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1  | INTRODUC TION

Glioblastoma (GBM) is a highly infiltrative and aggressive primary 
brain tumor, and the effectiveness of the conventional surgical, 
radiotherapeutic, and chemotherapeutic modalities remains poor. 

Patients with GBM have a dismal prognosis with median survival of 
only approximately 1 year1 with the vast majority of patients pro-
gressing within 6 months of diagnosis.2 The prognosis for patients 
with malignant gliomas has remained largely unchanged over the last 
two decades.
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Glioblastoma (GBM) is a highly infiltrative and malignant primary brain tumor. Despite 
aggressive therapy, patients with GBM have a dismal prognosis with median survival 
of	approximately	1	year.	Tamoxifen	(TAM),	a	selective	estrogen	receptor	modulator	
(SERM),	has	been	used	to	 treat	GBM	for	many	years.	ER-	α36 is a novel variant of 
 estrogen receptor- alpha66 (ER- α66) and can mediate cell proliferation through 
 estrogen or anti- estrogen signaling in different cancer cells. Previously, we found 
that ER- α36 was highly expressed in GBM and was involved in the tamoxifen sensi-
tivity	of	glioblastoma	cells.	However,	the	molecular	mechanism	responsible	has	not	
been	well	established.	Here,	we	found	that	ER-	α36 is highly expressed in glioblas-
toma specimens. We further found that ER- α36 knockdown increased sensitivity of 
glioblastoma	U87	cells	 to	TAM	and	decreased	autophagy	 in	 these	 cells.	However,	
ER- α36	overexpression	decreased	TAM	sensitivity	and	induced	autophagy.	We	also	
established	TAM-	resistant	glioblastoma	U251	cells	by	a	 long-	term	culture	 in	TAM-	
containing	medium	and	found	that	TAM-	resistant	cells	showed	a	six-	fold	increase	of	
ER- α36	mRNA	expression	and	elevated	basal	autophagy.	ER-	α36 knockdown in these 
TAM-	resistant	cells	restored	TAM	sensitivity.	In	addition,	we	recapitulated	the	physi-
ologically relevant tumor microenvironment in an integrated microfluidic device, and 
U87	cells	were	treated	with	a	gradient	of	TAM.	We	found	that	ER-	α36 expression is 
consistent	with	autophagy	protein	P62	in	a	three-	dimensional	microenvironment.	In	
summary, these results indicate that ER- α36 contributes to tamoxifen resistance in 
glioblastoma cells presumably through regulation of autophagy.
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Tamoxifen	 (triphenylethylene	 compound,	TAM)	has	been	used	
as the first- line treatment for estrogen receptor (ER)- positive breast 
cancer for many years.3	However,	 the	effectiveness	of	TAM	ther-
apy is limited as most advanced breast tumors eventually recur 
with	 acquired	 resistance	despite	 initial	 responsiveness	 to	TAM.4,5 
Previously, Wang et al6 reported cloning a 36- kDa variant of  ER- α66, 
ER- α36, that is mainly expressed in the cytoplasm and at the plasma 
membrane. ER- α36 mediates rapid non- genomic estrogen signaling 
such	as	the	ERK1/2	and	the	PI3K/AKT	pathways.		ER-	α36 lacks both 
AF-	1	 and	AF-	2	 transcriptional	 activation	 domains	 and	 retains	 the	
DNA-	binding	 and	 dimerization	 domain,	 and	 partial	 ligand-	binding	
domains of the 66 kDa ER- α (ER- α66).7,8 ER- α36	 has	 a	 unique	 27	
amino acid domain to replace the last 138 amino acids encoded by 
exons	7	and	8	of	ER-	α66. Different groups reported that ER- α36 is 
expressed in human breast cancer, human bone tissue, glioma cells, 
hippocampus, and neuron- like PC12 cells.9-11	 Li	 et	al12 found that 
ER- α36	is	 involved	in	development	of	acquired	TAM	resistance	by	
regulating the growth status switch in breast cancer cells.

Several	studies	have	reported	that	TAM	showed	anti-	glioma	ac-
tivity in vitro and in vivo.13,14 GBM patients responded to chronic 
high-	dose	TAM	alone	or	in	combination	with	other		cytotoxic	agents,	
such as temozolomide, procarbazine and radiotherapy;15-17 however, 
in	 several	 institution	 trials,	 TAM	 showed	minimal	 	activity	 in	GBM	
patients with recurrent glioblastoma.18 Clinical studies  indicated 
most	GBM	responding	initially	to	TAM		treatment		recurred	as	a	TAM-	
resistant	tumor.	A	subset	of	patients	were		observed	to	benefit	from	
the	extended	use	of	TAM.19	TAM	has	been	shown	to	inhibit	glioma	
cell proliferation and induce apoptosis through activation of multiple 
upstream pathways in vitro.20	Our	laboratory	reported	that	ER-	α36 
is involved in the regulation of tamoxifen sensitivity in glioblastoma 
cells, suggesting a possible role of ER- α36	in	TAM	resistance.9

