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Background: Drug resistance restrains the effect of drug therapy in non-small cell lung
cancer (NSCLC). However, the mechanism of the acquisition of drug resistance remains
largely unknown. This study aims to investigate the effect of exosomal IncRNA H19 on
erlotinib resistance in NSCLC and the underlying mechanism.

Methods: HCC827 and A549 cells were continuously grafted into erlotinib-containing culture
medium to establish erlotinib-resistant cell lines. The expression of H19 and miR-615-3p was
detected by qRT-PCR. The protein levels of MMP2, MMP9, CD9, CD63 and ATG7 were measured
by Western blot. Cell viability and proliferation were determined by Cell Counting Kit-8 (CCK-8)
and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) assay, respectively.
Migration and invasion were assessed by transwell assay. Xenograft tumor models were used to
investigate the effect of H19 on erlotinib resistance in vivo. Online software and dual-luciferase
reporter assay were used to predicate the downstream targets and confirm the targeted relationships.
Results: H19 was upregulated in erlotinib-resistant cells, and knockdown of H19 inhibited
cell proliferation, migration and invasion in erlotinib-resistant cells. Extracellular H19 can be
packaged into exosomes. Exosomes containing H19 induced erlotinib resistance of sensitive
cells, while knockdown of H19 abolished this effect. miR-615-3p was a target of H19 and
can bind to ATG7. Exosomal H19 affected erlotinib resistance of erlotinib-resistant NSCLC
cells via targeting miR-615-3p to regulate ATG7 expression. In addition, the serum exosomal
H19 was upregulated in patients with erlotinib resistance. Furthermore, downregulated H19
decreased the resistance of tumor cells to erlotinib in vivo.

Conclusion: Our study demonstrated that exosomal H19 facilitated erlotinib resistance in
NSCLC via miR-615-3p/ATG7 axis, which might provide a potential target for the diagnosis
and treatment of NSCLC.

Keywords: IncRNA H19, exosome, erlotinib resistance, miR-615-3p, ATG7, non-small cell

lung cancer

Introduction

Lung cancer is a prevalent malignancy around the world, which accounts for 18.4%
of the total cancer deaths." Among all the cases of lung cancer, non-small-cell lung
cancer (NSCLC) account for about 85%.” Radiotherapy, chemotherapy and surgery
are the common treatment strategies of NSCLC. Despite many efforts and advances
have been made, the prognosis of NSCLC patients is still poor. Drug resistance is
a vital factor that affects the 5-year survival rates of NSCLC patients. Therefore, it
is of great significance to investigate the regulatory mechanism of drug resistance in
NSCLC.
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Exosomes are a kind of membrane vesicles with
a diameter of 40-100 nm, which can be generated and
secreted by multiple types of cells. Exosomes contain
various biomolecules, such as microRNAs (miRNAs),
long non-coding RNAs (IncRNAs), circular RNAs
(circRNAs), DNAs and proteins, and mediate the transfer
of these biomolecules, thereby participating in many phy-
siological processes.>* In recent years, exosomal IncRNAs
have been elucidated to exert important functions in cancer
development.” For example, exosomal IncRNA lymph
node metastasis-associated transcript 2 (LNMAT?2) facil-
itates lymph node metastasis in bladder cancer.® Exosomal
IncRNA growth arrest-specific transcript 5 (GASS) is
downregulated in NSCLC and considered as a potential
biomarker for the diagnosis of early-stage NSCLC.” In
addition, exosomal IncRNAs are also related to drug resis-
tance during chemotherapy. It has been reported that exo-
IncRNA  SBF2-ASI
resistance in glioblastoma.® A previous study revealed

somal enhances temozolomide
that exosomal IncRNA H19 facilitated gefitinib resistance
in NSCLC.” However, the effect of H19 on erlotinib
resistance in NSCLC still remains unknown.

MiRNAs are crucial regulators on gene expression
through degradation or transcriptional inhibition of target
mRNA.'"!"" Increasing evidence indicates that miRNAs
participate in the development and progression of cancers,
including NSCLC. For instance, miR-138-5p represses
proliferation and induced apoptosis via regulating CDKS
in NSCLC."? miR-605-5p contributes to proliferation and
invasion of NSCLC cells by targeting tumor necrosis
factor a-induced protein 3 (TNFAIP3).'* Moreover, stu-
dies have shown that miRNAs can serve as biomarkers for
the diagnosis and prognosis of NSCLC.'*!

