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Despite	 receiving	 rituximab-	combined	chemotherapy,	 follicular	 lymphoma	 (FL)	pa-
tients	often	suffer	tumor	recurrence	and	understand	that	the	cause	of	relapse	in	FL	
would	thus	significantly	ameliorate	the	tumor	therapeutics.	In	the	present	study,	we	
show	that	TRA-	1-	60-	expressing	cells	are	a	unique	population	in	FL,	converge	to	the	
conventional	 stem	 cell	 marker	Oct3/4	 and	 ALDH1-	positive	 population,	 and	 resist	
current	B-	lymphoma	agents.	TRA-	1-	60	expression	was	observed	 in	scattered	 lym-
phoma	cells	 in	FL	 tissues	only	as	well	as	 in	 resting	B-	lymphocytes	 inside	germinal	
centers.	Retrospective	comparison	between	recurrent	and	cognate	primary	tissues	
showed	that	the	number	of	TRA-	1-	60-	positive	cells	from	rituximab,	cyclophospha-
mide,	 hydroxydaunorubicin,	 vincristine,	 and	 prednisone	 (R-	CHOP)-	treated	 FL	 had	
increased	 relative	 to	primary	 tissue,	a	 finding	corroborated	by	assays	on	different	
rituximab-	treated	FL	cell	 lines,	FL-	18	and	DOHH2,	wherein	TRA-	positive	cell	num-
bers	increased	over	10-	fold	compared	to	the	untreated	sample.	Concordantly,	scanty	
TRA-	1-	60-	positive	FL-	18	cells	implanted	s.c.	into	mice	evinced	potent	tumor-	initiating	
capacity	 in	vivo,	where	 tumors	were	12-	fold	 larger	 in	volume	 (P	=	0.0021	<	0.005)	
and	13-	fold	heavier	in	weight	(P	=	0.0015	<	0.005)	compared	to	those	xenografted	
from	 TRA-	negative	 cells.	 To	 explain	 these	 results,	 gene	 expression	 profiling	 and	
qPCR	analysis	 indicated	 that	TRA-	1-	60-	positive	cells	defined	a	distinct	population	
from	that	of	TRA-	negative	cells,	with	upregulation	of	multiple	drug	transporters	and	
therapeutic	resistance	genes.	Hence,	TRA-	1-	60-	expressing	cells	in	FL	are	considered	
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1  | INTRODUC TION

Follicular	 lymphoma	 (FL)	 is	 the	 second	most	 common	 subtype	 of	
non-	Hodgkin	 lymphoma,	 accounting	 for	 approximately	 20%	 of	 all	
lymphomas.1	 With	 the	 advent	 of	 rituximab,	 overall	 survival	 and	
progression-	free	survival	rates	have	improved;	however,	about	half	
of	FL	patients	experience	relapse	within	5	years,	representing	a	con-
siderable	setback.2

Definitive	explanation	for	relapse	is	not	fully	disclosed,	although	
several	 unresolved	 theories	 have	 been	 offered,	 pertaining	 to	 ge-
nomic	or	clonal	evolution,	microenvironment	and	other	elements.3-6 
Concretely,	these	recent	studies	reported	several	specific	gene	mu-
tations including TNFRSF14,	CREBBP,	EP300,	KLHL6	and	so	on	that	
were	supposed	 to	be	critical	 for	 immune	evasion,	biological	 trans-
formation	 and	 progression	 of	 FL,3-6	 which	 provided	 the	 basis	 of	
lymphoma-	initiating	cells	from	the	point	of	genomic	DNA	mutations.	
For	advanced	tumor	therapeutics	 in	carcinomas,	glial	malignancies	
and	leukemias,	so-	called	cancer	initiating	cells	or	cancer	stem	cells,	
have	presently	been	recognized	as	key	factors	in	relapse	and	ther-
apeutic	resistance.7-9	Cancer	stem	cells	 (CSC)	 in	solid	tumors	have	
been	vigorously	studied;	however,	CSC,	analogously	lymphoma	stem	
cells	 in	 lymphoma,	were	mainly	 introduced	for	 limited	subtypes	of	
lymphoma	such	as	chronic	lymphocytic	leukemia/small	lymphocytic	
lymphoma	(CLL/SLL)	and	Hodgkin	lymphoma,	and	more	information	
should	be	collected	about	other	types	of	lymphomas,	especially	in-
tractable	lymphomas	including	FL.10,11

To	identify	cancer	stem	cells,	previous	reports	used	several	mark-
ers	 (eg,	 OCT4,	 SOX2,	 KLF4,	 Nanog,	 SSEA-	4,	 and	 ALDH1),	 among	
which	the	former	three	were	genes	to	induce	mouse	or	human	somatic	
cells	to	become	pluripotent	stem	cells.12,13	These	markers	needed	to	
be	 used	 in	 combination,	 but,	 recently,	 several	 groups	 discovered	 a	
new	marker	TRA-	1-	60	which	imparted	stronger	stem	cell	properties	
than	 other	markers.14,15	 TRA-	1-	60	 is	 a	 neuraminidase-	resistant	 car-
bohydrate	epitope	expressed	on	podocalyxin-	like	1,	belonging	to	the	
CD34-	related	family	of	sialomucin,	and	it	is	expressed	on	the	surface	
of	human	embryonic	stem	cells	 (ESC)	and	 induced	pluripotent	stem	
cells	(iPS	cells),	which	becomes	downregulated	as	cell-	differentiated.16

In	 the	present	 study,	we	aimed	 to	 find	a	 clue	 for	 the	 intracta-
bility	 of	 FLs	which	 causes	 relapse	 and	 drug	 resistance,	 leading	 to	
fatal	outcomes	despite	the	current	advanced	therapeutics	using	an-
tibody	drug.	 Therefore,	we	 first	 histologically	 examined	TRA-	1-	60	
expression	on	FL	tissues	and	germinal	centers	as	its	origin	in	order	
to	examine	correlation	with	expression	of	cellular	markers	including	
conventional	stem	cell	markers	such	as	Oct3/4	and	ALDH1,	which	
provide	biological	insight	on	cellular	properties,	as	TRA-	1-	60	is	one	

of	the	critical	cellular	markers	of	stem	cells.	We	observed	a	rare	pop-
ulation	of	follicular	lymphoma	cells	specifically	expressing	TRA-	1-	60	
as	well	 as	 germinal	 center	B	 cells.	 Remarkably,	we	 found	 that	 the	
number	of	TRA-	1-	60-	positive	cells	 increased	in	the	recurrent	sam-
ples	 that	 resisted	therapy,	and	they	showed	prominent	drug	resis-
tance	 and	 tumor-	forming	 capacity,	 properties	not	observed	 in	 the	
TRA-	1-	60-	negative	FL	population	by	 in	vitro	 assays	using	 two	dif-
ferent	human	FL	cell	lines.	Our	results	indicate	that	TRA-	1-	60,	which	
might	 provide	 follicular	 lymphoma	 cells	 with	 resistant	 properties	
against	 lymphoma	therapeutics,	 is	expressed	 in	a	small	population	
of	FL	cells,	and	this	specific	population	could	be	highly	significant	to	
explain	the	recalcitrance	of	FL.