Autophagy,	 a	 lysosome-	dependent	 degradation	 pathway	
of self- constituents and in response to nutrient starvation or 
oxidative stress, leads to the formation of amino acids, fatty 
acids	and	ATP,	hence	ensuring	homeostasis	and	cell	 survival.21 
It	 is	 now	widely	 accepted	 that	 in	 response	 to	 various	 chemo-
therapeutic drugs, radiation, and targeted therapeutics, dying 
cells show large- scale accumulation of autophagic vacuoles.22 
Autophagy	 is	 also	 observed	 in	 the	 case	 of	 GBM	 in	vitro	 and	
in vivo.23,24	 TAM	 is	widely	 accepted	 as	 a	 potent	 autophagy	 in-
ducer.25 Graham et al26	 reported	 that	TAM	 induces	autophagic	
death in GBM cell lines and could provide new therapies for glio-
blastoma	patients.	Kohli	et	al	 reported	that	high	 levels	of	TAM	
could induce autophagy in malignant peripheral nerve sheath 
tumors through the K- Ras signaling pathway, increasing the an-
titumor	effect	of	TAM.13	In	addition	to	apoptotic	cell	death,	cells	
treated	with	TAM	also	show	large-	scale	autophagic	vacuole	(AV)	

accumulation,	suggesting	a	possible	role	for	autophagy	in	TAM-	
induced cell death.27

In	the	present	study,	we	studied	the	growth	inhibitory	activity	of	
TAM	in	GBM	U87	and	U251	cells.	We	found	that	high	levels	of	ER-	α36 
resisted	TAM-	mediated	cell	apoptosis	through	autophagy	induction	by	
inhibition	of	the	AKT/mTOR	signaling	pathway.	We	found	that	ER-	α36 
expression	attenuated	TAM	growth	inhibitory	activity.	In	addition,	we	
also found surprisingly large consistent levels of ER- α36 and autoph-
agy protein P62 expression. These results provided novel insights into 
the	underlying	mechanism	of	the	antiproliferative	properties	of	TAM	
and generated new opportunities for future treatment of GBM.

2  | MATERIAL S AND METHODS

2.1 | Reagents

Tamoxifen,	 estrogen	 receptor	 antagonist	 ICI182	 780,	 subtype	 se-
lective ERα	 agonist	 PPT	 (4,4′,4″-	(4-	propyl-	1H-	pyrazole-	1,3,5-	tri
yl)	 trisphenol),	 autophagic	 inhibitor	 3-	MA	 (3-	methyladenine)	 and	
CQ	(chloroquine)	were	purchased	from	Sigma	(St	Louis,	MO,	USA).	
Rabbit polyclonal anti- ER- α36 antibody, ER- α36 expression vec-
tor and ER- α36	specific	modulator	(IC162)	were	from	Dr	ZY	Wang	
(Creighton	 University	 Medical	 School).	 Rabbit	 monoclonal	 anti-	p-	
Akt,	anti-	Akt,	anti-	p-	mammalian	 target	of	 rapamycin	 (mTOR),	anti-	
mTOR,	 anti-	Bcl-	2	 and	mouse	monoclonal	 anti-	glial	 fibrillary	 acidic	
protein	(anti-	GFAP)	were	purchased	from	Cell	Signaling	Technology	
(Boston,	 MA,	 USA).	 Rabbit	 monoclonal	 anti-	LC3B	 was	 purchased	
from	Abgent	(San	Diego,	CA,	USA),	anti-	β- actin was purchased from 
Boster	(Wuhan,	China),	and	rabbit	polyclonal	anti-	GAPDH,	P53,	and	
caspase3 were from Proteintech (Wuhan, China).

2.2 | Tumor specimens

From	2004	to	2015,	a	total	of	31	glioblastoma	tissue	samples	were	
obtained	 from	 patients	 at	 the	 First	 Affiliated	 Hospital	 of	 Dalian	
Medical University. Patients with infiltrative glioblastoma were 
aged	between	25	and	83	years.	No	patients	received	any	radiation,	
chemotherapy, or endocrine therapy before surgical resection. Their 
relatives gave written informed consent which was approved by the 
Ethics	Committee	on	the	Use	of	Human	Subjects	(The	First	Affiliated	
Hospital	of	Dalian	Medical	University).

2.3 | Cell culture, treatment and viability assay

Glioblastoma	U87	and	U251	were	obtained	from	ATCC	(Manassas,	
VA,	USA).	Stable	cell	line	(U87-	36KD)	was	established	as	described	
in our previous study.9	All	cells	were	maintained	in	DMEM	with	10%	

F IGURE  1 ER- α36	was	overexpressed	in	glioblastoma	specimen.	A,	Immunohistochemistry	stained	ER-	α36 expression in human 
glioblastoma.	B,	Immunofluorescence	(IF)	staining	of	ER-	α36	(green)	and	anti-	glial	fibrillary	acidic	protein	(GFAP)	(red)	in	human	glioblastoma.	
Nuclei	were	counterstained	with	DAPI	(blue).	C,	IF	staining	of	ER-	α36	in	U87	and	U251	cells	(green).	Nuclei	were	counterstained	with	DAPI	
(blue). D, Western blot analysis shows the expression of ER- α36	in	U87	and	U251	cells,	with	β-	actin	as	internal	control.	(n=3-5,	**P < 0.01) 
ER, estrogen receptor
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FBS	at	37°C	in	5%	CO2.	For	TAM	treatment,	cells	were	maintained	
in	 phenol	 red-	free	 DMEM	 media	 with	 5%	 charcoal-	stripped	 FBS	
(Hyclone,	South	Logan,	UT,	USA)	for	24	hours.	The	cells	were	then	
treated	with	TAM	for	different	time	periods	as	indicated.

For cell viability assay, cells were treated with different con-
centrations	of	TAM,	or	vehicle	(DMSO)	as	control.	Cells	(2.5	×	104/
mL)	were	seeded	into	96-	well	dishes,	and	cell	viability	was	analyzed	
using the MTT method after different time periods.