Autophagy-related proteins (ATGs) are highly con-
served, which function as regulators of cell autophagy.'®
ATG7, a member of the ATG family, has been manifested
to regulate cancer progression and drug resistance.'’
Tripartite motif (TRIM) 65 promotes autophagy and cis-
platin resistance of NSCLC cells through targeting miR-
138-5p to regulate ATG7 expression.'® Knockdown of
urothelial carcinoma-associated 1 (UCA1) impedes blad-
der cancer development and drug resistance via miR-582-
5p/ATG7 axis."” Interestingly, a previous study suggested
that ATG7 might be not necessary for tumor growth and
chemotherapy efficacy in lung cancer.?® Therefore the
precise function of ATG7 in NSCLC needs further study.

In this study, we elucidated the role of exosomal H19 on
erlotinib resistance in NSCLC, and the molecular mechanism

was also investigated. Our results might provide a potential
target for the therapy of erlotinib-resistant NSCLC.

Materials and Methods

Serum Samples

The present study has obtained approval from the Ethics
Committee of Taishan Hospital of Shandong Province.
Serum samples were collected from 58 patients with
NSCLC. All patients signed informed consents and received
erlotinib treatment at Taishan Hospital of Shandong
Province. 5 mL of venous blood from each patient was
collected by venipuncture before chemotherapy was started.
Serum was separated from blood and stored at —80°C.

Cell Culture

The human NSCLC cell lines HCC827 and A549 (erlotinib-
sensitive cells) were purchased from the Chinese Academy
of Sciences (Shanghai, China). Cells were cultured in
Dulbecco’s modified Eagle medium (DMEM; Invitrogen,
Carlsbad, CA, USA) with 10% fetal
(Invitrogen), maintaining the conditions of 37°C and 5%
CO,. Erlotinib (S7786; Selleckchem, Houston, TX, USA)
was dissolved in dimethyl sulfoxide (DMSO,; Sigma,
St. Louis, MO, USA). To establish erlotinib-resistant cell
lines, HCC827 and A549 cells were cultured in growth
medium with erlotinib and gradually increasing concentra-
tions of erlotinib from 0.002 to 0.2 uM within 3—4 months to
generate the resistant cell lines (HCC827/ER and A549/ER).

bovine serum

Cell Viability Assay

Cell viability was determined by the Cell Counting Kit-8
(CCK-8; Beyotime,
instructions. Cells were placed into a 96-well plate. After

Shanghai, China) following the
erlotinib treatment or transfection, CCK-8 reagent was
added into each well to incubate the cells for 2 h. A
microplate reader (Thermo Fisher Scientific, Waltham,
MA, USA) was used for detection of the absorbance at
450 nm to assess cell viability.

Cell Proliferation Assay

3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium
bromide (MTT) assay kit (Sigma) was used for detection
of cell proliferation. Cells were placed in a 96-well plate.
After treatment, cells were added with 20 pL of MTT
(5 mg/mL) and incubated for 4 h. Then, cells were col-
lected and added 150 pL of dimethyl sulfoxide to dissolve

the formazan crystals. The absorbance at 490 nm
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wavelength was detected using a microplate reader
(Thermo Fisher Scientific).

Transwell Assay

Transwell assay was carried out for the detection of cell
migration and invasion. For migration detection, the upper
chamber was added with serum-free medium containing
cells. While for invasion, the upper chamber was addition-
ally covered with Matrigel (BD Biosciences, San Diego,
CA, USA). The basolateral chamber was added cell med-
ium with 10% serum. After cultured for 24 h, the cells
passed through the membrane were fixed by 4% parafor-
maldehyde and then dyed with 0.5% crystal violet solu-
tion. The stained cells were counted under a microscope
(Thermo Fisher Scientific).

Western Blot

A protein extraction kit (Beyotime) was used to extract the
proteins, and then proteins were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto a polyvinylidene difluoride
(PVDF) membrane (Millipore, Billerica, MA, USA). The
membrane was blocked with 5% nonfat milk which was
dissolved with TBST. After that the membrane was incu-
bated with the primary antibodies against MMP2 (1:1000;
ab97779; Abcam, Cambridge, UK), MMP9 (1:1000;
ab38898 ab92742; Abcam), CD9 (1:2000; ab92726;
Abcam), CD63 (1:2000; ab134045; Abcam), ATG7
(1:1000; ab53255; Abcam) and glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH; 1:5000; ab9485; Abcam)
overnight at 4°C. Subsequently, the secondary antibody
(1:5000; ab205718; Abcam) was used to incubate the
membrane for 1.5h at room temperature. Protein blot
was detected by enhanced chemiluminescence reagents
(Millipore).

