limited	 dilution.	 Cells	were	 incubated	 either	with	 anti-GD2	 or	 anti-OAcGD2	mAbs	 and	

gangliosides	were	visualized	using	 IgG-conjugated	Alexa	488.	The	nuclei	were	counterstained	with	

DAPI.	All	 images	were	taken	in	the	same	settings.	A-	Images	were	taken	right	after	the	selection	of	

clones	by	 limited	dilution.	D-	 Images	were	 taken	2	months	after	 the	 selection	of	 clones	by	 limited	

dilution.	B-	Control,	SUM159PT	CASD1+	#19,	#26,	#28	clones	growth	was	assessed	after	0,	24h,	48h,	

72h	and	96h	using	MTS	reagent	(Promega)	in	media	containing	0%,	1%	or	5%	of	fetal	calf	serum	(FCS).	

C-	The	migration	and	invasion	capabilities	of	control	and	SUM159PT	CASD1+	clones	#19,	#26,	#28	

clones	migration	and	invasion	capabilities	were	assessed	after	48h	by	Transwell	assay	in	serum	free	

media.	
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PART	II:	Identification	of	9-O-Acetyl-N-Acetylneuraminic	acid	as	the	main	O-

acetylated	sialic	acid	species	of	GD2	in	breast	cancer	cells.		

	

In	this	part,	we	focused	on	the	characterization	and	expression	of	disialogangliosides	GD3,	

GD2	and	their	O-acetylated	forms	expression	in	BC	cell	lines.	We	used	SUM159PT,	Hs	578T	native	

cell	lines,	MDA-MB-231,	MCF-7	and	their	GD3	synthase	overexpressing	clones.	The	expression	of	

glycosyltransferases	 genes	 involved	 in	 gangliosides	 biosynthesis	 has	 been	 studied	 by	 qPCR	

experiments.	Immunodetection	experiments	allowed	the	identification	of	gangliosides	of	interest	

by	FACS	or	immunocytochemistry	and	confocal	microscopy.	The	identification	and	quantification	

of	O-acetylated	gangliosides	remaining	challenging	due	to	the	lability	of	the	O-acetyl	modification,	

we	used	of	DMB	labeled	sialic	acid	and	LC-MS	to	bypass	these	difficulties.	Sialic	acids	have	been	

released	 from	 total	 gangliosides	 extracted	 by	 cells	 and	 then	 derivatized	 to	DMB	 before	 being	

injected	to	LC-MS	for	DMB-Sia	derivatives	analyses.	This	approach	allows	the	identification	of	9-

O-acetylated	sialic	acid	as	the	main	acetylated	species	express	among	gangliosides	extracted	from	

BC	cells.	Results	obtained	have	been	published	in	January	2019	in	Glycoconjugate	Journal.		
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PART	 III:	O-acetylated	 gangliosides	profiling	 in	breast	 cancer	 cell	 lines	by	

mass	spectrometry	

	

This	 part	 apprehends	 the	 characterization	 of	 O-acetylated	 gangliosides	 diversity	 in	

neuroectoderm	derived	 tumor	cells.	Native	gangliosides	extracted	 from	dried	cell	pellets	have	

been	analyzed	on	MALDI-QIT-TOF.	GM1,	GM2,	GM3,	GD1b,	GD2,	GD3	and	GT3	have	been	identified	

in	SK-Mel28	(melanoma),	LAN-1	(NB),	Hs	578T,	SUM	159PT,	MDA-MB-231,	MCF-7,	and	BC	cell	

lines	overexpressing	GD3	synthase.	OAcGM1,	OAcGD3,	OAcGD2,	OAcGT2	and	OAcGT3	expression	

have	been	identified	in	these	cell	lines.	This	method	allows	us	to	identify	the	sialic	acid	residue	

that	 carries	 the	 O-acetyl	 group	 on	 gangliosides	 by	 MS/MS	 fragmentation,	 and	 to	 determine	

whether	O-acetylation	occurs	on	the	subterminal	and/or	the	terminal	sialic	acid	residue.	These	

results	 highlight	 the	 limitation	 of	 immuno-detection	 for	 the	 complete	 identification	 of	 O-

acetylated	ganglioside	profiles	in	cancer	cells	and	showed	that	ganglioside	O-acetylation	can	occur	

on	 the	 first	and/or	 the	second	sialic	acid	 residue	 in	a	 cell	 type-dependent	manner,	 suggesting	

different	 O-acetylation	 pathways	 for	 glycolipids.	 Results	 obtained	 have	 been	 submitted	 for	

publication	in	November	2019	in	the	International	Journal	of	Molecular	Science.	
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Supplementary Figure S2: Glycosyltransferase gene expression profiling in neuroectoderm derived cancer 
cell lines. B4GALT6 (Lactosylceramide synthase), ST3GAL5 (GM3 synthase), ST8SIA1 (GD3 synthase), B4GALNT1 
(GD2 synthase), ST8SIA5 (GT3 synthase) by qPCR. Gene expression analysis of CASD1 encoding for SOAT, and 
SCL33A1 encoding for Acetyl CoA transporter by qPCR on the same cell lines. Each bar represents the mean ± SD 
of n= 3 experiments. 
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Supplementary Figure S3: Differential ganglioside metabolism pathway between Hs 578T vs MCF-7 (A) and MDA-MB-231 GD3S+ clone #11 vs MDA-MB-231 (B). Glycosyltransferase 
gene expression data obtained by qPCR were mapped onto Wikipathway [27,28] based on the differential expression between two cell lines. In the squared nodes, colors vary from blue to red for 
indicating the repression to the over-expression of the glycosyltransferase gene in the first cell line compared to the second which are pointed by the thick black arrow. Quantitative data concerning 
the amounts of gangliosides obtained by MALDI-QIT-TOF mass spectrometry were added to the pathway based on the comparison between the first and the second cell line. In the octagonal 
nodes, colors vary from green to fuchsia to indicate a restraint to a rise of the amount of a given ganglioside based on the difference between the two cell lines. Grey color indicates the absence of 
any available data about the expression 

A 
B 
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PART	 IV:	 Identification	 of	 genes	 involved	 in	 OAcGD2	 biosynthesis	 using	

phosphatome/	kinome	siRNA	high	throughput	screening.		

1-	Introduction		

Gangliosides	and	OAcGD2	are	specifically	related	cancer	antigens	currently	explored	for	

therapeutic	 exploitation	 (Terme	 et	 al.,	 2014).	 However,	 our	 understanding	 of	 these	 antigens	

remains	 largely	 incomplete.	 In	 particular,	we	 poorly	 understand	 how	 neuroectoderm-derived	

cancer	 cells	 up-regulate	 the	 expression	 of	OAcGD2.	Using	 the	 cutting-edge	 technology	 of	 high	

throughput	RNAi	screening	coupled	to	confocal	imaging,	we	have	aimed	at	establishing	the	genetic	

network	 underlying	OAcGD2	 expression	 in	 breast	 cancer	 cells	 in	 collaboration	 with	 Dr	 X.	 Le	

Guezennec	and	Dr	F.	Bard.	This	experiment	has	been	performed	in	the	RNAi	screening	facility	of	

FB	lab	in	A*Star	Institute	(Singapore).	The	expression	of	OAcGD2	in	a	given	cell	type	may	be	the	

result	of	the	conjunction	of	many	parameters	including	the	balance	between	O-acetyltransferase	

and	 O-acetyl	 esterase	 activities,	 the	 activity	 of	 different	 glycosyltransferases	 involved	 in	

gangliosides	expression,	but	also	the	subcellular	trafficking	and	organization	of	the	glycosylation	

machinery.	Given	the	complexity	of	this	biosynthetic	model,	the	clarification	of	the	mechanisms	

that	 regulates	 the	 expression	 of	 tumor	 specific	OAcGD2	 remains	 challenging.	 This	 complexity	

further	 delays	 the	 elucidation	 of	 OAcGD2	 functional	 role	 in	 tumorigenesis	 and	 its	 potential	

interest	as	a	prognostic	marker	or	therapeutic	target.	

In	order	to	identify	genes	involved	in	OAcGD2	expression	we	performed	siRNA	screening	

against	 kinase/phosphatase	 gene	 families	 with	 arrayed	 pooled	 siRNA	 immunofluorescence	

followed	by	confocal	microscopy	experiments	were	performed	72h	after	siRNA	transfection	to	

determine	the	effect	of	genes	silencing	on	OAcGD2	expression.	In	this	study,	we	used	breast	cancer	

cells	MDA-MB-231-GD3S+	which	stably	express	high	 level	of	GD2	and	OAcGD2	(Cavdarli	et	al.,	

2019).		
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2-Material	&	Methods		

Cell	culture		

Cell	culture	reagents	were	purchased	from	Lonza	(Verviers,	Belgium).	The	human	breast	

cancer	 cell	 line	MDA-MB-231	GD3S+	clone	was	obtained	as	previously	described	 (Cazet	et	al.,	

2009).	Cells	were	routinely	grown	in	monolayer	culture	and	maintained	at	37°C	in	an	atmosphere	

of	5%	CO2.	MDA-MB-231	GD3S+	cells	were	grown	in	Dulbecco’s	modified	Eagle’s	medium	(DMEM)	

supplemented	 with	 10%	 heat-inactivated	 fetal	 calf	 serum,	 2	 mmol/L	 L-glutamine	 and	 1	 mM	

sodium	pyruvate.	