2.4 | Transfection

Cells	were	seeded	at	3	×	105 in six- well plates or cultured for 24 hours 
before transfection. ER- α36	shRNA	(1	μg) and 4 μg ER- α36 expression 
vector	was	mixed	with	Lipofectamine	2000	reagent	 (Thermo	Fisher	
Scientific,	Waltham,	MA,	USA)	and	incubated	for	20	minutes	at	room	
temperature	 before	 addition	 to	 cultured	 cells.	 Efficiency	 of	 siRNA	
knockdown was assessed with western blot and RT- PCR analysis.

2.5 | Western blot

Cells were lysed in a cold lysis buffer. Concentration of total protein 
was determined by the Bradford method. Proteins were separated 
by	SDS-	PAGE	analyzed	with	western	blot	as	described	previously.9

2.6 | RNA purification and real- time PCR

TRIzol	RNA	purification	reagent	was	used	to	extract	total	RNA.	Total	
RNA	 (1	μg)	was	reversely	 transcribed	using	the	ProtoScript	 II	RT-	PCR	
kit (Takara, Dalian, China). Real- time PCR analysis of ER- α36,	BECLIN-	1,	
ATG-	5,	ATG-	12,	and	p62	was	carried	out	using	gene-	specific	primers	
as follows. ER-α36:	 forward,	 5′-	CCAAGAATGTTCAACCACAACCT-	3′,	
	reverse,	5′-	GCACGGTTCATTAACATCTTTCTG-	3′;	BECLIWN-1: forward, 
5′-	ATGCAGGTGAGCTTCGTGTG-	3′,	reverse,	5′-	CTGGGCTGTGGTAAG 
TAATGGA-	3′;	ATG-5:	forward,	5′-	AAAGACCTTCTGCACTGTCCATC-	3′,	
reverse,	5′-	AATCCCATCCAGAGTTGCTTGT-	3′;	ATG-12:	forward,	5′-	ATG
AAAACAAAGAAGTGGGCAGTAG-	3′,	reverse,	5′-	GGTCTGGGGAAGG 
AGCAA	 A-	3′;	 p62:	 forward,	 5′-	GAGGGGAAAATATCAGTTATGAGCA
-	3′,	 reverse,	 5′-	TGGAATAAGGTGGGGAGAAGAA-	3′;	 hGAPDH:	 for-
ward,	 5′-	GGCACAGTCAAGGCTGAGAATG-	3′,	 reverse,	 5′-	ATGGTGG 
TGAAGACGCCAGTA-	3′.

2.7 | Acridine orange staining

Cells	(5	×	103) were seeded onto glass coverslips coated with poly- l- 
lysine.	Cells	were	treated	with	different	concentrations	of	TAM	and	
then	fixed	with	methanol/ethanol	for	10	minutes,	washed	with	PBS	
for 3 times. Cells were exposed to 1 μg/mL	acridine	orange	(AO)	for	

F IGURE  2 High	expression	of	ER-	α36	was	resistant	to	tamoxifen	(TAM)	in	glioblastoma	cells.	Cells	were	treated	with	indicated	
concentrations	of	TAM	for	24	h	or	5	μmol/L	TAM	for	different	time	periods.	A,B,	MTT	analysis	of	cell	viability	of	glioma	cells.	C,D,	qPCR	
analysis of ER- α36	in	U87	and	U251	cells	(n	=	5,	*P	<	0.05,	**P < 0.01 vs control). ER, estrogen receptor
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F IGURE  3 Tamoxifen	(TAM)	induced	glioma	cell	autophagy.	A,	U87-	MG	cells	were	treated	with	5	μmol/L	TAM	for	different	time	periods.	
Mitochondrial	membrane	potentia	was	analyzed	using	flow	cytometry.	B,	Western	blot	analysis	of	the	expression	of	P53	and	Bcl-	2.	C,	Cells	
were	treated	with	5	μmol/L	TAM	for	different	time	periods,	and	then	stained	with	acridine	orange	and	examined	under	a	fluorescence	
microscope.	D,	Western	blot	analysis	of	the	accumulation	of	LC3-	II	in	U87-	MG	cells	that	were	treated	with	TAM	(5	μmol/L)	for	different	
time	period.	E,	p-	Akt,	Akt,	p-	mTOR	and	mTOR	protein	levels	were	estimated	by	western	blot	analysis.	F,	RT-	PCR	examination	of	autophagy	
pathway	in	mRNA	expression.	Beclin-	1,	ATG-	5,	ATG-	12,	P62	(n	=	5,	*P	<	0.05,	**P < .01	vs	control).	mTOR,	mammalian	target	of	rapamycin
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30	minutes	at	37°C	and	washed	with	PBS	three	times.	CaCl2 was used 
as color separation for 40 minutes. Fluorescent signals were detected 
and	 photographed	with	 a	 fluorescence	microscope	 (Olympus	 IX51;	
Olympus,	 Tokyo,	 Japan).	 Quantitative	 statistics	 were	 calculated	 by	
ImageJ	software	(NIH,	Bethesda,	MD,	USA)

2.8 | Measurement of mitochondrial 
membrane potential

To assess mitochondrial membrane potential, rhodamine- 123 was used. 
U87	and	U251	were	seeded	at	5	×	105/mL	in	six-	well	plates	for	24	hours.	
Cells	were	treated	with	5	μmol/L	TAM	for	different	 time	periods	and	
washed	twice	with	PBS.	The	cells	were	then	treated	with	1	μmol/L	rho-
damine-	123	for	30	minutes	at	37°C,	and	analyzed	with	flow	cytometry	
(BD	Accuri	C6;	NJ,	USA).