2  | MATERIAL S AND METHODS

2.1 | Patient samples

Formalin-	fixed	paraffin	embedded	tissue	(FFPET)	of	30	untreated	FL	
grade	1	patients	and	17	paired	(untreated	and	recurrent	after	rituxi-
mab,	cyclophosphamide,	hydroxydaunorubicin,	vincristine,	and	pred-
nisone	[R-	CHOP]	therapy)	FL	patients,	and	fresh	frozen	samples	of	five	
untreated	FL	patients	were	used	(Tables	1	and	2).	This	study	was	con-
ducted	with	the	approval	of	the	Institutional	Review	Board	of	Okayama	
University,	Okayama,	Japan.	All	study	procedures	were	conducted	in	
accordance	with	the	guidelines	of	the	Declaration	of	Helsinki.

2.2 | Immunohistochemistry, 
immunofluorescence, and measurement of TRA- 1- 60- 
expressing lymphoma cells in patient samples

For	 conventional	 immunohistochemistry	 and	 fluorescent	 im-
munostaining	 of	 paraffin-	embedded	 tumor	 tissues,	 primary	 and	
secondary	antibodies	were	used	as	listed	in	Table	3.	Number	of	TRA-	
1-	60-	positive	cells	in	reactive	tissues	and	FL	tissues	was	counted	at	a	
total	of	nine	high-	power	fields	(HPF)	(×400	field)	of	randomly	chosen	
perivascular	areas	in	the	same	specimen.

2.3 | Laser capture microdissection, long- 
distance PCR for t(14;18) and DNA sequencing of 
PCR products

Laser	 capture	 microdissection	 was	 carried	 out	 for	 freshly	 frozen	
sections	 using	 the	 Leica	 LMD	 7000	 laser	 microdissection	 system	
(Leica	Microsystems,	Wetzlar,	 Germany)	 as	 previously	 described.17 
Briefly,	15	to	20	TRA-	1-	60-	positive	or	TRA-	1-	60-	negative	cells	were	

to	be	vigorously	intractable	against	conventional	therapeutic	agents,	which	may	ex-
plain	its	refractory	recurrence.

K E Y W O R D S
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collected	 and	 total	 DNA	 was	 isolated	 by	 Qiagen	 tissue	 microkit	
(QIAGEN,	Hilden,	Germany).	Long-	distance	PCR	was	carried	out	as	
described	in	a	previous	report.18	When	we	did	not	obtain	any	ampli-
fication,	 re-	amplification	was	 done	using	0.5	μL	 of	 first-	round	PCR	
product.	Primer	sets	are	shown	in	Table	4.	Primers	for	sequencing	the	
PCR	products	 to	confirm	bcl-2-IgH	gene	fusion	are	 listed	 in	Table	4	
as	reported	previously.18	Sequences	of	IgH and bcl-2 gene loci were 
searched	by	UCSC	genome	browser	(https://genome.ucsc.edu/).

2.4 | Cell lines and drug treatment assay

Two	 human	 follicular	 lymphoma	 cell	 lines	 both	 bearing	 t(14;	 18)
(q32,	q21),	FL-	18	and	DOHH2	were	used	in	the	present	study.	Both	
FL-	18	 and	 DOHH2	 cells	 were	 cultured	 in	 RPMI	 1640	media	 (Life	

Technologies	Corporation,	Waltham,	MA,	USA)	supplemented	with	
10%	 FBS,	 respectively.	 These	 cells	 were	 treated	 with	 rituximab	
(10	μg/mL).	As	rituximab-	induced	cell	death	was	reported	to	be	at-
tributed	to	cross-	linking	by	immunoglobulin	F(ab′)	and	complement-	
dependent	 cytotoxicity,	 goat	 antihuman	 IgG	 cross-	linker	 (Fcγ 
specific,	109-	005-	078;	Jackson	ImmunoResearch	Inc.,	West	Grove,	
PA,	 USA)	 was	 used	 as	 previously	 described.19	 Number	 of	 TRA-	1-	
60-	positive	 or	 TRA-	1-	60-	negative,	 and	Annexin	V-	FITC	 cells	were	
counted	by	FACS	analysis	12	and	24	hours	after	the	drug	treatment.

2.5 | Cell sorting and lymphoma xenografts

Rituximab-	treated	FL-	18	cells	were	fractionated	by	FACS	Aria.	Cells	
(2	×	103)	 at	 70%	 purity	 for	 TRA-	1-	60-	positive	 cells	 or	 the	 same	

TABLE  1 Clinicopathological	characteristics	of	30	primary	FL	patients

Patient no. Age (y) Gender Clinical stage Histological grade
No. of TRA- 1- 60+ 
cells (/3 HPF)

Primary site 
(nodal/extranodal)

1 62 M Unknown 1 10 Nodal

2 40 F Unknown 1 5 Nodal

3 61 M III 1 17 Nodal

4 69 F III 1 4 Nodal

5 49 F IV 1 11 Nodal

6 48 F Unknown 1 7 Nodal

7 84 F I 1 31 Primary	lung

8 71 M II 1 15 Nodal

9 67 M II 1 20 Nodal

10 81 M Unknown 1 6 Nodal

11 60 M III 1 4 Nodal

12 58 F Unknown 1 16 Nodal

13 64 F II 1 5 Nodal

14 51 F Unknown 1 9 Nodal

15 50 F II 1 11 Nodal

16 56 M Unknown 1 4 Nodal

17 71 M III 1 3 Nodal

18 60 F II 1 3 Nodal

19 59 F IV 1 5 Nodal

20 62 M III 1 10 Nodal

21 82 F III 1 6 Nodal

22 52 M Unknown 1 9 Nodal

23 66 M Unknown 1 18 Nodal

24 61 F II 1 8 Nodal

25 62 M IV 1 6 Nodal

26 75 M Unknown 1 5 Nodal

27 58 M I 1 12 Primary	intestinal

28 65 F I 1 7 Primary	intestinal

29 58 M I 1 4 Primary	intestinal

30 49 F I 1 4 Primary	intestinal

FL,	follicular	lymphoma;	HPF,	high-	power	fields.