SiRNA	reverse	transfection	

	 2.5	µL/well	of	500	nM	siGenome	siRNA	(Dharmacon/Horizon)	was	printed	 into	black-

walled	384	well	cell	carrier	ultra	plates	(Perkin	Elmer)	with	Velocity	11	(Agilent)	as	described	

before		(Chia	et	al.,	 2012).	Reverse	 siRNA	 transfection	was	performed	by	pre-mixing	0.1	µL	of	

Dharmafect	1	transfection	reagent	(#T-2001-03,	Horizon)	with	7.4	µL	of	Optimem	for	5	minutes.	

Addition	of	mixture	to	the	siRNA	plate	was	then	performed	with	small	multidrop	combi	cassette	

(Thermo-Fisher)	and	was	 left	 for	complexation	 for	20	minutes	with	shaking.	Addition	of	2750	

cells	in	40	µL	of	DMEM	supplemented	with	10%	FCS	per	well	was	then	performed	with	multidrop	

combi	standard	cassette	at	medium	speed	(Thermo-Fisher).	siRNA	targeting-GD2S	(L-011279-00-

0020,	Horizon),	Polo	like	kinase	1	(PLK1;	L-003290-00-0020,	Horizon)	and	on-targeting	pool	(D-

001810-10-20,	Horizon)	were	used	as	screen	controls.	

Immunofluorescence	staining	and	automated	images	acquisition		

After	 72h	 of	 incubation	 transfected	 cells	 were	 fixed	 with	 50µL	 per	 well	 of	 4%	

paraformaldehyde	in	2%	sucrose	and	0.1M	sodium	phosphate	buffer,	15	min	at	37°C.	Cells	were	

washed	once	with	Hepes	buffer	0.2M	pH	7.4	and	membrane	permeabilization	was	performed	in	

5µg/ml	of	digitonine	in	Hepes	buffer	for	20	min.	Blocking	was	performed	for	1h	with	blocking	

buffer	containing	0.2%	gelatin,	2%	BSA	and	2%	FCS.	Aspiration	of	any	liquid	was	performed	with	

a	384	 channels	 aspiration	manifold	 at	 constant	distance	height	 from	bottom	of	 the	well	 (V&P	

Scientific	 Inc).	 Sodium	 hydroxide	 treatment	 at	 1	 mM	 was	 added	 to	 selective	 control	 non-
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transfected	 well	 for	 the	 deacetylation	 of	 sialic	 acid.	 Staining	 of	 OAcGD2	 was	 performed	 by	

incubation	of	8B6	mAbs	followed	by	suitable	anti-mouse	conjugated	Alexa	Fluor	488	secondary	

antibody	at	1/500	dilution	(Thermo	Fisher	Scientific).	Each	antibody	was	incubated	successively	

for	1h	each	on	a	1	cm-span	orbital	shaker	at	150	rpm.	Nuclei	were	counterstained	with	1	µg/ml	

Hoescht	 Thermo	 Fisher	 Scientific.	Washings	 after	 antibody	 incubation	 were	 performed	 three	

times	with	0.2M	Hepes	pH	7.4	and	5	minutes	shaking.	All	dispensing	steps	were	performed	with	

multidrop	 combi	 standard	 cassette.	 Stained	 plates	 were	 subjected	 to	 sequential	 channel	

acquisition	for	Hoechst/Alexa	488	with	high	content	spinning	disk	confocal	imager:	phenix	Opera	

(Perkin	Elmer).	Eight	fields	per	well	were	acquired	with	20X	NA	1.0	water	immersion	objective	

with	default	laser	power	and	exposure	settings.		

	Segmentation	pipeline	for	the	selection	of	the	hits	

An	 OAcGD2	 expression	 metric	 was	 derived	 with	 total	 cell	 thresholded	 fluorescence	

intensity	 obtained	 by	 immunodetection	with	 8B6	mAb	 in	MDA-MB-231	 GD3S+	 cells	 and	was	

normalized	with	Hoeschst	nuclei	 counts.	The	phosphatome/kinome	 library	 consist	of	pools	of	

four	siRNAs	per	gene	arrayed	in	a	series	of	four	384-well	plates	covered	with	973	individual	siRNA	

(Figure	 19).	 The	 segmentation	 pipeline	 applied	 for	 analysis	 of	 data	 derived	 with	 Columbus	

(Perkin	 Elmer)	 image	 analysis	 software	 and	 consisted	 of	 few	module	 blocks:	 a	 basic	 flatfield	

correction	for	each	image.	Nuclei	count	detection	with	method	B	excluding	nuclei	object	<	50	µm2	

and	with	a	0.4	common	intensity	threshold.	OAcGD2	signal	detection	with	Image	region-based	

algorithm	with	 a	 threshold	 of	 0.6	 and	with	multiple	 objects	 detection,	 file	 hole	 algorithm	 on	

objects	and	exclusion	of	object	size	<2000	square	pixel.	The	calculation	of	OAcGD2	fluorescent	

signal	metric	was	then	derived	with	the	sum	of	pixel	intensity	for	all	objects	over	2000	square	

pixels	size	divided	by	the	nuclei	number	for	all	8	fields	image	per	well.	The	exclusion	of	objects	

with	area	less	than	2000	square	pixel	size	was	applied	to	subfilter	antibody	artefacts.	
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Figure	19:	Workflow	of	phosphatome/kinome	screen	on	OAcGD2	expression	in	MDA-MB-231	

GD3S+	cells.	
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3-Results		

A-	Workflow	of	phosphatome/kinome	siRNA	screen		

A-1	Key	controls		

Key	controls	were	designed	to	validate	consistency	of	our	workflow	and	to	normalize	plate	

to	plate	variations.	In	this	screening,	siRNA	Non-Targeting	pool	(siNT)	was	added	to	empty	wells	

of	each	384-well	plate	as	a	negative	control,	siRNA	targeting-Polo	like	kinase	1	(siPLK1)	was	used	

as	 siRNA	 transfection	 control.	 Finally,	 siRNA	 targeting	 GD2	 synthase	 (siGD2S)	was	 used	 as	 a	

modulator	of	OAcGD2	staining	fluorescent	signal.	siPLK1	induced	over	95%	decrease	 in	nuclei	

count	as	compared	to	NT	transfected	wells	and	confirmed	efficient	siRNA	transfection	in	all	plates	

tested	(Figure	20).	As	depicted	in	Figure	20B,	nuclei	count	between	siNT-transfected	wells	or	non-

transfected	control	wells	were	very	similar	highlighting	the	specific	siPLK1	killing	mediated	effect	

and	the	very	low	level	of	transfection	toxicity	induces	by	our	transfection	reagents	(Figure	20).		

	

Figure	20:	Identification	of	the	transfection	efficiency	on	both	replicates.		

A-	Representative	images	of	the	nuclei	stained	with	Hoechst	of	siNT	or	siPLK1	transfected	wells	and	

non-transfected	control	wells	on	replicates	1	and	2.	B-	Quantification	of	nuclei	number	in	each	plate	

composing	the	two	replicates	of	siNT	and	siPLK1	transfected	cells	or	non-transfected	control	cells.	

Mean	and	SD	derived	from	4	wells	are	presented.	
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SiGD2S	mediates	 a	 reduced	 intensity	 of	OAcGD2	 fluorescent	 signal	 in	 all	 plates	 tested	

when	compared	to	signal	in	siNT	control	wells	but	showed	some	changes	in	silencing	performance	

between	 the	 first	 screen	 replicate	 vs	 the	 second	 screen	 replicate.	 Due	 to	 this	 variability,	 the	

chemical	 treatment	was	used	 to	control	 the	modulation	of	OAcGD2	 fluorescent	 signal.	 Sodium	

hydroxide	has	been	shown	previously	to	deacetylate	all	acetyl	groups	present	on	the	cell	surface	

and	blocked	efficiently	antigen	recognition	by	8B6	mAb.	Fixed	cells	in	selected	control	wells	were	

thus	 treated	with	NaOH	0.1M	before	primary	antibody	 staining.	OAcGD2	 staining	obtained	on	

NaOH-treated	wells	was	consistently	abolished	when	compared	to	siNT	transfected	wells	(Figure	

21B).	The	Z	factor	for	siGD2S	vs	siNT	was	equal	to	0.30	whereas	the	Z	factor	for	NaOH	treated	

wells	vs	siNT	was	around	0.70.	Since	Z	factor	readout	with	siNT	and	NaOH	treated	wells	showed	

better	consistency,	these	2	key	controls	were	used	to	calibrate	screen	data	for	normalization.		

	

Figure	21:	OAcGD2	staining	in	control	wells.	