2.9 | Immunohistochemistry

Immunohistochemical	 staining	 was	 carried	 out	 using	 S-	P	 kits	
(Zhongshan Goldenbridge Biotechnology, Beijing, China). Extent and 
cellular distribution of staining was evaluated by two investigators. 
ER- α36 expression in glioblastoma samples was determined positive 
when	more	than	10%	of	the	tumor	cells	showed	ER-	α36 expression.

2.10 | Immunofluorescence

Slides	were	deparaffinized	with	xylene,	 rehydrated	with	ethanol,	and	
then	antigen	retrieval	was	carried	out	in	10	mmol/L	citrate	buffer.	After	

blocking	with	5%	BSA	for	1	hour,	the	samples	were	incubated	with	spe-
cific antibodies (ER- α36,	P62,	Ki67,	GFAP)	at	4°C	overnight,	followed	by	
incubation with fluorescein- conjugated goat antimouse/rabbit antibod-
ies (Zhongshan Goldenbridge Biotechnology). Fluorescent signals were 
detected	and	photographed	with	a	fluorescence	microscope	(Olympus	
IX51;	Olympus).	For	GBM	spheroid	analysis,	 fluorescent	signals	were	
detected	by	confocal	microscopy	(Leica	SP8;	Leica,	Wetzlar,	Germany).

2.11 | Generation of TAM- resistant cell line

Glioblastoma	U251	 cells	were	maintained	 in	 culture	medium	 con-
taining	increasing	concentrations	of	TAM	for	several	weeks	until	all	
cells grew well in the medium containing 10 μmol/L	TAM.	The	estab-
lished	TAM-	resistant	U251	cell	line	was	named	U251/TAM.

2.12 | Invasion model establishment on a 
microfluidic device

A	microfluidic	device	was	used	for	3D	perfusion	culture,	which	was	
composed	 of	 a	 Poly-dimethylsiloxane	 (PDMS;	 Sylgard	 184;	 Dow	
Corning,	 Midland,	 MI,	 USA)	 microfluidic	 chip	 and	 a	 PDMS-	coated	
glass slide. The microfluidic chip contained a concentration gradient 
generator (CGG) unit and an open array of parallel chambers. These 
two parts were assembled to seal the microfluidic culture chambers 
and detached for sample collection.

U87	 suspensions	 at	 3.5	×	105	cells/mL	 were	 dropped	 onto	 the	
PDMS	 substrate,	 aligning	with	 the	 chambers	 in	 the	microfluidic	 chip.	
Hanging	drop	arrays	were	generated	on	the	inverted	PDMS	surface.	Rat	

F IGURE  4 Knockdown of ER- α36	in	U87	cells	leads	to	increased	sensitivity	to	tamoxifen	(TAM)	and	inhibited	autophagy.	A,B,	MTT	
analysis	of	cell	viability	of	glioma	cells.	C,	Western	blot	analysis	of	the	accumulation	of	LC3-	II	(n	=	3,	*P	<	0.05,	**P < . 01 vs control)  
##P	<	0.01	U87-36KD	vs	U87.	ER,	estrogen	receptor
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tail	collagen	type	I	(Shengyou	Biotechnology	Co.,	Ltd,	Zhejiang,	China)	at	
1.5	mg/mL	was	used	as	the	U87	spheroid	encapsulating	ECM.	For	TAM	
treatment assays, spheroids were maintained in free red- phenol with 
2.5%	charcoal-	stripped	FBS	for	24	hours.	TAM	was	added	to	one	of	the	
fluidic inlets and culture medium was added to the other inlet with flow 
rates	of	0.5	μL/min.	The	perfusion	culture	was	maintained	for	24	hours.

For viability analysis, spheroid- collagen blocks were stained with 
0.1%	calcein/propidium	iodide	(PI)/Hoechst	33324	(Solarbio,	Beijing,	
China)	for	30	minutes	at	37°C.	Immunostaining	of	the	collected	spher-
oids was used to quantify the survival ratio of GBM cells. Fluorescent 
photographs	 were	 taken	 using	 a	 confocal	 microscope	 (Leica	 SP8;	
Leica).	Quantitative	 statistics	were	 calculated	 using	 Image-	Pro	 Plus	
software	(IPP	5.0;	Media	Cybernetics,	Rockville,	MD,	USA).

2.13 | Statistical analysis

All	data	were	expressed	as	mean	±	SE.	Unpaired	Student’s	t test was 
used to test for statistical significance between the control and test 
groups. Comparisons of multiple groups were analyzed using one-  
or	two-	way	ANOVA	followed	by	post-	hoc	Tukey’s	test.	P	value	<.05	
was considered significant.

3  | RESULTS

3.1 | ER- α36 expression determined TAM 
sensitivity in glioblastoma cells

ER- α36	 expression	 is	 associated	 with	 TAM	 resistance	 in	 human	
breast cancer.28 To determine the expression pattern of ER- α36 in 
glioblastoma	 specimens,	 immunohistochemical	 (IHC)	 assays	 were	
carried out on tissue samples from 26 glioblastoma patients using an 