https://genome.ucsc.edu
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number	of	TRA-	negative	cells	at	99%	purity	were	injected	s.c.	into	
the	bilateral	sites	of	the	posterior	flank	of	three	NOD/SCID	mice,	re-
spectively.	Tumor	volume	was	calculated	as	length	×	(width)2	×	1/2,	
as	 this	 formula	 was	 applied	 to	measuring	 volume	 in	 the	 previous	
studies.20

2.6 | Quantitative real- time PCR for gene profiling

To	profile	gene	expressions	of	the	TRA-	1-	60-	positive	cell	population	
with	those	of	the	TRA-	negative	population	in	two	different	FL	lines,	
FL-	18	and	DOHH2	cells,	quantitative	real-	time	PCR	using	cDNAs	de-
rived	from	each	population	in	these	lines	was	carried	out	for	a	total	
of	168	indicated	drug	resistance-	related	genes.

Detailed	methods	of	each	of	the	above	sections	are	described	in	
“Document	S1”.

3  | RESULTS

3.1 | Expression of TRA- 1- 60 on germinal center B 
cells and its relationship with conventional stem cell 
markers

Endogenous	expression	of	TRA-	1-	60	which	is	recognized	as	one	of	
the	critical	stem	cell	markers,	was	detected	on	germinal	center	cells	
within	reactive	lymph	nodes.	Generally,	stem	cell	marker-	positive	
tumor	cells	show	drug	resistance,21	and	this	was	examined	for	its	
relationship	to	other	conventional	stem	cell	markers	(Oct3/4	and	

ALDH1A1)	by	double	immunofluorescence	to	gain	an	insight	into	
cellular	properties.	All	markers	(Oct3/4,	ALDH1A1,	and	TRA-	1-	60)	
were	partially	expressed	on	the	germinal	center	cells	(Figure	1A).	
Oct3/4	was	positive	for	a	portion	of	centroblasts	and	centrocytes,	
and	ALDH1A1	was	positive	for	a	portion	of	centroblasts	and	fol-
licular	dendritic	cells.	TRA-	1-	60	was	also	expressed	for	a	portion	
of	centroblasts	and	centrocytes,	and	double	immunofluorescence	
using	CD20	or	CD3	 in	combination	with	anti-	TRA-	1-	60	antibody	
showed	that	most	TRA-	1-	60-	expressing	cells	were	CD20	positive,	
indicating	they	were	germinal	center	B	cells	(Figure	1B,C).	In	double	
immunofluorescence	 using	 anti-	ALDH1A1	 and	 CD21,	 ALDH1A1	
was	expressed	on	a	comparable	number	of	follicular	dendritic	cells	
(FDC)	inside	the	germinal	center	(Figure	1D	and	Figure	S1A).	TRA-	
1-	60	expression	was	mainly	independent	of	ALDH1A1	expression	
inside	 the	 germinal	 center	 (Figure	1E).	Moreover,	 the	 TRA-	1-	60-	
expressing	 germinal	 center	B	 cells	were	 negative	 for	Ki-	67,	 sug-
gesting	they	were	quiescent	in	the	cell	cycle	(Figure	1F).

3.2 | Distribution of TRA- 1- 60- positive cells in 
FL tissues

Insofar	as	the	neoplastic	counterpart	to	the	normal	lymphoid	follicle,	
FL,	arises	from	the	germinal	center	of	 lymphoid	tissues,	we	next	 in-
vestigated	 the	 distribution	 of	 TRA-	1-	60-	positive	 cells	 in	 30	 tissue	
samples	 from	 FL	 patients	 because	 it	 is	 important	 to	 provide	 histo-
logical	 information	 on	 the	 distribution	 of	 TRA-	1-	60-	positive	 cells.	
Patient	 information	of	 these	 cases	 is	provided	 in	Table	1.	 Scattered	

TABLE  2 Clinicopathological	characteristics	of	17	recurrent	FL	patients

Patient no. Age (y) Gender CD10 BCL2 Clinical stage Histological grade Therapy

Time of 
recurrence 
(months)

1 56 M + + II 2 R-	CHOP 69

2 59 F + + II 1 R-	CHOP 52

3 77 F – + IV 1 R-	monotherapy 78

4 70 F + + III 2 R-	CHOP 38

5 46 M + + IV	(leukemic) 1 R	+	fludarabine 12

6 54 F + + IV 1 R-	CHOP 24

7 41 F + + III 1 R-	CHOP 156

8 58 M + + III 1 R-	CHOP 85

9 68 F + + IV 1 R-	CHOP 36

10 52 F + + IV 2 R-	CHOP	+	auto-	
PBSCT

37

11 61 F + + III 1 R-	CHOP 34

12 58 M + + III 1 R-	CHOP 85

13 59 M + – IV 1 R-	CHOP 7

14 85 F + + I 1 R-	THP-	COP 33

15 67 F + + III 1 R-	CHOP 15

16 71 M + + I 1 R	+	RT 48

17 73 M + + IV 1 R-	CHOP 24

CHOP,	cyclophosphamide,	hydroxydaunorubicin,	vincristine,	and	prednisone;	FL,	follicular	lymphoma;	R,	rituximab;	RT,	radiation	therapy.



     |  447TAKATA eT Al.

TRA-	1-	60-	expressing	CD20-	positive	B	cells	were	mainly	detected	at	
the	marginal	area	of	neoplastic	follicles	of	FL,	close	to	small	blood	ves-
sels	 indicated	 as	 “HEV”	 (Figure	2A,B).	 Double	 immunofluorescence	
using	TRA-	1-	60	and	Factor	VIII	(von	Willebrand	factor)	corroborated	

their	 distribution	 at	 perivascular	 areas	 (Figure	2B,	 right	 image)	 and	
they	were	rarely	found	at	the	center	of	neoplastic	follicles.	They	were	
also	confirmed	by	coincident	expression	of	both	CD10	and	BCL2	by	
triple	 immunofluorescence	as	 indicated	by	dotted	circles	 (Figure	2C,	

Antibody Source Type Dilution

TRA-	1-	60 Merck	Millipore,	Darmstadt,	
Germany

MAB4360	mouse	IgM 1:100

Oct3/4 Cell	Signaling	Technology,	Inc.,	
Danvers,	MA

PAb	(rabbit) 1:100

CD20 Nichirei,	Japan L26	mouse	mAb 1:100

CD3 Novocastra,	Newcastle	Upon	
Tyne,	UK

LN10	mouse	mAb 1:200

CD10 Novocastra,	Newcastle	Upon	
Tyne,	UK

56C6	mouse	mAb 1:100

CD21 Abcam,	Cambridge,	UK EP3093	rabbit	mAb 1:200

Ki-	67 Novocastra,	Newcastle	Upon	
Tyne,	UK

MIB-	1	PAb	(rabbit) 1:2500

BCL2 Epitomics,	Inc.,	Burlingame,	
CA

E17 rabbit mAb 1:100

ALDH1A1 Abcam,	Cambridge,	UK Rabbit mAb 1:100

Factor	VIII	(VWF) Dako,	Glostrup,	Denmark PAb	(rabbit) 1:200

IgM	(isotype	control) Sigma	Aldrich,	St	Louis,	MO MOPC	104E 1:100

Anti-	mouse	IgM	
peroxidase	conj.