A-	Representative	images	of	OAcGD2	staining	by	8B6	mAb	and	IgG-conjugated	Alexa	Fluor	488	in	siNT	

or	siGD2S	transfected	cells	or	by	sodium	hydroxide-treated	cells	in	each	plate	on	both	replicates.	B-	

Scoring	of	OAcGD2	staining	by	the	sum	of	 intensity	of	pixels	corresponding	to	 immunodetection	of	

8B6/Alexa	 Fluor	 488	divided	by	 the	 nuclei	 number	 in	 siNT	or	 siGD2S	 transfected	 cells	 or	 sodium	

hydroxide-treated-cells	 in	 each	 plate	 on	 both	 replicates.	 Mean	 and	 SD	 derived	 from	 4	 wells	 are	

presented.	

A-2	Formatting	results		

	 SiRNA	that	showed	high	toxicity	 in	the	wells	(total	nuclei	counts<1000)	were	excluded	

from	the	analysis.	The	number	of	wells	affected	by	 toxicity	constituted	 fewer	 than	5%	of	 total	
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siRNA	tested.	To	minimize	variations	between	plate	data,	each	datapoint	was	normalized	with	the	

alternative	score	dependent	on	plate	mean	values	of	control	siNT	and	plate	mean	values	of	NaOH	

treated	controls	wells	(Moreau	et	al.,	2011)	by	applying	the	following	formula:		

!"#$%&'#()$	+,-%$ = 	
/( − /1234

/1234	 − /3567

	

	

	

Figure	22:	Kinome/phosphatome	screening	of	replicate	1	formatted	with	Alternative	score.	
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A-	First	derivative	of	ranked	gene	by	alternative	score	respectively	represented	in	red	line	and	ranked	

alternative	score	represented	in	black	line.	Cutoff	before	the	largest	spike	at	lowest	and	highest	ranks	

is	respectively	represented	in	left	side	and	right	side.	B-	Alternative	scoring	of	all	data	from	replicate	

1	reformatted	plate	by	plate.	Blue	dots	represent	siNT	cells.	Green	dots	represent	siGD2S	transfected	

cells.	Red	dots	represent	NaOH	treated	wells.	Cyan	dots	show	all	siRNA	wells	tested	from	the	screen.	

The	upper	dotted	line	represents	the	highest	rank	cutoff.	The	lowest	dotted	line	represents	the	lowest	

rank	cutoff.		

	

The	cutoff	for	the	selection	of	OAcGD2	up	or	downregulating	hits	was	defined	with	the	first	

derivative	approach	(Moreau	et	al.,	2011).	Genes	were	ranked	according	to	their	alternative	score	

value	 from	the	minimum	to	 the	maximum	(Figure	22A).	The	cutoffs	were	designed	before	 the	

largest	 spike	at	 lowest	 ranks	and	highest	 ranks	of	 the	 first	derivative	 as	described	previously	

(Figure	22B).		

B-	Selection	of	hits		

	

A-	Representative	diagram	of	the	overlap	of	top	hits	from	both	replicates	based	on	individual	replicate	

first	derivative	cutoff.	B-Pearson	correlation	of	both	replicates	according	to	hit	alternative	score.	

Pearson	correlation	(r	or	R2)	factor	was	calculated	on	the	basis	of	alternative	scores	on	

both	 replicates	 datapoints.	 In	 this	 screening	 experiment,	 we	 obtained	 r=	 0.79	 and	 R2=	 0.63	

showing	that	the	linear	correlation	between	the	two	replicates	was	acceptable	and	that	the	screen	

outcome	 was	 reasonably	 reproducible	 (Figure	 23B).	 In	 the	 second	 replicate,	 on	 row	 3	 to	 8	

abnormally	high	staining	of	all	wells	have	been	observed	and	rendered	these	6	rows	of	data	are	

Figure	23:	Correlation	of	replicates.		
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not	suitable	for	analysis.	As	a	consequence,	replicate	1	data	was	more	complete	than	replicate	2	

data.	 In	 the	 first	 replicate,	 20	 siRNA	 have	 been	 identified	 for	 downregulating	 and	 27	 for	

upregulating	OAcGD2	expression.	In	the	second	replicate,	OAcGD2	expression	was	downregulated	

by	29	hits	and	upregulated	by	23	hits.	With	the	first	derivative	approach	on	both	replicates	17	

siRNA	identified	were	reproducible	among	the	two	replicates	with	7	hits	for	OAcGD2	expression	

downregulation	and	10	hits	for	OAcGD2	upregulation	(Figure	23A).	

Based	on	first	derivatives	approach,	17	siRNA	have	been	identified	as	hits	reproduced	on	

both	replicates	(Figure	23).	However,	 the	 final	selection	of	all	possible	hits	was	considered	by	

combining	hits	outputs	of	both	replicates	and	visual	confirmation	of	acquired	images	for	limiting	

stringency	of	 cutoff	method	 individually	 applied	on	 replicates.	 Considering	 this	 limitation,	 the	

phosphatome/kinome	screening	of	OAcGD2	expression	allowed	the	identification	of	33	siRNA	as	

downregulating	 hits	 (Table	 9).	 Images	 sampling	 along	with	 alternative	 score	 of	 each	 of	 these	

siRNA	showed	from	this	extended	list	showed	the	expected	signal	change	in	both	replicates	and	

strengthened	the	validity	of	these	siRNA	hit	list	highlighted	by	this	screen	(Figure	24B).	

In	order	to	assess	the	biological	relevance	of	all	hits	selected,	the	functional	association	

between	genes	selected	was	studied	with	String	interaction	network	(Szklarczyk	et	al.,	2019).	The	

interaction	network	of	genes	upregulating	OAcGD2	expression	highlighted	reactome	pathway	to	

metabolism	and	lipid	metabolism	(Figure	24).	The	interaction	network	of	genes	downregulating	

OAcGD2	 highlighted	 reactome	 pathway	 related	 to	 metabolism	 and	 carbohydrate	 metabolism	

(Figure	25).	However,	the	biological	relevance	of	all	genes	identified	in	the	assay	cannot	be	based	

solely	on	the	String	interaction	network	and	requires	the	analysis	of	the	literature	for	a	better	

understanding	of	the	links	between	hits	and	OAcGD2	expression.	
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Figure	24:	Representative	images	

of	selected	genes	modulating	

OAcGD2	expression.	

		

	

	

A-	Hits	downregulating	

OAcGD2	expression.	

B-	Hits	upregulating	OAcGD2	

expression.	
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4-Discussion		

The	OAcGD2	phosphatome/kinome	siRNA	screen	was	analyzed	based	on	the	fluorescence	

intensity	obtained	by	immunodetection	using	8B6	mAb	in	MDA-MB-231	GD3S+	cells.	Results	were	

replicated	and	analyzed	by	combining	first	derivatives	cutoff	method	and	visual	confirmation	of	

hits	 on	 both	 replicates	 leading	 to	 the	 identification	 of	 72	 siRNA	with	 33	 hits	 downregulating	

OAcGD2	 expression	 and	 39	 hits	 upregulating	 OAcGD2	 expression.	 Results	 obtained	 can	 be	

interpreted	based	on	the	identification	of	hits	but	also	on	the	images	acquired.	As	 indicated	in	

Figure	 24,	 images	 obtained	 from	 the	 transfection	 of	 the	 MDA-MB-231	 GD3S+	 using	 siRNA	

targeting	the	different	genes	selected	from	our	screen	revealed	significant	variations	of	cellular	

morphology,	 especially	 for	 the	 hits	 upregulating	OAcGD2	 with	 a	 intracellular	 and	membrane	

staining	 pattern.	 In	 contrast,	 several	 siRNA	 such	 as	 siRAGE,	 siLIMK2,	 siEPHA6,	 siPRKACG,	

siRPS6KA1,	 siCDC14B	 and	 siCAMK1D	 induced	 extension	 like	 neurite	 filipodia	 and	 could	 be	

possibly	 associated	 to	 a	neuronal	 shape.	Cells	 transfected	with	 SiRNA	 like	 siCERK,	 siPI3KC2A,	

siPPAP2B,	siPTPDC1	and	siPFKFB2	showed	extended	shape	(Figure	24B).	Modifications	of	cell	

morphology	after	siRNA	transfection	can	occur	frequently	depending	on	the	depleted	gene.	The	

evidence	 of	 the	 direct	 implication	 of	 these	 identified	 hits	 on	 cytoskeletal	 organization	 is	 not	

obvious	but	cannot	be	completely	abrogated.	Despite	the	low	level	of	toxicity	of	the	transfection	

depicted	 in	 Figure	 20,	 some	 siRNA	 such	 as	 siPLK1,	 siFNK3RB,	 or	 siWEE1	 still	 remained	 toxic	

leaving	less	than	1000	nuclei	per	images.	The	depletion	of	these	toxic	siRNA	upregulates	OAcGD2	

staining	obtained	(Data	not	shown).	In	order	to	avoid	confounding	toxicity	effect	with	selected	

genes	 in	our	 readout,	we	used	a	 stringent	nuclei	 count	 cutoff	was	 applied	 for	 removing	wells	

exhibiting	less	than	1000	nuclei	counts.		