ER- α36- specific antibody. ER- α36	was	overexpressed	in	25	out	of	26	
(96.2%)	of	the	grade	III-	IV	glioblastoma	samples	but	was	barely	detect-
able	in	grade	I	specimens	(Figure	1A).	Regarding	cellular	localization	of	
ER- α36	within	grade	 III-	IV	glioblastoma,	we	 found	 that	ER-	α36 was 
located	 in	the	nucleus	alone	 (16%),	the	cell	membrane	or	cytoplasm	
alone	(8%),	or	diffusely	throughout	the	cell	(76%).	Figure	1B	shows	that	
ER- α36	 is	 coexpressed	with	 the	astrocyte	marker	GFAP	 in	glioblas-
toma tissues, and the level of ER- α36 was higher compared to grade 
I	 patients.	We	examined	ER-	α36	expression	 in	U87	and	U251	cells.	
As	shown	 in	Figure	1C,	ER-	α36	staining	had	stronger	signals	 in	U87	
cells	compared	to	U251	cells.	Western	blot	analysis	further	confirmed	
this	result	 (Figure	1D).	We	then	decided	to	examine	TAM	sensitivity	
in these cells. The glioblastoma cells were treated with different con-
centrations	of	TAM	for	24	hours	and	cell	viability	was	assessed	with	
the	MTT	assay.	As	shown	in	Figure	2A	and	B,	cells	treated	with	TAM	
showed	less	viability	compared	to	the	cells	treated	with	vehicle.	U251	
cells	were	more	sensitive	to	TAM	compared	to	U87	cells	(Figure	2A,B).	
We	 treated	cells	with	5	μmol/L	TAM	 for	different	 time	periods	and	
found	that	U251	cells	were	more	sensitive	to	TAM	compared	to	U87	
at the time point of 4 hours. We examined ER- α36 expression in cells 
treated	with	TAM	and	found	that	1	μmol/L	TAM	could	 increase	ER-	
α36	expression	in	U251	cells	whereas	it	required	5	μmol/L	TAM	in	U87	
cells (Figure 2C,D). Thus, our results showed that ER- α36 is  expressed 
in glioblastoma tissues and suggested that ER- α36 expression is 
	involved	in	the	regulation	of	TAM	sensitivity	in	glioblastoma	cells.

3.2 | Tamoxifen induced autophagy in 
glioblastoma cells

Change of mitochondrial membrane potential is considered an early 
apoptosis marker.29	To	determine	the	effect	of	TAM	on	cell	viability,	

F IGURE  5 Overexpression	of	ER-	α36	in	U251	cells	leads	to	decreased	sensitivity	to	tamoxifen	(TAM)	and	enhanced	autophagy.	U251	
cells overexpressed ER- α36.	A,	RT-	PCR	examination	of	ER-	α36 expression. B, MTT analysis of cell viability of glioma cells. C, Western blot 
analysis	of	the	accumulation	of	LC3-	II	(n	=	4,	**P < .01,	*P < .05	vs	control).	ER,	estrogen	receptor
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we examined mitochondrial membrane potential in glioma cells treated 
with	5	μmol/L	TAM.	As	shown	in	Figure	3A,	TAM	at	5	μmol/L	failed	to	
change	the	mitochondrial	membrane	potential	in	U87	cells.	However,	
when	U251	cells	were	treated	with	5	μmol/L	TAM,	the	cells	showed	
decreased mitochondrial membrane potential compared to the con-
trol cells treated with vehicle. We also examined the apoptotic protein 
Bcl-	2	 and	 P53	 expression.	 Results	 showed	 that	 5	μm/L	 TAM	 could	
not	upregulate	P53	in	U87	cells,	whereas	it	increased	the	expression	
of	Bcl-	2.	P53	was	 increased,	and	Bcl-	2	was	decreased	 in	U251	cells	
(Figure	3B).	 To	 determine	whether	 TAM	 also	 induces	 autophagy	 in	
glioblastoma	cells,	AO	was	used	to	stain	cells.	As	shown	in	Figure	3C,	
TAM	induced	the	accumulation	of	AO	in	the	cytoplasm	of	U87	cells	
whereas	 less	accumulation	of	AO	was	observed	in	the	control	cells.	
In	 addition,	 TAM	 also	 induced	 accumulation	 of	 LC3-	II	 in	 U87	 cells	
(Figure	3D).	Akt/mTOR	signaling	is	 involved	in	positive	regulation	of	
autophagy.30,31	 To	 determine	 whether	 TAM	 induces	 phosphoryla-
tion	of	Akt	and	mTOR	in	glioblastoma	cells,	we	treated	cells	with	TAM	
at	5	μmol/L	for	4	hours.	As	shown	in	Figure	3E,	TAM	treatment	de-
creased	phosphorylation	 levels	of	both	Akt	and	mTOR	in	U87	cells.	
To further confirm these results, we measured the expression lev-
els	of	Beclin-	1,	ATG-	5,	ATG-	12	and	P62	through	qPCR.	As	shown	in	
Figure	3F,	TAM	treatment	increased	levels	of	Beclin-	1,	ATG-	5,	ATG-	12	
expression	and	decreased	P62	expression	in	U87	cells.

3.3 | ER- α36 knockdown in U87 cells resulted in 
increased sensitivity to TAM

To examine the role of ER- α36	 in	TAM	sensitivity	of	 glioblastoma	
cells,	we	established	a	U87	cell	line	with	knocked-	down	level	of	ER-	
α36	expression	using	the	shRNA	method	appropriately	named	U87-	
36KD. We then treated these cells with different concentrations 

of	 TAM	 for	 different	 time	 periods.	 As	 shown	 in	 Figure	4A	 and	 B,	
U87-	36KD	 cells	were	more	 sensitive	 to	 TAM	compared	 to	U87/V	
cell	transfected	with	empty	vector.	After	TAM	treatment,	 levels	of	
LC3-	II/LC3-	I	were	 far	 less	 in	U87-	36KD	cells	 compared	 to	U87/V	
cells (Figure 4C). Thus, our results indicated that cells with lower 
 levels of ER- α36	expression	are	more	sensitive	to	TAM.