Jackson	ImmunoResearch	Inc.,	
West	Grove,	PA

Secondary	Ab 1:500

Anti-	mouse	IgM	
Cy3-	conj.

Jackson	ImmunoResearch	Inc.,	
West	Grove,	PA

Secondary	Ab 1:500

Anti-	mouse	IgG	Alexa	
Fluor	488

Life	Technologies	Corp.,	
Waltham,	MA

Secondary	Ab 1:400

Anti-	rabbit	IgG	Alexa	
Fluor	488

Life	Technologies	Corp.,	
Waltham,	MA

Secondary	Ab 1:400

Anti-	mouse	IgG	Alexa	
Fluor	555

Life	Technologies	Corp.,	
Waltham,	MA

Secondary	Ab 1:400

Alexa	Fluor	350	
streptavidin	conj.

Life	Technologies	Corp.,	
Waltham,	MA

Secondary	Ab 1:500

TABLE  3 Summary	of	primary	and	
secondary antibodies

TABLE  4 Primer	sequences	used	in	the	present	study

Primer Sequence (Fw) Sequence (Rv)

A1 CACAAGTGAAGTCAACATGCCTGCCCCAAACAAAT TTGTCCAGGTGTTTTGCTCAGTAG

A2 TTATGGTTATGTGTCTTTCTGGGGGATGG TTGTCCAGGTGTTTTGCTCAGTAG

A3 GGTAGAGGTGAATACCCCAGGGCTGAGCAGGAAGG TTGTCCAGGTGTTTTGCTCAGTAG

A4 TGTTGGTGACATTTGATGGCTTTGCTGAGAGGTA TTGTCCAGGTGTTTTGCTCAGTAG

B1 GTCTCAATGGGTTTTGCTCCTTCA TTGTCCAGGTGTTTTGCTCAGTAG

B2 GCCACCATGCTAGGGTAGTTTTTGTA TTGTCCAGGTGTTTTGCTCAGTAG

B3 TTGCTAATGACATCCTCTAAGTCCTCCTCT TTGTCCAGGTGTTTTGCTCAGTAG

B4 TGAAAGAAACGAAAGCAACAGGAACA TTGTCCAGGTGTTTTGCTCAGTAG

B5 CAGAGAGCCAGAAGCGTCAGGTC TTGTCCAGGTGTTTTGCTCAGTAG

Case	1	nested AGGAGACCCAGCACCCTTAT CAAGCCATGTGAACATTCTGA

Case	2	nested AGGAGACCCAGCACCCTTAT GTTGCTTTACGTGGCCTGTT

Case	3	nested GAGATGATCGCCGTCCTG CAGAGAGCCAGAAGCGTCA
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upper	 and	 lower	panels).	 TRA-	1-	60-	positive	 cells	were	 independent	
of	CD21-	positive	FDC	in	FL	tissues	(Figure	S1B).	Moreover,	they	were	
negative	 for	 Ki-	67	 whereas	 some	 ALDH1A1-	expressing	 cells	 were	
positive	 for	Ki-	67	 (Figure	2D,E),	 suggesting	 that	 these	TRA-	positive	
cells	were	in	cell	cycle	arrest.	For	confirmation	of	specificity	of	all	his-
tological	 staining	 using	 anti-	TRA-	1-	60	 antibody,	 tissue	 staining	with	
mouse	IgM	as	a	control	was	carried	out	(Figure	S1C).

3.3 | TRA- 1- 60- expressing cells are neoplastic in 
FL tissues

Based	 on	 the	 immunofluorescence	 results,	 we	 further	 examined	
whether	 TRA-	1-	60-	positive	 cells	 in	 FL	 tissues	 were	 neoplastic.	
Accordingly,	single	cell	microdissection	was	used	to	 isolate	TRA-	1-	
60-	positive	cells	 from	patient	specimens	 (Figure	3A,	 left	panel,	 in-
dicated	 by	 dotted	 circles).	 After	 extraction	 of	 genomic	DNA	 from	
five	 to	10	 isolated	cells	on	 the	same	specimen,	 long-	distance	PCR	
was	first	carried	out,	then	sequentially	semi-	nested	PCR	was	done	
using	 the	 first	 amplicon	 to	 demonstrate	 the	 specific	 gene	 fusion,	
t(14;18/IGH-BCL2)	 (Table	4).	 As	 a	 control,	 DNA	 samples	were	 col-
lected	from	TRA-	negative	cells	and	also	from	CD3-	positive	cells	by	
the	same	procedure,	 respectively.	Consequently,	 semi-	nested	PCR	
products	 in	 combination	 with	 long-	PCR	 showed	 co-	migration	 by	
electrophoresis	between	the	DNA	from	the	TRA-	positive	cells	and	
the	negative	cells	in	all	three	patient	cases,	which	indicated	specific	
chromosomal	 translocation	 in	FL,	 t(14;	18),	but	not	 in	 the	samples	
from	CD3-	positive	 cells	 (Figure	3A,	 right	panel).	 Further	 sequence	
analysis	 of	 the	 amplicons	 evinced	bcl-2-IgH	 gene	 fusion	 as	 that	 of	
patient	 numbers	 1	 through	 3	 (corresponding	 to	 case	 1	 to	 case	 3)	
demonstrating	TRA-	positive	cells	as	neoplastic	with	the	junction	of	
the	fusion	 identical	between	TRA-	positive	and	TRA-	negative	sam-
ples	 (Figure	3B).	 In	these	three	patients,	 IGH-BCL2	 fusion	was	also	
confirmed	by	immuno-	FISH	study	(patients	1-	3)	(Figure	S2).18