Assessing	the	biological	relevance	of	hits	identified	is	the	main	step	to	evaluate	the	value	

of	 the	hits	 identified	according	to	the	 literature.	String	database	was	used	for	the	query	of	 the	

reliability	of	hits	found.	This	database	is	known	for	predicting	direct	or	functional	protein-protein	

associations.	 As	 depicted	 in	 Figure	 25,	OAcGD2	 upregulating	 and	 downregulating	 genes	were	
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successively	queried	on	String	using	the	lowest	cutoff	(0.400).	Both	networks	identified	exhibit	

only	 a	 few	 associations	 among	 hits	 related	 to	 the	 synthesis	 of	 phosphoinositol	 phosphates,	

metabolism,	MAPK	signaling…	However,	 genes	 from	 the	metabolism	pathways	especially	 lipid	

metabolism	 for	 OAcGD2	 downregulating	 hits	 and	 carbohydrate	 metabolism	 for	 OAcGD2	

upregulating	hits	retained	our	attention	due	to	their	potential	implication	in	the	O-acetylation	of	

GD2.		

Metabolism	 is	 the	main	 field	 to	which	belongs	 the	 following	genes	 found:	CERK,	PDK3,	

PFKFB2,	PFKFB4,	NADK,	PPAP2A	and	PPAP2B.	While	CERK,	NADK,	PPAP2A	and	PPAP2B,	PANK3	

are	mainly	involved	in	lipid	synthesis,	PFKF2B,	PFKF2A,	PDK3,	HK1	are	known	to	be	involved	in	

glycolysis.	Interestingly,	CERK	encodes	for	ceramide	kinase	which	uses	ceramide	as	a	substrate	to	

produce	ceramide-1-phosphate.	Knowing	that	ceramide	residue	is	the	common	substrate	for	the	

synthesis	of	gangliosides	and	ceramide-1-phosphate,	siRNA	targeting	CERK	depletion	leaves	more	

ceramide	available	for	gangliosides	synthesis	by	glucosylceramidase.	In	the	same	manner	than	

CERK,	siRNA	targeting	either	PPAP2A	or	PPAP2B	induces	overexpression	of	OAcGD2.	 	PPAP2A	

and	PPAP2B	are	encoding	for	lipid	phosphate	phosphatases	LLP1	and	LLP3	respectively.	LLP1	

and	LLP3	catalyzes	lipid	dephosphorylation	of	Ceramide-1-phosphate	producing	ceramide	(Y.	C.	

Tang	et	al.	2018)	leaving	in	turn	more	substrates	available	for	gangliosides	synthesis.	Finally,	NAD	

kinase	(NADK)	catalyzes	the	phosphorylation	of	nicotinamide	adenine	dinucleotide	(NAD+)	on	to	

nicotinamide	 adenine	 dinucleotide	 phosphate	 (NADP+)	 which	 is	 then	 reduced	 to	 NADPH	 by	

glucose-6-phosphate	dehydrogenase	or	the	malic	enzymes	(Tedeschi	et	al.	2016).	NADPH	is	one	

of	 the	 cofactors	 required	 for	 lipid	 synthesis,	 including	 ceramide	 synthesis.	 Screening	 results	

showed	 that	 NADK	 (FLJ13052)	 depleted	 cells	 are	 exhibiting	 a	 reduced	 level	 of	 OAcGD2	

highlighting	that	decrease	level	of	NADPH	reduces	lipid	biogenesis.	All	of	these	genes	mentioned	

above	underlined	the	role	of	ceramide	for	gangliosides	synthesis;	highlighting	a	tight	regulation	

especially	through	enzymes	competition	for	ceramide	as	a	substrate.		
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Figure	25:	String	interaction	networks	of	hit	

list	genes	identified	in	systemic	siRNA	

screening	experiment.		

A-	Interaction	network	of	genes	involved	

in	OAcGD2	upregulation.	Genes	identified	

in	 the	 screening	 experiment	 have	 been	

selected	 as	 an	 input.	 Networks	 edges	

indicates	the	type	of	interaction	evidence	

on	all	sources	and	the	cutoff	for	showing	

the	interaction	has	been	set	to	the	lowest	

(0.400).	 Red	 dots	 highlights	 genes	

involved	 in	 metabolism	 of	 lipids	 while	

blue	 dots	 genes	 belong	 to	 metabolism	

reactome	 pathways.	 B-	 Interaction	

network	 of	 genes	 involved	 in	 OAcGD2	

expression	 downregulation.	 Hits	

associated	to	OAcGD2	reduces	expression	

have	been	selected	as	an	input.	Networks	

edges	 indicate	 the	 type	 of	 interaction	

evidence	on	all	sources	and	the	cutoff	for	

showing	carbohydrate	metabolism	in	red	

while	 blue	 dots	 genes	 belong	 to	

metabolism	reactome	pathways.	
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	 Altered	 metabolism	 is	 one	 of	 the	 main	 characteristic	 of	 tumor	 cells	 (Hanahan	 and	

Weinberg,	2000).	Besides,	it	is	well	known	that	glucose	consumption	and	absorption	is	increased	

in	cancer	cells	involving	the	activation	of	the	glycolytic	degradation	pathway.	Glycolysis	generates	

degradation	 products	 for	 synthetizing	 new	 products.	 Most	 enzymatic	 reactions	 of	 glycolysis	

reaction	 are	 reversible,	 only	 three	 steps	 catalyzed	 by	 PFKFB2/PFKFB4,	 PDK3,	 and	 HK1	 are	

irreversibles	(Akram,	2013).	PFKFB2/PFKFB4	encodes	for	phosphofructokinases.	These	are	the	

key	enzymes	involved	in	glucose	degradation	to	AcCoA.	Pyruvate	dehydrogenase	3	is	encoded	by	

PDK3	 and	 is	 involved	 in	 the	 degradation	 of	 pyruvate	 to	 AcCoA	 (Klyuyeva	 et	 al.,	 2019).	 HK1	

encodes	for	hexokinase	1	and	is	implicated	in	the	degradation	of	glucose.	In	this	screening	assay,	

the	depletion	of	PDK3,	PFKFB2	and	PFKFB4	induce	the	upregulation	of	OAcGD2	while	OAcGD2	

expression	is	downregulated	in	HK1	depleted	cells	(Table	9).	Altering	the	glycolysis	by	depleting	

these	 enzymes	might	 either	 increase	 AcCoA	 rate	 in	 cells	 or	 decrease	 glucose	 rate.	While	 the	

increase	 of	 AcCoA	 can	 potentiate	O-acetylation	 of	 gangliosides,	 the	 decrease	 of	 glucose	might	

decrease	gangliosides	synthesis.	The	possible	explanation	concerning	the	role	of	these	enzymes	

are	pointing	out	the	role	of	metabolism	for	gangliosides	synthesis.	

Among	kinases	and	phosphatases	identified	in	the	hit	list	genes,	several	cyclin	dependent	

kinases	(CDK)	have	been	identified	such	CDC14B,	CDC2L2,	CDK5R1,	CDK5RAP1,	CDKL1	and	PAK1	

(Table	9).	CDCL2	(cell	division	cycle	2	like	kinase)	also	named	CDK11A	(cyclin	dependent	kinase	

11A)	 encoded	 in	 chromosome	 1p36	 is	 frequently	 altered	 or	 deleted	 in	 NB	 with	 MYCN	

amplification	(Lahti	et	al.,	1994;	Nelson	et	al.,	1999).	Besides,	 it	 is	also	well	known	that	higher	

OAcGD2	expression	has	been	detected	in	NB	among	all	the	cancer	classified	as	neuroectoderm-

derived	cancers	(Alvarez-Rueda	et	al.,	2011).	Moreover,	the	level	of	1p36	chromosome	alteration	

remains	very	low	in	breast	cancer	(Titus	et	al.,	2017),	in	which	the	level	of	OAcGD2	expression	

remains	low	compared	to	the	other	neuroectoderm	derived	tumors.	In	the	screening	experiment,	

depletion	of	CDC2L2	in	MDA-MB-231	GD3S+	cells	induces	OAcGD2	overexpression	(Table	9).	The	

result	obtained	points	out	the	link	between	CDC2L2	depletion	and	OAcGD2	expression	in	tumor	

cells	 suggesting	 the	 therapeutic	 potentiality	 of	 this	 gene.	 In	 the	 same	manner,	 CDKL1	 (CDC2-
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related	 kinase	 family	 member)	 depletion	 in	 cells	 induces	 OAcGD2	 overexpression	 (Table	 9).	