3.4 | Overexpression of ER- α36 in glioblastoma 
U251 cells led to decreased sensitivity to TAM

We then decided to verify whether ER- α36	is	 involved	in	TAM	sen-
sitivity	and	TAM-	induced	autophagy	in	glioblastoma	cells.	We	trans-
fected an ER- α36	expression	vector	into	U251	cells	and	established	
a	 cell	 line	 U251/36	 (Figure	5A).	When	 U251/36	 cells	 were	 treated	
with	different	concentrations	of	TAM,	we	found	that	U251/36	cells	
were	 relatively	 more	 resistant	 to	 TAM	 compared	 with	 the	 control	
cells	 transfected	with	 the	empty	vector	 (Figure	5B).	We	also	 found	
that	 LC3-	II/LC3-	I	 accumulated	more	 in	U251/36	 cells	 compared	 to	
U251/V	after	TAM	treatment	(Figure	5C).

3.5 | Tamoxifen- resistant U251/TAM cells showed 
high levels of ER- α36 expression

To confirm the involvement of ER- α36	in	TAM	resistance	of	glioblastoma	
cells,	we	established	a	TAM-	resistant	cell	line	U251/TAM.	Western	blot	
analysis showed that the expression level of ER- α36	in	U251/TAM	cells	
was	greatly	increased	compared	to	the	parental	U251	cells	(Figure	6A).	
When we knocked down ER- α36	expression	in	U251/TAM	through	the	
shRNA	method	(Figure	6B),	we	found	that	knockdown	of	ER-	α36 expres-
sion	restored	TAM	sensitivity	in	U251/TAM	cells	(Figure	6C).	In	addition,	
we	also	found	that	TAM	treatment	enhanced	autophagy	in	U251/TAM	

F IGURE  6 U251/TAM	shows	
increased levels of ER- α36, together with 
increased	cell	autophagy.	A,	RT-PCR	
examination of ER-α36	expression	in	U251	
and	U251/TAM.	B,	Knockdown	of	ER-α36 
by	shRNA	method.	RT-PCR	examination	
of ER-α36	expression	in	U251/TAM-V	
and	U251/TAM-siRNA.	C,	MTT	analysis	
of cell viability of glioma cells. D, Western 
blot	analysis	of	accumulated	LC3-	II	
(n	=	4,	**P < .01 vs control). ER, estrogen 
receptor;	TAM,	tamoxifen
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cells	(Figure	6D).	Our	results	thus	provided	evidence	to	support	the	view	
that high levels of ER- α36	expression	promote	TAM	resistance,	which	is	
accompanied	by	an	increase	of	autophagy	induced	by	TAM.

3.6 | ER- α36 specific modulator IC162 enhanced 
autophagy induced by TAM

To	 examine	 whether	 TAM	 induces	 autophagy	 through	 ER-	α36, 
we	treated	U87	cells	with	ER-	α36-	specific	modulator	IC162,	ER-	
α-	specific	 agonist	 PPT,	 ER	 inhibitor	 ICI182,780	 and	 autophagy	
inhibitor	 3-	MA	 and	 CQ.	 MTT	 analysis	 showed	 that	 1	nmol/L	

IC162,	0.5	μmol/L	PPT,	1	μmol/L	ICI182,780,	3-	MA	and	CQ	failed	
to	 change	U87	 cell	 viability.	However,	 cells	 treated	with	 IC162	
together with 1 μmol/L	 TAM	 showed	 a	 significantly	 increased	
growth	 rate	 compared	 with	 control.	 U87	 cells	 treated	 with	
ICI182,780,	PPT	or	autophagy	inhibitors	3-MA	and	CQ	together	
with 1 μmol/L	TAM	showed	decreased	growth	rate	compared	to	
control	(Figure	7A).

To determine whether ER- α36 is involved in the enhanced auto-
phagy	induced	by	TAM,	we	treated	cells	with	IC162,	PPT,	ICI182,780	
separately	with	TAM.	Western	blot	analysis	showed	that	TAM	alone	
increased	 LC3-	II	 expression	 that	was	 lower	 compared	 to	 the	 cells	
treated	with	TAM	and	 IC162	together,	 suggesting	 that	ER-	α36 ac-
tivation	 resulted	 in	 stronger	autophagy	 induced	by	TAM.	PPT	and	
ICI182,780	 failed	 to	 show	 this	 activity.	 The	 autophagy	 inhibitors	
3-	MA	 and	 CQ	 potently	 attenuated	 autophagy	 induced	 by	 TAM	
(Figure	7B).

3.7 | Tamoxifen induced U87 glioblastoma cell 
autophagy in a three- dimensional microenvironment

To reproduce the real and complex tumor microenvironment of 
the human body, we constructed the complexity and pathophysi-
ology of in vivo glioblastoma microenvironments in terms of their 
gene expression profiles, signaling pathway activity and drug 
sensitivity through in vitro 3D culture models. Based on sphe-
roid generation and microfluidic perfusion culture method, we 
first examined the expression of ER- α36 in 3D culture models. 
As	shown	in	Figure	8,	ER-	α36 was expressed in the center of the 
spheroid	 at	 low	 levels	 (38%),	 and	 highly	 expressed	 in	 invading	
cells	(87%).	We	examined	the	expression	of	the	cell	proliferation	
marker	Ki67.	The	number	of	ER-	α36/Ki67-	positive	cells	in	the	in-
vading group was 2.14- fold that of the cells in the center of the 
spheroid.