Quantitative Real-Time Polymerase Chain
Reaction (qRT-PCR)

TRIzol Reagent (Invitrogen) was used to isolate the total
RNA following the instructions. Then RNA was reversely
transcription into cDNA by PrimeScript RT Reagent Kit
(Takara, Dalian, China) and microRNA First-Strand
cDNA Synthesis Kit (Sangon Biotech, China). SYBR
Green Master Mix (Takara) was used for gene quantifica-
tion. Finally, gene expressions were normalized by
GAPDH and U6 and calculated with 27" method. The
primers were listed as follows. H19: 5-ATCGGTGC

CTCAGCGTTCGG-3" (forward), 5-CTGTCCTCGCCG
TCACACCG-3' (reverse); miR-615-3p: 5'-ACACTCCAG
CTGGGTCCGAGCCTGGGTCTC-3' (forward), 5'-TGGT
GTCGTGGAGTCG-3' (reverse); GAPDH: 5-AAGCTGG
TCATCAATGGGAAAC-3' (forward), 5-ACCCCATTT
GATGTTAGCGG-3' (reverse); U6: 5-ATGACGTCTGC
CTTGGAGAAC-3' (forward), 5'-TCAGTGTGCTACGG
AGTTCAG-3' (reverse).

Cell Transfection

Small interfering RNA (siRNA) of H19 (si-H19), miR-
615-3p mimic (miR-615-3p), anti-miR-615-3p and their
controls (si-NC, miR-NC and anti-miR-NC) were obtained
from GenePharma (Shanghai, China). ATG7 cDNA was
cloned and inserted into the pcDNA3.1 vector (Invitrogen)
for the overexpression of ATG7. Cell transfection was
conducted with Lipofectamine 2000 reagent (Invitrogen).

Exosome Isolation

ExoQuick precipitation kit (System Biosciences, Mountain
View, CA, USA) was used to extract exosomes from cell
culture medium or serum samples. In brief, Cells were
collected when reached 80% confluency and centrifuged
at 3000xg for 10 minutes to eliminate cell debris. Then,
63 uL ExoQuick precipitation kit was mixed with 250 uL
supernatant and chilled at 4°C for 30 min. The Mixtures
were centrifuged at 1500xg for 30 min. After the super-
natant was removed, the pellet was re-centrifuged at
1500%g for 5 min to eliminate the residual liquid. The
exosome was re-suspended with 200 pL phosphate-
buffered saline (PBS). All centrifugations were performed
at 4°C.

Transmission Electron Microscopy (TEM)
A drop of isolated exosome samples was placed on
Parafilm. A carbon-coated copper grid was floated on the
drop for 5 min. After that, the grid was removed and
a piece of clean filter paper was used to touch the grid
edge to blot up the redundant liquid. Next, the grid was
placed onto a drop of 2% phosphotungstic acid with pH
7.0 for 5 s, and the redundant liquid was removed. After
drying for 5 min, the grid was observed by a JEM-1200
EX microscope (JEOL, Ltd., Tokyo, Japan) at 80 keV.

Dual-Luciferase Reporter Assay

The putative binding sequences between H19 and miR-615-
3p, miR-615-3p and ATG7 were predicted by starBase 3.0.
The wild type sequences of H19 and the 3’-untranslated
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region (3-UTR) of ATG7 (H19 WT and ATG7 3'UTR WT)
containing the putative binding sites of miR-615-3p and
their mutant sequences (H19 MUT and ATG7 3'UTR
MUT) were cloned into pGL3 reporter vectors (Promega,
Madison, WI, USA), respectively. Luciferase reporter vec-
tors and miR-615-3p or miR-NC were co-transfected into
HCC827 or A549 cells. The luciferase activities were
detected by a Dual-Luciferase reporter system (Promega).