However,	CDKL1	is	known	for	promoting	tumors	development	and	progression	of	breast	cancer	

(L.	Tang	et	al.	2012),	melanoma	(Song	et	al.	2015),	colorectal	cancer	(Qin	et	al.	2017)	and	gastric	

cancers	 (Sun	 et	 al.	 2012).	 In	 that	 case,	 assessing	 the	 biological	 effect	 of	 CDKL1	 depletion	 on	

OAcGD2	expression	still	has	to	be	investigated.	CDK5R1,	CDK5RAP1,	and	CDKRAP3	are	associated	

to	CDK5	which	is	mostly	implicated	in	the	cytoarchitecture	of	central	nervous	system	(Dhavan	

and	 Tsai	 2001).	 The	 individual	 depletion	 of	 all	 of	 these	 genes	 induces	OAcGD2	 upregulation.	

Interestingly,	 these	 genes	 exert	 a	 repressor	 effect	 on	OAcGD2	 expression	highlighting	 a	 finely	

tuned	process	of	OAcGD2	expression.		

Finally,	 from	 all	 selected	 hits,	 an	 important	 number	 are	 implicated	 in	 cell	 signaling	

pathway	 such	 MAP3K14,	 PIK3C2A,	 PIK3C2B,	 PIK3R4	 and	 RAGE	 identified	 for	 inducing	 the	

upregulation	 of	 OAcGD2	 expression	 and	 ERK8,	 MAP2K5	 for	 OAcGD2	 downregulation.	 The	

implication	 of	 MAPK/PI3K	 signaling	 pathways	 in	 tumorigenesis	 promotion	 is	 undeniable	 but	

interpreting	 their	 effect	 on	OAcGD2	expression	 is	 not	 so	 obvious.	However,	 they	have	 a	 great	

therapeutic	 potentiality	 that	 has	 to	 be	 explored	 in	 combination	 with	 anti-OAcGD2	

immunotherapy.	

5-Conclusion	

The	phosphatome/kinome	screening	assay	was	the	first	pilot	study	conducted	on	OAcGD2	

expression	 leading	 to	 the	 identification	 of	 72	 hits	 involved	 in	 up-	 or	 down-regulation	 of	 its	

expression.	While	the	potent	implication	of	a	certain	number	of	hits	was	predictable,	the	direct	

implication	of	other	hits	has	to	be	elucidated.	Further	studies	can	be	conducted	through	different	

approaches.	One	of	the	possibilities	concerns	an	in	silico	approach	using	Cytoscape	analysis	for	

building	 interaction	 networks.	 This	 analysis	 could	 be	more	 stringent	 for	 the	 identification	 of	

interaction	among	hits	identified	and	cancer	cell	metabolism	pathways.	The	second	possibility	is	

a	low	throughput	screening	on	deconvoluted	siRNA	identified	in	the	pilot	study.	In	this	way,	false	

negatives	hits	can	be	rejected	 from	the	selection	keeping	all	 the	positive	hits.	The	 third	one	 is	



	

	 141	

performing	a	targeted	approach	on	selected	hits.	This	approach	will	require	a	pre-selection	of	one	

or	two	hits	on	the	basis	of	the	literature.	The	involvement	of	these	hits	in	ganglioside	O-acetylation	

pathways	could	be	tested	in	two	steps.	Firstly,	the	gene	will	be	depleted	either	by	pharmacological	

inhibitors	 or	 siRNA.	 Then,	 the	 effect	 on	 OAcGD2	 expression	 will	 be	 assessed	 either	 by	

immunocytochemistry	followed	by	confocal	microscopy	or	MALDI-QIT-TOF	analysis	developed	

in	part	III.	

Finally,	the	ultimate	perspective	of	this	pilot	assay	is	to	perform	a	genome	wide	screening	

on	OAcGD2.	Using	the	framework	of	the	pilot	study,	the	genome	wide	assay	could	provide	new	

genes	potently	implicated	in	O-acetylation	pathways,	leading	to	the	identification	of	new	targets	

for	anti-cancer	therapy.	
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DISCUSSION	&	PERSPECTIVES		
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Intricate	 relationships	 exist	 between	 the	 alteration	 of	 glycolipid	 composition	 of	

membranes	 and	 the	 development	 and	 progression	 of	 cancers	 Based	 on	 this,	 immunotherapy	

targeting	specific	membrane	glycolipids	was	rapidly	adopted	as	an	anti-cancer	strategy.	My	thesis	

project	was	born	and	raised	on	this	concept.	Because	of	the	side-effects	of	targeting	GD2	using	

Dinutuximab,	the	exclusive	expression	of	OAcGD2	in	cancerous	tissues	suggests	that	it	could	be	a	

better	 therapeutic	 target	 than	GD2.	 Indeed,	Alvarez	and	coworkers	analyzed	the	expression	of	

OAcGD2	using	an	immunoperoxydase	assay	on	33	different	cancer	tissues,	showing	no	binding	of	

8B6	 mAb	 on	 human	 healthy	 tissues.	 In	 parallel,	 OAcGD2	 expression	 was	 detected	 in	 NB,	

melanoma,	SCLC	and	renal	 carcinoma,	whereas	OAcGD2	was	absent	 in	pancreatic	and	ovarian	

carcinoma.	This	distribution	pattern	of	OAcGD2	according	to	the	tissue	type	highlights	a	marked	

expression	of	OAcGD2	in	neuroectoderm	derived	tumors.	Anti-OAcGD2	antibodies	represents	a	

therapeutic	 alternative	 to	 anti-GD2	antibodies	with	 reduced	 side	 effects	 (Alvarez-Rueda	et	al.,	

2011).	Furthermore,	the	murine	anti-OAcGD2	antibody	8B6	induces	impairment	of	cell	growth,	

cell	cycle	arrest	and	mitochondrial	apoptosis	on	OAcGD2	expressing	NB	tumors	(Cochonneau	et	

al.,	2013).	These	preliminary	data	concerning	the	effect	of	murine	8B6	mAb	on	OAcGD2	expressing	

tumors	promoted	the	further	optimization	of	8B6	for	immunotherapy.	Indeed,	the	chimerization	

of	8B6	mAb	has	been	established	as	c8B6	(IgG1,	k)	and	produced	the	same	anti-NB	effect	than	

ch14.18	 antibody	without	 inducing	 allodynia	 in	 syngeneic	NB	bearing	A/J	mice	 (Terme	 et	 al.,	

2014).	 These	 preliminary	 data	 suggest	 that	 chimeric	 c8B6	 mAb	 could	 represent	 a	 powerful	

therapeutic	and	diagnostic	tool	for	immunotherapy.	Indeed,	the	8B6	mAb	represents	the	best	tool	

to	assess	the	expression	and	the	role	of	OAcGD2	antigen	by	immunodetection	analysis.	Besides	

the	translational	approach	for	the	use	of	8B6,	this	antibody	could	have	a	great	impact	for	basic	

research.	 Understanding	 the	 mechanisms	 of	 ganglioside	 O-acetylation	 ganglioside	 and	 their	

abnormalities	 in	 pathologies	 such	 as	 cancers	 could	 be	 beneficial	 for	 the	 set-up	 of	 clinical	

applications	of	8B6	mAb.		

Based	on	this	concept,	the	first	step	of	my	project	was	the	assessment	of	O-acetylation	of	

GD2	in	breast	cancer	cells.	Basically,	O-acetylation	is	produced	by	the	enzymatic	action	of	SOAT	
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on	a	sialic	acid	residue.	CASD1	 is	 the	only	human	SOAT	known	up	 to	date	 for	 inducing	 the	O-

acetylation	of	GD3	ganglioside	(Baumann	et	al.,	2015).	Thus,	the	involvement	of	CASD1	in	GD2	O-

acetylation	is	reasonably	questionable.	The	modulation	of	CASD1	has	been	adopted	as	the	strategy	

to	assess	the	potential	SOAT	activity	of	CASD1	on	GD2	O-acetylation	in	SUM159PT	BC	cell	line.	

While	 transient	 overexpression	 or	 depletion	 of	 CASD1	 in	 SUM159PT	 modulated	 OAcGD2	

expression,	the	effect	of	stable	clones	overexpressing	or	depleted	for	CASD1	expression	was	more	

difficult	 to	analyze.	 Indeed,	 the	stable	depletion	of	CASD1	using	shRNA	was	not	 successful.	No	

clones	 were	 able	 to	 grow	 longer	 than	 a	 month	 after	 the	 administration	 of	 the	 antibiotic	 for	

selection.	However,	30	clones	overexpressing	CASD1	have	been	isolated	and	assessed	for	OAcGD2	

expression.	 Three	 clones	 were	 selected	 according	 to	 their	 level	 of	 OAcGD2/CASD1	

overexpression.	 These	 clones	 exhibited	 higher	 migrative	 and	 invasive	 capacities	 with	 no	

modification	of	 their	proliferation	rates.	Nevertheless,	during	the	maintenance	of	 the	clones	 in	

culture,	the	expression	of	OAcGD2	has	been	lost,	as	well	as	the	expression	of	CASD1.	These	results	

raise	many	 questions	 concerning	 the	 choice	 of	 BC	 cells	 used	 for	 the	 study,	 and	 the	methods	

employed	to	generate	stable	clones.	Baumann	and	coworkers	demonstrated	CASD1	role	in	GD3	

O-acetylation	in	HAP-1	(human	haploid	cell)	and	CHO	(Chinese	Hamster	Ovary)	cells	(Baumann	

et	al.,	2015).	Natively,	cultured	cancer	cells	bear	more	chromosomic	aberrations	(especially	an	

increased	chromosome	copy	number)	and	different	metabolic	features	compared	to	normal	cells.	