To	investigate	the	effects	of	TAM	on	U87	cells	in	a	3D	micro-
environment,	U87	spheroids	were	treated	with	different	concen-
trations	 of	 TAM	 for	 24	hours.	 For	 live/dead	 analysis,	 cells	 were	
stained	 with	 calcein/PI.	 As	 shown	 in	 Figure	9A,	 10	μmol/L	 TAM	
slightly increased the number of red fluorescence cells, suggest-
ing this concentration slightly promoted total cell death, but was 
not significant. With increasing concentrations, the inhibitory ef-
fects	of	TAM	were	enhanced,	and	20	μmol/L	and	30	μmol/L	TAM	
significantly promoted total cell death. For the non- invading cells, 
10 μmol/L	TAM	significantly	increased	the	ratio	of	cell	death	com-
pared to the control. For the invading cells, 10 μmol/L	 TAM	 did	
not affect cell death and there was no cell invasion at 30 μmol/L.	
Spheroids	exposed	to	10	μmol/L	TAM	showed	decreased	expres-
sion of the autophagic P62 protein in the center of the spheroid, 
suggesting that this concentration can induce autophagy and low 
levels	 of	 apoptosis	 (Figure	9).	 However,	 10	μmol/L	 TAM	 did	 not	
affect	P62	protein	expression	 in	 the	 invading	 cells.	TAM	 (20	and	
30 μmol/L)	induced	excessive	cell	autophagy	and	cell	death.	These	
results	suggest	that	TAM-	induced	glioblastoma	cell	autophagy	may	
be associated with the expression of ER- α36.

F IGURE  7 ER- α36-	specific	modulator	IC162	enhanced	
autophagy,	which	was	induced	by	tamoxifen	(TAM).	Combined	
treatment	of	TAM	with	IC162,	ICI182,780,	PPT,	3-	MA	or	CQ	on	
glioblastoma	U87	cells.	All	groups	underwent	agonist	or	inhibitor	
precondition	for	2	h,	then	were	exposed	to	5	μmol/L	TAM	for	0	h	or	
4	h.	A,	MTT	analysis	of	the	viability	of	glioma	cells.	B,	Western	blot	
analysis	of	the	accumulation	of	LC3-	II	(n	=	3,	**P < .01 vs control; 
##P < .01	vs	TAM).	3-	MA,	methyladenine;	CQ,	chloroquine;	ER,	
estrogen receptor
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4  | DISCUSSION

The	present	study	found	that	glioblastoma	tissues	and	glioblastoma	U87	
and	U251	cells	express	ER-	α36, a variant of estrogen receptor, predomi-
nantly	in	the	cytoplasm	and	at	the	plasma	membrane.	TAM	was	able	to	
inhibit	growth	of	U87	and	U251	cells,	which	was	regulated	by	the	level	of	
ER- α36 expression in these cells in vivo and in a 3D microenvironment.

Tamoxifen is a selective estrogen receptor modulator with 
both ER agonist/antagonist activities, which has been used for the 
treatment for ER- positive breast cancer in the past 40 years.32,33 
Previously, several studies reported that tamoxifen has inhibitory ac-
tivity in glioblastoma cells both in vitro and in vivo.14	However,	many	
glioblastoma	patients	and	most	glioblastoma	cells	such	as	U87	and	
U251	lack	expression	of	classic	ER-	α	(ie,	are	ER-	negative).	However,	
the	mechanism	by	which	TAM	inhibits	glioblastoma	and	glioma	cells	
is	unclear	as	these	cells	are	mostly	ER-	negative.	In	addition,	TAM	is	

effective only in a subset of glioblastoma patients.34,35 The underly-
ing	mechanism	of	this	de	novo	TAM	resistance	is	unclear.	This	study	
found that ER- α36	is	coexpressed	with	GFAP	in	ER-	negative	speci-
mens	from	glioma	patients.	In	a	previous	study,	we	found	that	glio-
blastoma	U87	and	U251	cells	lack	66-	kDa	ER-	α (ER- α66) expression 
but express ER- α36	 and	 	mediated	 TAM	 resistance.9 Interestingly,	
TAM	 sensitivity	 depends	 on	 the	 level	 of	 ER-	α36	 expression;	 U87	
cells that express more ER- α36	are	less	sensitive	to	TAM	compared	
to	U251	cells	that	express	less	ER-	α36. ER- α36 is a novel variant of 
ER- α66 that is transcriptionally regulated differently from ER- α66 
and is highly expressed in ER- negative breast cancer cells that lack 
ER- α66 expression.3,36,37 Previously, ER- α36 was reported to medi-
ate agonist activity in human breast cancer and endometrial cancer 
cells.4 Recently, it has been reported that ER- α36 expression is in-
volved	in	TAM	resistance	of	breast	cancer.38 Thus, ER- α36 may me-
diate	agonist	activity	of	TAM	and	confer	TAM	resistance	to	cells.