3.4 | Increase of TRA- 1- 60- positive lymphoma cells 
in recurrent FL tissues

To	 address	 the	 relationship	 of	 TRA-	1-	60	 with	 the	 intractability	
of	 recurrent	 FL,	we	 first	 attempted	 to	 find	 a	 difference	 in	TRA-	
1-	60	 expression	 in	 tumor	 cells	 between	 the	 primary	 tissue	 and	
the	 relapsed	 tissue	 of	 FL	within	 the	 same	 individual.	 Seventeen	
cases	of	paired	primary	and	 relapsed	FL	 samples	 from	 the	 same	
patient	were	used	 for	 comparison	of	TRA-	positive	 cell	 numbers.	
Clinicopathological	information	of	these	17	cases	with	recurrence	

is	 shown	 in	 Table	2.	 All	 relapsed	 cases	 were	 from	 rituximab-	
combination	 therapy.	 In	a	 representative	case,	 in	patient	#5,	 the	
number	of	TRA-	1-	60-	positive	cells	in	the	recurrent	tissue	increased	
up	to	eight-	fold	compared	to	primary	tissue,	maintaining	a	similar	
adjacent	vascular	distribution	 (Figure	3C).	Distribution	of	TRA-	1-	
60-	positive	lymphoma	cells	was	mostly	similar	to	randomly	chosen	
high-	power	fields	(×40	magnification)	in	the	initial	and	recurrence	
tissue,	 respectively	 (patient	#10,	Figure	S3A).	A	 summary	of	 the	
17	pairwise	comparisons	is	shown	in	Figure	3D;	average	numbers	
of	 TRA-	1-	60-	positive	 cells	 in	 the	primary	 and	 recurrent	 samples	
in	each	case	are	shown	as	comparison	bars.	Although	the	number	
of	TRA-	1-	60-	positive	cells	varied	to	some	extent	in	each	case,	the	
relapsed	 tissues	 invariably	 contained	more	 TRA-	expressing	 lym-
phoma	 cells,	 representing	 increases	 of	 between	 two-		 and	 eight-	
fold	 relative	 to	primary	 tissues.	Such	 increases	were	statistically	
significant	in	all	cases	(P < 0.05).

3.5 | Population of TRA- 1- 60- positive cells was 
expanded by rituximab treatment in FL- derived 
cell lines

Following	 the	 observation	 of	 increased	 TRA-	1-	60-	positive	 cell	
numbers	in	relapsed	FL	samples,	we	further	studied	this	distinctive	
phenomenon	 using	 two	 human	 FL	 cell	 lines,	 FL-	18	 and	 DOHH2,	
both	carrying	t(14;	18)	established	from	different	FL	patients.	First,	
we	 examined	 the	 native	 response	 to	 rituximab	 in	 the	 two	 lines,	
and	 they	 showed	 growth	 retardation	 especially	with	 treatment	 of	
cross-	linked	 rituximab	 (rituximab	+	anti-	IgG)	 in	 a	 time-	dependent	
method	 (Figure	4A).	We	 determined	 a	 rituximab	 concentration	 of	
10 μg/mL	 in	 combination	 with	 50	μg/mL	 of	 antihuman	 IgG	 (used	
for	cross-	linking	rituximab	to	enhance	the	cytotoxic	effect	of	rituxi-
mab	in	vitro).	This	dose	yielded	the	IC50	for	FL-	18	cells	and	25%	of	
growth	 suppression	 for	 DOHH2	 12	hours	 post-	treatment.	 TRA-	1-	
60-	expressing	cells	accounted	for	0.05%-	0.06%	of	the	total	popula-
tion	of	FL-	18	and	0.05%-	0.09%	of	DOHH2	in	the	native	condition	
(Figure	4B).	 In	FACS	analysis,	 the	percentage	of	TRA-	1-	60-	positive	
cells	 did	 not	 change	 significantly	 in	 the	 single-	rituximab-	treated	
group	 from	 untreated	 cells;	 however,	 the	 percentage	 of	 the	 cells	
treated	with	 cross-	linked	 rituximab	 increased	 up	 to	 10-	fold	 com-
pared	to	untreated	cells	at	12	hours	(0.61%	vs	0.06%),	and	it	dramat-
ically	increased,	up	to	26-	fold	(1.34%	vs	0.05%)	at	24	hours	in	FL-	18	
cells	 (P < 0.001).	 In	 DOHH2	 cells,	 TRA-	positive	 cells	 increased	 up	
to	four-	fold	at	12	hours	and	up	to	19-	fold	at	24	hours	by	treatment	
with	cross-	linked	rituximab	(P < 0.001)	(Figure	4B,C).	FACS	analysis	