In vivo Tumor Formation Assay

Short hairpin H19 (sh-H19) and the control sh-NC were
synthesized by GenePharma and inserted into
pLKO.1-puro Lentiviral vector (Sigma). HCC827 cells
were transfected with sh-H19 or sh-NC vector and selected
with 1 pg/mL puromycin (Invitrogen) for 4 weeks. The
animal experiment was approved by the Animal Care
Committee of Taishan Hospital of Shandong Province.
Animal studies were performed in compliance with the
ARRIVE guidelines and the Basel Declaration. All ani-
mals received humane care according to the National
Institutes of Health (USA) guidelines. 4-5-week-old nude
mice were randomly divided into two groups (sh-H19 and
sh-NC) and subcutaneously injected with HCC827 cells
(1x10° cells/mouse) transfected with sh-H19 or sh-NC,
respectively. After a week, the mice were treated with
once-daily 25 mg/kg erlotinib, and tumor length and
width were measured weekly. Tumor volume was com-
puted as the formula length x width?/2. After 5 weeks, the
tumor tissues were resected and weighed.

Statistical Analysis

Data were presented as mean + standard deviation and
analyzed by SPSS 22.0 with at least three repeats for
each experiment. Differences
Student’s #-test or One-Way Analysis of Variance
(ANOVA) with LSD post hoc test. Statistically significant

was determined at P <0.05.

were compared by

Results
H19 Was Upregulated in
Erlotinib-Resistant NSCLC Cells

To investigate the regulatory mechanism of erlotinib resis-
tance, erlotinib-resistant NSCLC cell lines (HCC827/ER
and A549/ER) were established. The cell viability was
determined after erlotinib treatment. Compared with the
parental cells, the cell viability and ICsy values of
HCC827/ER and AS549/ER cells

were significantly

elevated, indicating that HCC827/ER and AS549/ER cells
have high resistance to erlotinib (Figure 1A and B). Also,
the proliferation of HCC827/ER and AS549/ER cells was
enhanced compared with HCC827 and A549 cells (Figure
1C and D). Transwell assay displayed that the abilities of
migration and invasion of HCC827/ER and A549/ER cells
were markedly higher than that of parental cells (Figure
1E and F). Besides, the levels of migration-related proteins
MMP2 and MMP9 were also increased in HCC827/ER
and A549/ER cells (Figure 1G and H). In addition, the
expression of H19 was measured, and the qRT-PCR result
showed that H19 was upregulated in HCC827/ER and
AS549/ER cells (Figure 11 and J). These results suggested
that H19 was associated with the erlotinib resistance in
NSCLC cells.

Knockdown of HI9 Decreased the
Resistance of Erlotinib-Resistant NSCLC

Cells to Erlotinib

To explore the role of H19 in erlotinib resistance of
NSCLC cells, si-H19 was used to silence H19. The
expression of H19 was evidently downregulated by si-
H19 in both HCC827/ER and AS549/ER cells (Figure 2A
and B, Fig S1). When treated with erlotinib, HCC827/ER
and A549/ER cells transfected with si-H19 had lower cell
viability and ICsy compared with the si-NC group (Figure
2C and D). MTT assay revealed that knockdown of H19
inhibited the proliferation of HCC827/ER and A549/ER
cells (Figure 2E and F). Moreover, migration and invasion
were remarkably suppressed in HCC827/ER and A549/ER
cells transfected with si-H19 (Figure 2G and H). And the
protein levels of MMP2 and MMP9 were also downregu-
lated by knockdown of H19 in HCC827/ER and A549/ER
cells (Figure 21 and J). These results indicated that H19
was essential for erlotinib resistance of erlotinib-resistant
NSCLC cells.

Extracellular HI9 Was Transferred
Through Incorporation in Exosomes in
Erlotinib-Resistant NSCLC Cells

Many types of cells can secrete exosomes into the
culture medium, which affect various cellular processes.
To investigate whether H19 was packaged into exo-
somes and transferred via exosomes, the culture medium
of erlotinib-resistant NSCLC cells was collected. Then
the expression of H19 was detected in culture medium
following treated with RNase A or RNase A-+Triton
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Figure | HI9 was upregulated in erlotinib-resistant NSCLC cells. (A and B) The ICs value of erlotinib was detected for both parental cells and erlotinib-sensitive cells by
cell viability assay. (C and D) Proliferation of parental and erlotinib-sensitive NSCLC cells was determined by MTT assay. (E and F) Migration and invasion of parental and
erlotinib-sensitive NSCLC cells were assessed by transwell assay. (G and H) The levels of migration-related proteins MMP2 and MMP9 were detected in parental and
erlotinib-sensitive NSCLC cells by Western blot. (I and J) The expression of HI9 was detected in parental and erlotinib-sensitive NSCLC cells by qRT-PCR. *P<0.05.