F IGURE  8 Characterization of ER- α36	expression	of	U87	cells	in	a	3D	microenvironment.	Immunofluorescence	analysis	of	the	amount	of	
ER- α36	(green)	and	Ki-	67	(red)	in	U87	cells	through	confocal	images.	(n	=	3-5,	**P < 0.01 vs non-invasion) ER, estrogen receptor
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F IGURE  9 Effect	of	tamoxifen	(TAM)	on	U87	cell	viability	and	autophagy	in	a	3D	microenvironment.	A,	Assays	of	the	viability	of	3D	
U87	cells	under	TAM	treatment	with	different	drug	concentrations	(0,	10,	20,	and	30	μmol/L).	Scale	bars,	200	μm, n = 3. B, Expression of 
autophagy	protein	P62	(green)	in	U87	cells	under	treatment	of	TAM	at	0,	10,	20,	and	30	μmol/L	for	24	h,	respectively.	(Scale	bars	=	200	μm, 
n	=	3,	*P	<	0.05,	**P	<	0.01	VS	CTRL).	PI,	propidium	iodide
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Previously, the role of autophagy in cancer therapy has been 
proposed.	It	is	now	well	accepted	that	in	response	to	various	che-
motherapeutic drugs, radiation, and targeted therapeutics, cancer 
cells show large- scale accumulation of autophagic vacuoles.39-41	It	
has	been	reported	that	TAM	induces	autophagy	in	tumor	cells.26,42 
Herein,	 Figure	3	 showed	 that	 TAM	 increased	 autolysosome	 and	
the	ratio	of	LC3II/LC3I	mainly	in	U87	cells	while	potently	inducing	
apoptosis	in	U251	cells.	U87	cells	showed	more	cell	viability	after	
TAM	treatment	compared	to	U251	cells.	The	Akt/mTOR	pathway	
is involved in metabolism, cell viability, tumorigenesis and the au-
tophagic process and is responsible for chemoresistance in glio-
mas.43,44	The	studies	used	LY294002,	UCN-01	(Akt	inhibitor)	and	
rapamycin  treat glioma cells, found that they can significantly in-
hibit glioma survival.45,46	 Figure	3	 shows	 that	 TAM	 inhibited	 the	
Akt/mTOR	pathway	 in	U87	cells.	More	autophagy	but	 less	apop-
tosis increases cell viability, thus establishing a pro- death role for 
autophagy. Today, the effect of autophagy on tumor- cell survival 
seems	contradictory.	In	the	early	stages	of	tumorigenesis,	it	would	
limit	cell	proliferation.	However,	as	tumor	size	increases,	autophagy	
may promote the survival of tumor cells in the nutrient- deficient 
and hypoxic tumor regions.

Next,	we	found	that	ER-	α36	has	a	protective	role	in	TAM-	induced	
death of glioblastoma cells using cells with different levels of ER- α36 
expression. We attempted to test the role of ER- α36 by knockdown 
or overexpressing ER- α36	in	U87	and	U251	cells	and	observed	sig-
nificant	 protection	 from	 TAM-	mediated	 cells	 apoptotic	 through	
autophagy.	Previously,	 Li	 and	 colleagues	 found	 that	TAM-	resistant	
breast	 cancer	MCF7	 cells	 (MCF7/TAM)	 showed	 increased	 expres-
sion of ER- α36 and decreased expression of ER- α66.12	 In	the	pres-
ent	study,	we	established	a	TAM-	resistant	cell	line	U251/TAM	from	
ER- α36	low	expression	glioblastoma	cell	U251.	U251/TAM	cells	have	
greatly increased ER- α36	 expression	 and	 increased	 ratio	 of	 LC3II/
LC3I	compared	to	parental	U251	cells.	We	used	ER-	α36	shRNA	to	
knock down ER- α36	expression	 in	U251/TAM	cells	and	found	that	
cells with knocked- down levels of ER- α36 expression had decreased 
viability.	 IC162	 is	an	ER-	α36- specific regulator, which is an ER- α36 
antagonist at a high dose, and an ER- α36	agonist	at	a	low	dose.	TAM	
could significantly increase cell viability and activate the autophagy 
pathway.	When	we	treated	cells	with	autophagy	inhibitor	3-	MA	and	
CQ,	TAM	inhibited	cell	viability	and	autophagy.	Together,	these	find-
ings suggest that ER- α36 plays an increased role in autophagy during 
the	generation	of	acquired	TAM	resistance.

Traditional two- dimensional (2D) cell cultures differ greatly 
from the complex and micro- scale environment of the human 
body.47 There has been abundant evidence suggesting that 3D cul-
ture models may more accurately reproduce the complexity and 
pathophysiology of in vivo tumor microenvironments.48,49 Three- 
dimensional culture models have been widely used in analytical 
chemistry	 and	 life	 science.	 In	 the	 present	 study,	 3D	 spheroids	
were generated and cultured in a microfluidic device, which is a 
valid model for reproducing the properties of tumor micro- regions. 
Through	investigation	in	a	3D	model,	we	found	TAM	at	10	μmol/L	
slightly increased cell death in non- invasion cells and had no effect 

in invasion cells, whereas it induced P62 degradation and medi-
ated	U87	cell	spheroid	autophagy,	suggesting	that	this	concentra-
tion can induce autophagy and low levels of apoptosis (Figure 9B). 
Papers	 reported	 that	 cells	 treated	with	 TAM	 induced	 autophagy	
and then induced cell apoptosis or death.50,51 ER- α36 was highly 
expressed at the edge of the sphere, where there was more resis-
tance	for	TAM	than	at	the	center	of	the	sphere	(Figures	8	and	9).	 
These results suggest that ER- α36	could	resist	TAM-	mediated	glio-
blastoma apoptosis or death.

In	 summary,	 the	 present	 study	 shows	 an	 ER-	α36 mechanism for 
glioblastoma	cells	resisting	TAM.	We	found	that	ER-	α36 expressed in 
glioblastoma	cells	maintained	 resistance	 to	TAM,	suggesting	 that	 the	
autophagy pathway contributes to development and progression of 
glioblastoma. Thus, ER- α36	could	be	a	novel	player	in	TAM-	induced	au-
tophagy and have a key role in glioblastoma of estrogen- related tumors.
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