F IGURE  1 Expression	of	TRA-	1-	60,	and	conventional	stem	cell	markers	(Oct3/4,	ALDH1)	in	the	germinal	center	and	double	
immunostaining.	A,	All	markers	were	expressed	in	a	part	of	the	germinal	center	cells.	Oct3/4	was	positive	for	a	part	of	the	centroblasts	and	
centrocytes,	ALDH1	was	positive	for	a	part	of	the	centroblasts	and	follicular	dendritic	cells,	and	TRA-	1-	60	was	positive	for	a	part	of	the	
centroblasts	and	centrocytes	(×10).	B,C,	Most	of	the	TRA-	1-	60	was	coexpressed	with	CD20	rather	than	with	CD3	(×20,	respectively).	D,	
Comparable	number	of	CD21-	positive	cells	(follicular	dendritic	cells	[FDC])	expressed	ALDH1	inside	the	germinal	center	(×40). 
	E,	Double	immunofluorescence	of	TRA-	1-	60	and	ALDH1	showed	that	most	TRA-	1-	60	was	not	coexpressed	with	ALDH1	(×40).	F,	Double	
immunofluorescence	of	TRA-	1-	60	and	Ki-	67	showed	TRA-	1-	60-	positive	cells	negative	for	Ki-	67,	suggesting	that	they	were	in	the	resting	
stage	in	the	cell	cycle	(×40).	GC,	germinal	center
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F IGURE  2 Representative	TRA-	1-	60	expression	in	primary	follicular	lymphoma	(FL)	samples	by	an	initial	biopsy.	A,	TRA-	1-	60-	expressing	
cells	shared	CD20	expression	inside	neoplastic	follicle	of	FL	(grade	1)	(×40).	B,	TRA-	1-	60-	positive	cells	were	located	at	perivascular	area	by	
immunohistochemistry	(left;	×4,	middle;	×40).	HEV,	high	endothelial	venule.	Double	immunofluorescence	with	Factor	VIII	(green)	and	TRA-	
1-	60	(red)	(right;	×60).	C,	TRA-	1-	60-	positive	cells	coexpressed	with	both	CD10	and	BCL2	by	combination	of	double	immunofluorescence.	
TRA-	1-	60	(Alexa	350;	blue),	Bcl-	2	(Alexa	488),	CD10	(Cy3).	Bcl-	2-	CD10	double-	positive,	TRA-	Bcl-	2	double-	positive,	and	TRA-	CD10	double-	
positive	cells	are	indicated	by	dotted	circles	in	each	image	(×40).	D,	ALDH1A1-	positive	cells	were	follicular	dendritic	cells	as	seen	in	the	
non-	neoplastic	germinal	center,	and	some	cells	coexpressed	with	Ki-	67	(×40;	depicted	by	arrowheads).	Inset;	enlarged	image	of	the	double-	
positive	cell.	E,	TRA-	1-	60-	positive	cells	were	negative	for	Ki-	67	(arrowheads)
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F IGURE  3 Microdissection	and	long-	distance	PCR	for	chromosomal	translocation	t(14;18),	and	TRA-	1-	60	expression	in	paired	primary	
and	relapsed	follicular	lymphoma	(FL)	samples.	A,	Single-	cell	dissection	for	TRA-	1-	60-	positive	cells	on	the	FL	specimen	(left	panel),	and	
the	semi-	nested	PCR	products	after	long-	distance	PCR	detecting	t(14;	18)	in	each	FL	patient	sample.	The	PCR	product	from	TRA-	positive,	
TRA-	negative,	and	CD3-	positive	cells	were	electrophoresed	in	the	same	agarose	gel.	B,	Direct	DNA	sequencing	of	the	amplicons	obtained	
by	semi-	nested	PCR	shown	in	(A).	Gel	image	of	each	lane	by	PCR	with	the	same	patient	number	was	obtained	from	the	single	agarose	
gel,	respectively.	C,	Compared	to	the	primary	sample,	the	number	of	TRA-	1-	60-	positive	cells	in	the	recurrent	samples	increased	at	the	
perivascular	areas	of	FL	tissue.	Tissues	of	patient	#5	are	shown.	D,	TRA-	1-	60-	positive	cells	increased	in	all	recurrent	samples	approximately	
2-	fold	to	8-	fold,	and	the	increase	was	statistically	significant	in	all	pairwise	samples	(all	cases	within	P < 0.05)
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F IGURE  4 Drug	treatment	assay	for	the	two	follicular	lymphoma	(FL)-	derived	cell	lines,	FL-	18	and	DOHH2,	and	their	difference	for	
TRA-	1-	60-	positive	cells	with	or	without	rituximab	treatment.	A,	Drug	concentration	was	set	to	that	at	which	half	of	the	treated	cells	died.	B,	
In	the	rituximab-	plus-	IgG	treated	group,	TRA-	1-	60-	positive	cells	increased	10-	fold	in	12	h	(0.61%	vs	0.06%)	and	26-	fold	(1.34%	vs	0.05%)	in	
24	h	in	FL-	18	cells;	and	increased	4-	fold	(0.43%	vs	0.09%)	in	12	h	and	19-	fold	(0.96%	vs	0.05%)	in	DOHH2	cells	24	h	after	treatment.	 
C,	Results	are	summarized	in	the	graphs	(vertical	axis	of	the	graphs	in	C	indicate	the	number	of	TRA-	positive	cells)	(***P < 0.001,	respectively,	
at	all	time	points).	D,	Double	immunostaining	in	combination	among	ALDH1A1,	Oct3/4,	and	TRA-	1-	60	by	FACS	analysis	shows	that	TRA-	1-	60	
was	detected	in	a	narrower	population	compared	to	ALDH1A1	or	Oct3/4
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using	 Annexin	 V	 on	 FL-	18	 cells	 showed	 that	 the	 majority	 of	 the	
TRA-	1-	60-	positive	cells	in	the	rituximab-	treated	group	was	Annexin	
V-	negative,	demonstrating	drug	resistance	(Figure	S3B).	These	TRA-	
expressing	 lymphoma	 cells	 are	 positive	 for	 conventional	 stem	 cell	
markers	 such	 as	 ALDH1A1	 and	 Oct3/4	 by	 FACS	 analysis	 (Figure	
S4).	Consequently,	the	TRA-	1-	60-	positive	cell	population	converges	
nearly	perfectly	with	the	Oct3/4-	positive	or	ALDH1-	positive	popu-
lation	in	both	FL-	18	and	DOHH2	cells	(Figure	4D).

3.6 | Tumor initiation by TRA- 1- 60- positive  
FL- 18 cells

TRA-	1-	60-	positive	FL-	18	cells	were	purified	by	FACS	Aria.	Cell	sort-
ing	was	 independently	 carried	out	 three	 times,	 and	each	 time	 the	
purity	of	the	positive	cell	fraction	was	approximately	70%,	whereas	
the	negative	 fraction	 contained	0.1%	of	TRA-	positive	 cells	 among	
total	cells	(Figure	5A).	From	each	sorted	sample,	2	×	103	of	the	TRA-	
positive	 and	 TRA-	negative	 cells	 were	 s.c.	 implanted	 on	 opposite	
sides	of	the	back	of	the	same	NOD/SCID	mouse,	respectively.	Three	
months	after	transplantation,	tumor	development	was	evaluated	in	
each	mouse.	Subsequently,	evident	tumor	formation	was	observed	
in	 the	 TRA-	1-	60-	positive	 population,	 whereas	 the	 TRA-	1-	60-	
negative	population	developed	diminutive,	or	no	tumors	(Figure	5B,	
left	images,	Figure	S5).	Both	the	average	volume	and	weight	of	the	
tumors	 from	mice	 implanted	with	purified	TRA-	positive	cells	were	
approximately	 10-	fold	 greater	 than	 those	 from	 the	 TRA-	negative	
fraction	(Figure	5B,	right	graphs).	Histology	of	the	resultant	tumors	
showed	nodular	proliferation	of	human	CD20-	positive	 large	B-	cell	
lymphoma	 (Figure	5C).	 TRA-	1-	60-	expressing	 tumor	 cells	 were	 im-
munohistochemically	detected	at	a	similar	frequency	to	those	from	
FL	patient	samples.