However,	cancer cell	lines	are	usually	extrapolated	to	in	vivo	human	tumors	and	their	importance	

as	models	for	drug	testing	and	translational	study	have	been	recognized	by	many	biomedical	and	

pharmaceutical	companies.	Results	obtained	by	transient	transfections	in	SUM159PT	cells	were	

an	incentive	to	use	the	same	cell	line	for	the	generation	of	stably	transfected	clones.	Furthermore,	

the	moderate	OAcGD2	expression	rate	in	SUM159PT	cells	was	adapted	to	induce	both	an	increase	

and	a	decrease	of	OAcGD2	expression,	avoiding	of	the	use	of	two	different	cell	models	to	study	the	

effect	 of	CASD1	modulation	 on	OAcGD2	 expression.	 On	 the	 other	 side,	 shRNA	 used	 for	 stable	

depletion	 of	 CASD1	 expression	 was	 designed	 based	 on	 siRNA	 probes	 which	 could	 efficiently	

induce	CASD1	depletion.	In	the	same	manner,	the	plasmid	used	for	CASD1	overexpression	was	the	
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same	for	the	transient	and	stable	transfection.	Interestingly,	CASD1	overexpressing	clones	could	

be	obtained	and	isolated,	whereas	CASD1	depleted	clones	did	not	proliferate	at	all.	The	absence	of	

growth	of	cells	depleted	for	CASD1	can	be	interpreted	as	an	ineffective	shRNA	strategy	for	the	

depletion	which	could	be	replaced	by	developing	gene	editing	technologies	approaches	such	as	

CRISPR-Cas9.	Importantly,	CASD1	is	ubiquitously	expressed	in	all	tissues	and	cells	according	to	

the	Human	Protein	Atlas.	Besides,	Kaplan	Meier	plotter	shows	a	better	survival	of	BC	patients	

when	CASD1	is	highly	expressed.	These	data	confer	to	CASD1	an	essential	role	in	cell	maintenance	

and	could	explain	the	absence	of	cell	growth	when	CASD1	is	depleted	in	human	cancer	cell	lines.	

However,	 CASD1	 knock	 out	 cells	 were	 edited	 by	 CRISPR	 Cas-9	 technology	 in	 HAP-1	 (human	

haploid	cells)	and	CHO	(Chinese	hamster	ovary)	cells.	These	clones	did	not	show	any	disturbance	

of	their	proliferative	and	growth	capacities	(Baumann	et	al.,	2015).	This	reflects	an	issue	either	in	

the	experimental	process	used	for	knocking	out	CASD1	or	in	the	choice	of	cell-type	used	for	this	

experiment.	Moreover,	an	additional	complexity	level	to	understand	the	role	of	CASD1	arises	from	

the	 results	 obtained	 using	 CASD1	 overexpressing	 clones.	 The	maintenance	 of	 these	 clones	 in	

culture	for	10	passages	induced	both	the	loss	of	CASD1	overexpression	and	of	OAcGD2	expression	

suggesting	that	an	inducible	overexpression	system	would	be	more	suitable	to	study	the	effect	of	

CASD1	 effect	 in	 SUM159PT	 in	 a	 time	 independent	 manner.	 It	 is	 commonly	 admitted	 that	

ganglioside	expression	is	versatile	and	depends	on	cell	confluency	and	passage	number.	That	is	

why	all	the	experiments	performed	for	gangliosides	analysis	have	been	processed	at	maximum	

80%	of	cell	confluency,	using	cells	maintained	in	culture	for	less	than	15	passages.	The	MDA-MB-

231	GD3S+	clones	overexpressing	GD3	synthase	previously	produced	in	our	lab	are	different:	they	

maintain	their	ganglioside	expression	pattern	regardless	of	the	cell	confluency	and	cell	passage	

number.	Considering	these	facts,	the	loss	of	OAcGD2	in	SUM159PT	could	be	due	to	the	versatility	

of	gangliosides	expression	but	this	did	not	explain	the	 loss	of	CASD1	overexpression	 in	clones.	

However,	 the	 difficulty	 to	 modulate	 CASD1	 expression	 in	 SUM159PT	 cells	 suggests	 a	 highly	

regulated	CASD1	expression	in	these	cells,	and	maybe	in	a	more	general	manner.	For	now,	CASD1	

is	mentioned	only	in	7	publications	in	Pubmed	(NCBI)	highlighting	the	little	knowledge	available	
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regarding	CASD1	physiological	role.	The	difficulties	encountered	in	the	cloning	and	isolation	of	

SOAT	up	 to	now	 render	 the	deciphering	of	O-acetylated	 ganglioside	biosynthesis	mechanisms	

more	complicated.	Besides,	the	effects	of	CASD1	in	GD2	O-acetylation	are	still	unclear.	Indeed,	the	

transient	transfection	experiments	predict	a	role	of	CASD1	in	GD2	O-acetylation	suggesting	that	

CASD1-dependent	pathway	for	ganglioside	O-acetylation	exist.	In	order	to	gain	further	insights	

into	the	biosynthesis	mechanisms	of	ganglioside	O-acetylation,	the	structural	characterization	of	

O-acetylated	gangliosides	was	required.	

Consequently,	 in	 the	 second	 part	 on	 my	 project,	 gangliosides	 expression	 have	 been	

analyzed	on	a	panel	of	BC	cell	lines	and	a	melanoma	cell	line.	Based	on	immunodetection	analysis,	

GD3,	GD2	and	OAcGD2	expression	has	been	detected	 in	BC	 cell	 lines.	The	 absence	of	OAcGD3	

expression	in	BC	cell	lines	was	confirmed	by	flow	cytometry	and	immunocytochemistry	followed	

by	confocal	microscopy	analysis.	The	absence	of	OAcGD3	expression	suggests	a	direct	synthesis	

of	OAcGD2	by	O-acetylation	of	GD2.	Structural	analysis	of	gangliosides	by	mass	spectrometry	is	a	

combinatorial	approach	to	in	situ	immunodetection	methods.	However,	the	O-acetylated	group	is	

alkali	labile	and	remains	challenging	to	handle	during	mass	spectrometry	analysis.	Accordingly,	

the	first	approach	developed	for	structural	analysis	of	O-acetylated	gangliosides	was	the	analysis	

of	 DMB-Sia	 derivatives.	 Gangliosides	 were	 extracted	 from	 cell	 pellets	 and	 sialic	 acids	 were	

hydrolyzed	before	being	derivatized	with	the	fluorescent	DMB.	This	study	has	been	performed	on	

six	BC	cell	lines,	two	native	cell	lines	SUM	159	PT	and	Hs	578T,	two	controls	cell	lines	MDA-MB-

231	and	MCF-7	and	two	clones	overexpressing	GD3	synthase	MDA-MB-231	GD3S+	and	MCF-7	

GD3S+.	The	analysis	of	DMB-Sia	derivatives	by	LC-MS	shows	that	the	main	O-acetylated	sialic	acid	

species	 expressed	 by	 gangliosides	 is	 9-O-acetylated	 sialic	 acid.	 A	 minor	 expression	 of	 8-O-

acetylated	sialic	acid	has	been	also	 identified	 in	gangliosides	extracted	 from	BC	cell	 lines.	The	

ratios	Neu5,9Ac2/Neu5Ac	detected	in	gangliosides	for	MDA-MB-231	GD3S+	and	MCF-7	GD3S+	are	

up	 to	 3-fold	 higher	 than	 their	 control	 counterpart.	 Interestingly,	 the	 ratio	 Neu5,9Ac2/Neu5Ac	

detected	in	other	cellular	fractions	such	as	soluble	proteins	and	free	sialic	acids	remains	the	same	

between	GD3S+	clones	and	their	control	counterparts.	Besides,	GD3S+	cell	lines	exhibit	OAcGD2	
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expression	while	OAcGD2	expression	is	absent	in	their	control	counterpart	using	flow	cytometry	

analysis.	 These	 results	 highlight	 a	 close	 interrelationship	 between	 OAcGD2	 and	 Neu5,9Ac2	

expression	suggesting	that	OAcGD2	is	mainly	9-O-acetylated.		