3.7 | TRA- 1- 60- expressing cells showed resistance 
to therapeutic agents

In	vivo	tumor-	initiating	capacity	of	TRA-	expressing	cells	inspired	our	
detailed	assessment	of	the	cellular	response	to	the	present	clinical	
agents	against	B-	cell	lymphomas.	Using	the	two	FL	lines,	FL-	18	and	
DOHH2,	as	a	model,	drug	response	of	the	TRA-	1-	60-	positive	cellu-
lar	fraction	was	compared	with	that	of	the	TRA-	1-	60-	negative	frac-
tion	 (total	of	5	×	104	 cells	prepared	by	 sorting,	 respectively).	 Each	
fraction	was	treated	with	bendamustine	alone,	or	with	rituximab	in	
combination	 with	 bendamustine,	 and	 subsequently	 examined	 for	
apoptotic	 induction	 using	Annexin	V	 at	 24	hours	 after	 drug	 treat-
ment.	 In	 the	 bendamustine-	treated	 group	 of	 FL-	18	 and	 DOHH2,	
apoptotic	 cell	 numbers	 were	 significantly	 lower	 in	 the	 TRA-	1-	60-	
positive	cell	fraction	than	in	the	TRA-	1-	60-	negative	fraction	in	each	
line	 (P < 0.0001 and P = 0.0014	<	0.005,	 respectively).	 A	 similar	
phenomenon	was	observed	in	the	combination	treatment	of	rituxi-
mab	with	bendamustine	in	each	line	(P < 0.0001 and P < 0.001,	re-
spectively)	(Figure	6A,B),	indicating	that	the	TRA-	1-	60-	positive	cell	
population	was	markedly	resistant	to	current	therapeutic	agents	for	
B-	cell	lymphomas.

3.8 | Molecular signature of TRA- 1- 60- expressing 
follicular lymphoma cells

TRA-	1-	60-	positive	FL	cells	from	FL-	18	and	DOHH2	were	enriched	by	
FACS	Aria	by	more	than	70%	and	the	enriched	population	showed	a	
majority	of	the	cells	in	G0/G1	cycle	arrest	(Figures	S6A,B	and	S7A,B).

To	 genetically	 overview	 the	 phenotypic	 characteristics	 of	 the	
TRA-	1-	60-	expressing	population,	gene	expression	profile	was	carried	
out	 with	 both	 TRA-	1-	60-	positive	 and	 TRA-	1-	60-	negative	 popula-
tions	of	FL-	18	and	DOHH-	2	cell	lines.	Detailed	information	with	gene	
names	and	fold	changes	are	shown	in	Tables	S1-S4,	and	supervised	
hierarchical	clustering	on	406	differentially	expressed	gene	is	shown	
in	Figure	S8.	As	transporter	genes	including	solute	carrier	(SLC)	family	
genes	were	listed	in	the	top	20	genes	in	the	upregulated	gene	catego-
ries	according	to	the	P-	value	and	Q-	value,	we	more	thoroughly	inves-
tigated	the	refractory	molecules	by	focusing	on	drug	transporter	and	
cancer	chemoresistance	genes	using	real-	time	RT-	PCR	between	TRA-	
positive	cells	and	TRA-	negative	cells	from	FL-	18	and	DOHH2,	respec-
tively.22-24	Results	of	expression	profiling	showed	a	similar	molecular	
signature	between	FL-	18	and	DOHH2	(Figure	6C,	Tables	S5	and	S6).	
In	detail,	expression	of	ABC	transporters	including	ABCA13,	ABCB11,	
ABCB5,	 SLCO1B3	 on	 TRA-	1-	60-	positive	 cells	 was	 increased	 more	
than	three-	fold	(Table	S5)	compared	with	those	on	TRA-	negative	cells	
both	in	FL-	18	and	DOHH2,	and	expression	of	ABCG8	was	upregulated	
to	14-	fold	in	the	TRA-	positive	FL-	18	population	(Table	S5).	Among	the	
CYP	 (cytochrome P450)	 genes,	 expression	of	CYP2C9	 on	TRA-	1-	60-	
positive	cells	was	 increased	to	over	three-	fold;	subsequently,	 those	
of	CYP1A1,	1A2,	2B6,	2C19,	3A4,	and	3A5 were augmented by com-
parison	with	 those	of	 the	negative	 fraction	 in	 the	 same	 line	 (Table	
S6).	Moreover,	some	of	 the	tumor-	related	transcription	factors	and	
receptors	such	as	Fos,	TNFRSF11a	(over	three-	fold),	followed	by	MET,	
CDKN2D,	 EGFR,	 ERBB4,	 ESR2,	MVP,	 SULTE1 and NFkBIE etc. were 
induced	 by	 their	 expression	 in	 the	 TRA-1-60-positive	 population	
compared	with	those	 in	the	negative	population	 (Table	S6).	Among	
these,	 upregulation	 of	 immediate	 early	 gene,	 c-fos,	 expression	was	
remarkably	high	in	the	TRA-	1-	60-	positive	population	(74-	fold	upreg-
ulation	in	DOHH2,	13-	fold	upregulation	in	FL).	Consequently,	as	a	no-
ticeable	tendency,	expression	of	multiple	genes	categorized	to	drug	
transporters	and	the	CYP	family	were	significantly	induced	in	TRA-	1-	
60-	positive	lymphoma	cells	in	contrast	to	TRA-	negative	cells,	which	
supported	the	drug-	resistant	characteristics	of	the	TRA-	positive	pop-
ulation	as	was	shown	in	the	heatmap	analysis	and	in	the	tables.

4  | DISCUSSION

For	most	B-	cell	lymphomas,	it	is	widely	accepted	that	rituximab	has	
contributed	to	disease-	free	survival.25	However,	a	serious	clinical	
concern,	 especially	 for	 intractable	 lymphomas,	 is	 frequent	 tumor	
relapse	under	rituximab	treatment	and	one	of	these	is	represented	
by	follicular	 lymphomas.	Recently,	 the	concept	of	the	“cancer	 ini-
tiating	 cell”	 has	 gained	 traction	 for	 explaining	 therapeutic	 failure	
and	 relapse	 for	 several	 types	 of	 malignancies,	 because	 of	 their	
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therapeutically	 resistant	 feature	 against	 antitumor	 agents	 and	 ir-
radiation.21	 In	 the	meantime,	 studies	 in	 the	 field	 of	 regenerative	
medicine	have	provided	 information	about	several	critical	cellular	
markers	such	as	Oct3/4	and	ALDH1	for	 identifying	the	stem	cell,	

and	 TRA-	1-	60	 has	 been	 reported	 as	 the	 most	 reliable	 indicator	
among	these.14

In	the	present	study,	our	aim	was	to	find	a	clue	for	such	recalcitrance	
of	follicular	lymphomas,	which	may	clinically	lead	to	recurrence	and	fatal	

F IGURE  5 Results	of	sorting	for	TRA-	1-	60-	positive	cells	and	tumor-	forming	capacity	for	the	in	vivo	model.	A,	Purity	of	sorted	TRA-	1-	
60-	positive	population	was	approximately	70%.	B,	Results	of	implantation	to	NOD/SCID	mouse.	All	but	one	TRA-	1-	60-	negative	population	
formed	tumors	(left).	Tumor	volume	and	tumor	weight	(right,	***P < 0.001).	C,	Histology	of	xenograft	tumors	shows	vague	nodular	
proliferation	of	human	CD20-	positive	large	B-	cell	lymphoma
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F IGURE  6 Drug	sensitivity	assay	for	TRA-	1-	60-	positive	or	-	negative	population	and	molecular	signature	of	the	TRA-	1-	60-	positive	
lymphoma	cells.	A,	In	the	bendamustine	treatment	group,	there	were	fewer	apoptotic	cells	in	the	TRA-	1-	60-	positive	population	than	in	
the	TRA-	1-	60-	negative	population	both	in	FL-	18	and	DOHH2;	there	were	fewer	apoptotic	cells	within	the	TRA-	1-	60-	positive	population	in	
the	rituximab-	plus-	bendamustine	treatment	group	in	these	two	follicular	lymphoma	(FL)	lines.	B,	Apoptotic	induction	on	TRA-	positive	and	
-	negative	fractions	of	the	two	FL	lines	in	response	to	bendamustine	alone	(left	graph),	or	rituximab-	plus-	bendamustine	(right	graph).	Data	
were	obtained	from	the	FACS	analysis	shown	in	(A)	(**P <0.01,	***	P < 0.001).	C,	Heatmap	visualization	of	the	expression	profiling	covering	
168	drug	resistance-	related	genes.	Fold	change	of	a	target	gene	expression	in	the	FL-	18	and	DOHH2	cell	lines	was	calculated	by	dividing	the	
expression	value	of	TRA(+)	by	that	of	TRA(-	),	and	it	was	log2	transformed
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progression.	From	this	point	of	view,	it	might	be	reasonable	that	TRA-	1-	60-	
expressing	 lymphoma	 cells	 consequently	 share	biological	 characteristics	
with	conventional	cancer	stem	cells	to	some	extent,	although	the	details	
remain	unclear	as	to	whether	or	not	they	actually	have	self-	renewal	abil-
ity	and	are	actual	progenitors	of	FL.	We	first	screened	germinal	centers	
of	reactive	 lymphoid	tissue	and	found	that	TRA-	1-	60-	expressing	B	 lym-
phocytes	were	recognized	as	a	scattered	pattern	inside	germinal	centers	
without	mitotic	activity,	unlike	most	of	the	germinal	center	cells	showing	
Ki-	67	positivity.	As	a	neoplastic	counterpart,	they	were	also	detected	in	fol-
licular	lymphoma	tissues	with	similar	frequency,	which	was	demonstrated	
by	t(14;	18)(q32;	q21)	chromosomal	translocation	(bcl-2/IgH	fusion).	These	
cells	were	predominantly	 located	at	perivascular	areas	 in	the	FL	tissues.	
Significantly,	the	number	of	TRA-	1-	60-	positive	cells	was	markedly	elevated	
in	the	recurrent	samples	from	patients	with	FL	who	received	R-	CHOP	ther-
apy	relative	to	the	primary	samples	from	the	same	patient.	Supporting	the	
results	of	tissue	analysis,	an	in	vitro	assay	using	FL-	18	and	DOHH2	as	a	FL	
model	 line	demonstrated	 the	escape	of	TRA-	1-	60-	expressing	cells	 from	
elimination	by	rituximab.	Thus,	the	resistance	of	these	cells	was	corrobo-
rated	by	antitumor	drug	assay.	Moreover,	they	immunophenotypically	con-
verged	to	the	Oct3/4	and	ALDH1-	positive	population,	indicating	TRA-	1-	60	
is	a	potent	marker	for	stress	resistance	which	might	be	related	to	stemness.	
Indeed,	xenografting	only	small	numbers	of	TRA-	1-	60-	expressing	cells	(ap-
proximately	1400	of	TRA+	cells)	led	to	tumor	formation	in	NOD/SCID	mice,	
whereas	the	negative	fraction	developed	no	prominent	tumors.

Recently,	besides	the	current	standard	chemotherapy	of	R-	CHOP,	
treatment	 by	 bendamustine	 combined	with	 rituximab	 has	 emerged	
as	 a	more	 effective	 therapy	 for	 relapsed	 or	 refractory	 FL.	 This	 ad-
vanced	 therapy	 is	 reported	 to	 improve	 progression-	free	 survival,26 
and	is	expected	to	be	the	first-	line	treatment	approach	going	forward.	
However,	TRA-	1-	60-	positive	populations	 showed	pronounced	 resis-
tance	to	bendamustine	as	well	as	to	rituximab,	which	may	be	partly	
explained	 by	 simultaneous	 upregulation	 of	 diverse	 isotypes	 of	ABC 
transporter	and	CYP	genes	as	was	demonstrated	by	expression	profil-
ing,	held	to	impart	resistance	to	antitumor	agents.	Moreover,	several	
genes	such	as	Fos,	MET,	NFkBIE,	and	TNFRSF11a	(also	known	as	RANK)	
were	found	to	be	upregulated	in	TRA-	1-	60-	expressing	FL	cells,	which	
have	been	reported	 to	play	diverse	 roles	 in	 tumorigenesis,	 intracta-
bility	against	 therapeutics,	 and	 induction	of	 stem-	like	phenotype	 to	
tumors.27,28	Especially,	upregulation	of	c-Fos,	an	immediate	early	tran-
scription	factor	gene,	was	the	most	remarkable;	however,	its	concrete	
function	in	TRA-	1-	60-	expressing	FL	cells	remains	unclear	in	this	study.

We	conclude	that,	although	further	 investigation	for	molecular	
insights	will	be	necessary,	 it	 is	now	clear	 that	TRA-	1-	60	should	be	
a	 prominent	 focus	 among	 cellular	 markers	 in	 follicular	 lymphoma	
research,	by	which	we	ultimately	hope	 to	explain	clinical	 intracta-
bility	 against	 current	 rituximab-	combination	 and	 other	 therapies,	
and	to	better	understand	the	unique	population	among	a	range	of	
lymphoma	cell	types.
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