The	analysis	of	DMB-Sia	derivatives	by	LC-MS	gives	structural	 insights	by	allowing	 the	

identification	 of	 the	 carbone	 residue	 that	 carries	 the	 O-acetyl	 group	 but	 does	 not	 provide	

information	regarding	the	complete	structure	of	O-acetylated	gangliosides.	That	is	why	in	a	next	

step,	 native	 gangliosides	 analysis	 by	 MALDI-QIT-TOF	 was	 optimized	 to	 obtain	 precise	 and	

complete	structural	characterization	of	the	entire	ganglioside	species.	Our	experiments	allowed	

the	 profiling	 of	 O-acetylated	 gangliosides	 species	 in	 BC	 cell	 lines,	 with	 the	 identification	 of	

OAcGM1,	 OAcGD3,	 OAcGD2,	 OAcGT3	 and	 OAcGT2	 gangliosides.	 Interestingly,	 the	 relative	

quantification	of	gangliosides	species	leads	to	the	same	result	than	the	one	obtained	by	LC-MS	on	

DMB	Sia	derivatives.	The	quantification	of	the	different	ganglioside	species	showed	that	the	O-

acetylated	gangliosides	amounts	detected	in	MDA-MB-231	GD3S+	and	MCF-7	GD3S+	are	3-fold	

higher	than	in	their	control	counterparts.	The	role	of	GD3	synthase	as	the	key	enzyme	for	b-series	

gangliosides	expression	is	already	well	documented.	Besides	this	role,	results	obtained	in	GD3S+	

clones	highlight	the	role	of	GD3	synthase	in	O-acetylated	ganglioside	expression	which	could	be	

due	 to	 substrate	 availability.	 Indeed,	GD3	 synthase	 is	 the	key	 enzyme	 for	b-series	 ganglioside	

expressions	 leading	 to	 the	 synthesis	 of	 precursor	 gangliosides	 such	 as	 GD3,	 GT3.	 The	 more	

substrates	 for	 O-acetyltransferases	 are	 available,	 the	 more	 O-acetylated	 gangliosides	 can	 be	

expressed,	 and	 further	 steps	 are	 engaged	 in	 the	 biosynthesis	 pathways.	 Furthermore,	MS/MS	

fragmentation	led	to	the	identification	of	the	sialic	acid	residues	that	carry	the	O-acetylated	groups	

on	 gangliosides.	 Previous	 data	 suggested	 that	 O-acetylation	 of	 gangliosides	 occurs	 only	 on	

terminal	sialic	acid	residue	(Kohla	et	al.,	2002).	Our	MS/MS	fragmentation	experiments	identified	

O-acetyl	groups	on	the	subterminal	or	the	terminal	sialic	acid	residue,	in	a	cell	type	dependent	

manner,	regardless	of	the	O-acetylated	ganglioside	species.	In	Hs	578T	and	MDA-MB-231	GD3S+	

clones,	 GD2	 O-acetylation	 can	 occur	 on	 the	 subterminal	 or	 the	 terminal	 sialic	 acid	 residue,	

whereas	it	occurs	on	the	terminal	sialic	acid	residue	in	LAN-1	cell	line.	In	the	same	manner,	O-
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acetylation	in	OAcGD3	and	OAcGT3	can	occur	on	the	terminal	sialic	acid	residue	in	MDA-MB-231	

clones	 overexpressing	 GD3	 synthase.	 The	 biological	 significance	 of	 O-acetylation	 on	 the	

subterminal	or	the	terminal	sialic	acid	remains	unclear.	Indeed,	there	are	no	data	underlining	this	

possibility	in	the	literature.	However,	the	migration	of	O-acetyl	group	from	C7	to	C9	of	the	sialic	

acid	 residue	 has	 been	 described	 (Vandamme-Feldhaus	 and	 Schauer,	 1998).	 Considering	 the	

carbohydrate	 moiety	 of	 ganglioside	 as	 a	 dynamic	 entity,	 a	 possible	 suggestion	 might	 be	 the	

migration	 of	 O-acetylated	 group	 from	 one	 sialic	 acid	 residue	 to	 the	 other.	 The	 absence	 of	

specificity	of	O-acetylation	position	(subterminal	or	terminal)	according	to	the	ganglioside	species	

but	rather	in	a	cell-type	dependent-manner	suggests	that	SOAT	would	not	act	directly	on	activated	

CMP-Neu5Ac	as	reported	(Baumann	et	al.,	2015),	but	rather	that	O-acetylation	of	sialic	acid	occur	

directly	 on	 the	 carbohydrate	 moiety	 of	 gangliosides.	 This	 hypothesis	 could	 be	 verified	 by	

enzymatic	reaction	on	plate	by	an	in	vitro	assay	using	GD2	as	the	acceptor	substrate,	acetyl	CoA	

as	the	donor	substrate	and	soluble	CASD1	as	SOAT.	The	first	step	of	the	experimental	procedure	

consists	on	coating	purified	GD2	on	96-well	plate.	Then	soluble	CASD1,	produced	as	recombinant	

enzyme	 in	 Sf9	 insect	 cells	 or	 p3xflagCMV9	 vector,	 has	 to	 be	 added	 to	 the	 96-well	 plates.	 The	

reaction	mixture	will	 be	 supplemented	 by	 the	 donor	 substrate	 acetyl	 CoA.	 The	 production	 of	

OAcGD2	will	 be	 assessed	by	 immunofluorescence	using	anti-OAcGD2	8B6	mAb.	 If	 the	product	

resulting	from	the	enzymatic	reaction	is	OAcGD2,	it	will	verify	the	activity	of	CASD1	on	GD2	itself.	

If	OAcGD2	is	produced	as	the	result	of	the	enzymatic	sialylation,	this	will	mean	that	b4GalNAcTI	

can	recognize	Neu5,9Ac2	as	a	substrate	and	also	that	SOAT	acts	on	activated	CMP-Neu5Ac.	In	the	

other	case,	GM2	or	GD2	may	also	result	from	the	enzymatic	reaction	meaning	that	O-acetylation	

occurs	directly	on	the	carbohydrate	moiety	after	the	sialylation	step.		

The	combination	of	data	from	LC-MS	and	MALDI-QIT-TOF	analyses	led	to	the	structural	

characterization	of	O-acetylated	gangliosides	species	expressed	by	BC	cells.	In	that	manner,	the	

position	 of	O-acetylated	 group,	 the	 sialic	 acid	 residue(s)	 that	 carry	 it,	 and	 also	 the	 complete	

structure	 of	 O-acetylated	 gangliosides	 species	 have	 been	 properly	 identified.	 In	 order	 to	

supplement	this	profiling	study,	two	approaches	can	be	developed.	In	our	studies,	only	mono-O-
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acetylated	sialic	acid	species	were	investigated	by	LC-MS,	but	the	analysis	framework	could	be	

adapted	to	the	analysis	of	di-	or	tri-acetylated	sialic	acids.	Indeed,	the	7,9	di-O-acetylated	form	of	

sialic	 acid	 is	 detected	 in	 human	 tissues	 and	 is	 a	 target	 for	 influenza	 virus	 infection	 in	 human	

(Wasik	et	al.,	2017).	It	would	be	interesting	to	investigate	whether	di-	or	even	tri-O-acetylated	

sialic	acid	species	can	be	expressed	by	tumors,	since	O-acetylation	by	itself	can	alter	cell	signaling	

processes.	For	example,	 the	O-acetylation	of	GD3	 induces	 the	delocalization	of	GD3	 to	 the	 cell	

membrane	and	leads	to	the	loss	of	apoptotic	properties	of	GD3	(Kniep	et	al.,	2006).	Furthermore,	

O-acetylation	of	GD3	is	essential	for	the	survival	of	acute	lymphoblastic	leukemia	cells	and	induces	

resistance	 to	 several	 drugs	 like	 nilotinib	 and	 vincristine	 in	 acute	 lymphoblastic	 leukemia	

(Parameswaran	et	al.,	2013).	The	second	approach	is	to	extend	our	analyses	to	normal	and	cancer	

tissues	in	order	to	identify	specific	tumor	markers	by	LC-MS	and	MALDI-QIT-TOF.	The	completed	

profiling	pattern	will	lead	to	determine	specific	differences	between	normal	and	tumor	tissues	in	

order	to	finely	define	potential	immunotherapeutic	targets.		

In	contrast	to	our	results	obtained	by	immunodetection	analysis,	OAcGD3	is	detected	in	

BC	cell	lines	by	MALDI-QIT-TOF.	In	our	first	publication,	because	of	the	absence	of	OAcGD3,	we	

suggested	 a	 direct	 synthesis	 of	OAcGD2	 from	 GD2	 (Cavdarli	 et	 al.,	 2019).	 The	 diversity	 of	O-

acetylation	on	sialic	acids	suggests	that	O-acetylation	is	the	final	step	occurring	in	the	biosynthetic	

process.	 OAcGD2,	 OAcGD3,	 and	 OAcGT3	 have	 been	 concomitantly	 identified	 in	 cell	 lines	

overexpressing	GD3	synthase	underlining	again	the	importance	of	substrate	availability	in	the	O-

acetylation	 process.	 Besides,	 GM2/GD2	 synthase	 knock-out	 mice	 exhibit	 an	 accumulation	 of	

OAcGD3	 and	 a	 decreased	 level	 of	O-acetylation	 inducer	 Tis	 21.	 Thus,	 the	 accumulated	 GD3	 is	

converted	to	OAcGD3	due	to	the	substrate	availability	(Furukawa	et	al.,	2008).	The	possibility	of	

a	 direct	 ganglioside	 O-acetylation	 mechanism	 is	 controversial	 but	 remains	 an	 attractive	

possibility	 that	 would	 need	 to	 be	 confirmed	 by	 in	 vitro	 O-acetylation	 experiments.	

Glycosyltransferases	are	the	key	elements	for	ganglioside	biosynthesis.	As	depicted	in	part	III	of	

Results,	 the	 differential	 expression	 of	 glycosyltransferases	 between	 BC	 cell	 lines	 showed	 that	

glycosyltransferases	are	upregulated	in	cell	lines	overexpressing	GD3	synthase	compared	to	their	
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control	counterparts,	and	in	cell	lines	having	a	triple	negative	status	compared	to	a	luminal	status.	

The	 same	 analysis	 has	 been	 performed	 for	 CASD1	 and	 SLC33A1	 (the	 acetyl	 CoA	 transporter)	

which	are	the	main	enzymes	known	for	their	potential	role	in	ganglioside	O-acetylation.	However,	

their	expression	level	in	BC	cells,	O-acetylated	gangliosides	have	been	identified	in	BC	cell	lines.	

These	 results	 point	 to	 the	 potential	 existence	 of	 at	 least	 two	 pathways	 for	 ganglioside	 O-

Acetylation:	 a	 CASD1-dependent	 and	 a	 CASD1-independent	 O-acetylation	 pathway,	 which	

suggests	that	further	investigations	for	the	identification	of	new	SOATs	are	required.		

The	last	part	of	my	PhD	project	aimed	to	complete	preliminary	steps	for	the	identification	

of	 new	 genes	 involved	 in	 GD2	 O-acetylation.	 Using	 a	 high	 throughput	 phosphatome/kinome	

screening	 assay	 on	 MDA-MB-231	 GD3S+	 cells,	 we	 identified	 72	 hits	 involved	 in	 OAcGD2	

expression.	Many	of	the	genes	identified	are	belonging	to	the	lipid	and	carbohydrate	metabolism	

pathways	or	 to	MAPK/PI3K	cell	 signaling	pathways,	suggesting	 to	a	highly	controlled	OAcGD2	

expression	in	tumor	cells.	Interestingly,	half	of	the	hits	identified	are	OAcGD2	repressor	genes,	

whose	depletion	upregulates	OAcGD2	expression	to	a	higher	level	than	the	basal	expression	of	

OAcGD2.	In	the	negative	control,	OAcGD2	is	totally	absent,	whereas	in	OAcGD2	downregulating	

hits,	a	low	expression	level	of	OAcGD2	is	maintained.	There	is	a	finely	tuned	process	regulating	

OAcGD2	 expression	 in	 cancer	 cells	 which	 requires	 at	 least	 a	 very	 low	 basal	 level	 of	OAcGD2	

expression.	Besides,	the	level	of	OAcGD2	in	upregulating	hits	are	much	higher	than	the	basal	level	

of	 OAcGD2	 suggesting	 an	 important	 feedback	 regulating	 the	 level	 of	 expression.	 Indeed,	 the	

expression	 of	OAcGD2	 could	 be	 doubled	 or	 tripled	 by	 downregulating	 several	 genes,	 such	 as	

Ceramide	kinase	CERK.	The	identification	of	genes	that	tightly	control	OAcGD2	biosynthesis	is	of	

great	 interest	 regarding	 the	 therapeutic	 potential	 of	 OAcGD2	 as	 a	 targetable	 antigen	 in	 BC.	

Besides,	validated	hits	could	represent	new	targets	 for	therapy	 in	combination	with	8B6	mAb,	

since	therapeutic	combination	can	enhance	anti-tumor	treatment	efficacy	and	 improve	patient	

outcomes.	 Dinutuximab	 has	 been	 approved	 by	 the	 FDA	 as	 a	 therapeutic	 combination	 with	

interleukine-2,	13	cis-retinoic	acid	and	GM-CSF	in	pediatric	NB	(Dhillon,	2015).	A	phase	2	trial	

evidenced	 that	 the	 chemotherapeutic	 combination	 of	 irinotecan,	 temozolomide	 supplemented	
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with	dinutuximab	induces	a	better	outcome	in	children	with	relapse	and	refractory	NB	than	the	

combination	supplemented	with	temsirolimus	(Mody	et	al.,	2017).	Temozolomide	is	also	used	as	

an	adjuvant	chemotherapeutic	agent	with	radiotherapy	in	the	first	line	treatment	of	glioblastoma.	

It	induces	improved	survival	outcome	of	patients	up	to	19	months	but	cannot	prevent	the	high	

rate	of	tumor	recurrence	(Stupp	et	al.,	2005).	The	chemoresistance	to	temozolomide	is	dependent	

on	the	presence	of	cancer	stem	cells	(CSC)	in	glioblastoma	tumors.	Cancer	Stem	cells	(CSC)	are	a	

subpopulation	 of	 tumor	 cells	 initiating	 and	 promoting	 tumorigenesis.	 They	 are	 a	 source	 of	

chemotherapeutic	resistance	to	anti-cancer	treatment	(Fillmore	and	Kuperwasser,	2008).	Thus,	

targeting	specifically	CSC	should	potentiate	 the	effect	on	 tumorigenesis	and	chemotherapeutic	

resistance.	Fleurence	and	coworkers	have	evidenced	that	therapeutic	combination	of	8B6	mAb	to	

temozolomide	sensitized	glioblastoma	CSC	expressing	OAcGD2	to	temozolomide	(Fleurence	et	al.,	

2019).	In	BC,	GD2	expression	in	CSC	has	been	identified	by	Battula	and	coworkers.	The	authors	

correlated	GD2	expression	 to	CD44highCD24low	BC	CSC	markers	 showing	a	 correlation	between	

GD2	expression	and	an	increase	of	tumor	malignancy	(Battula	et	al.,	2012).	In	the	same	line	of	

research,	Birkle	and	coworkers	showed	that	OAcGD2	is	expressed	in	CSC	and	can	be	used	as	a	

biomarker	 for	 therapeutic	 treatment	 in	 BC,	 glioma,	 acute	 lymphoid	 leukemia,	 acute	 myeloid	

leukemia	(U.S.	Patent	No.	10,000,575	 issued	 Jun	19,	2018).	As	depicted	 in	 the	patent,	OAcGD2	

expression	in	CSC	correlates	with	CD44highCD24low	expression	in	BC.	As	a	conclusion,	BC	stem	cells	

sustained	 GD2	 and	OAcGD2	 expression	 and	 upregulate	 GD3	 synthase	 expression	 to	 promote	

malignant	cancer	properties	(Battula	et	al.,	2012;	Liang	et	al.,	2017).		

As	 a	 conclusion,	 this	 project	 leads	 to	 the	 identification	 of	OAcGD2	 as	 a	 target	 for	 BC	

immunotherapy.	The	proper	identification	of	the	chemical	structure	of	OAcGD2	in	different	cell	

lines	using	several	methods	give	mechanistic	insights	for	the	O-acetylation	of	GD2.	Indeed,	BC	cells	

are	characterized	by	the	expression	of	9-OAcGD2	which	can	be	O-acetylated	either	on	the	terminal	

sialic	 acid	 residue	 into	O-AcNeu5Aca2-8Neu5Aca2-3LacCer	 or	 on	 the	 subterminal	 sialic	 acid	

residue,	resulting	in	Neu5Aca2-8-O-AcNeu5Aca2-3LacCer.	These	first	insights	into	O-acetylation	

mechanisms	 suggest	 a	 direct	 acetylation	 of	 GD2.	 While	 the	 effect	 of	 CASD1	 still	 has	 to	 be	
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elucidated,	GD3	synthase	expression	is	essential	for	OAcGD2	synthesis,	which	convinced	me	of	the	

existence	of	at	least	two	pathways	responsible	for	GD2	O-acetylation.	This	hypothesis	led	us	to	set	

up	a	high	 throughput	 screening	analysis	 in	which	we	 identified	72	genes	modulating	OAcGD2	

expression.	Our	results	suggest	that	O-acetylation	of	gangliosides	are	finely	tuned	processes	in	

cancer	cells	(and	likely	in	normal	cells	as	well),	increasing	highly	the	therapeutic	potential	of	this	

antigen	 for	 the	 treatment	 of	 neuroectoderm	 derived	 tumors.	 In	 this	 context,	 two	 approaches	

might	be	held	to	pursue	my	work	in	basic	and	translational	research.	The	basic	research	approach	

requires	 the	 identification	 of	 new	 SOATs	 for	 the	 proper	 understanding	 of	 gangliosides	 O-

acetylation,	for	which	genome	wide	screening	remains	one	of	the	best	options.	The	translational	

research	needs	better	curative	strategy	for	neuroectoderm	derived	tumors.	These	requirements	

can	 be	 fulfilled	 by	 defining	 therapeutic	 combinations	 enhancing	 8B6	 mAb	 effect	 on	 tumors,	

starting	with	the	validation	of	hits	highlighted	by	the	pilot	screening	assay.		
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