X-100. As shown in Figure 3A, the level of H19 was
unacted on RNase A treatment but strikingly decreased
upon RNase A and Triton X-100 treatment simulta-
neously, implying that extracellular H19 was packaged
in membranes. Subsequently, we isolated exosomes
from the culture medium and observed the characteris-
tics by TEM, and a typical lipid bilayer membrane was
observed (Figure 3B). Then the levels of exosomal
marker proteins CD9 and CD63 were measured by
Western blot, and the result displayed that CD9 and
CD63 were enriched in exosomes (Figure 3C). In addi-
tion, the qRT-PCR result revealed that the level of H19
was notably higher in exosomes extracted from erloti-
nib-resistant NSCLC cells than that of parental cells
(Figure 3D). These findings indicated that extracellular
H19 was released via incorporation in exosomes in
erlotinib-resistant NSCLC cells.

Knockdown of HI19 Attenuated

Exosome-Mediated Erlotinib Resistance

In order to explore the role of exosome and the mole-
cular mechanism, HCC827 and A549 cells were treated
with exosomes which were extracted from HCC827/ER
and A549/ER cells culture medium or additionally trans-
fected with si-H19. The expression of H19 was upregu-
lated by exosome treatment and abated by si-HI19 in
HCCS827 and A549 cells (Figure 4A and B). The
CCK-8 assay manifested that cell viability and ICs
value were elevated in HCC827 and A549 cells treated
with exosome and reversed by knockdown of H19
(Figure 4C and D). The proliferation of HCC827 and
A549 cells was significantly induced by exosome and
restored when transfected with si-H19 (Figure 4E
and F). exosome treatment

Moreover, promoted

Cancer Management and Research 2020:12

4287

Dove


http://www.dovepress.com
http://www.dovepress.com

Pan and Zhou Dove
A" HCC827/ER B:" A549/ER C HCC827/ER D AS549/ER
9;.'_1.0 —I— ::.’_1.0 § §
- - = DR 5047 3
I T 2 1205 S
s 05 * s 05 = 5
K £ * o -+ si-NC .
& K] = si-H19
0.0: T .0 T
si-NC si-H19 0 si-NC si-H19 0.5 1.0 15 2.0 25 0.0 05 1.0 15 20 25
E Log(Erlotinib pM) Log(Erlotinib uM)
is HCC827/ER 15 AS549/ER 200 , 15
T -~ si-NC T o si-NC § = si-NC = [ si-NC
£ |= siHi9 £ [= siHi9 £ 150, SFHI9 s (M siiig
& 1.0 & 1.0 ]E = 2 100
1 1 5 g
< < £ 100 « £ x
‘_30'5 ,—Eo.s 5 0 . o s *
8 a RPN Rl
0.0 T T T T 0.0 T T T T é [ T T Z T T
Oh 24h 48h 72h Oh 24h 48h 72h HCC827/ER AS549/ER HCC827/ER AS49/ER
HCC827/ER s HCC827/ER A549/ER s A549/ER
§ 1513 sine 813 sine
MMPO e — g | e MMP9 s w— | e
s S
T 21.0 MMP2 z1.o
— k] S
° ° *
GAPDH | s s . ° - . GAPDH s s . °° - i_
5 s
siNC  + - 2 00 i_ siNC  + - S oo
. MMP9 MMP2 - MMP9 MMP2
si-H19 - + si-H19 - +

Figure 2 HI9 was essential for erlotinib resistance of NSCLC cells. HCC827/ER and A549/ER cells were transfected with si-H|9 for 48 h. (A and B) The silencing efficacy
was evaluated by qRT-PCR. (C and D) The ICs; value of erlotinib was detected for HCC827/ER and A549/ER cells by cell viability assay. (E and F) Proliferation of HCC827/
ER and A549/ER cells were determined by MTT assay. (G and H) Migration and invasion of HCC827/ER and A549/ER cells were assessed by transwell assay. (I and J) The
protein levels of MMP2 and MMP9 were detected by Western blot in HCC827/ER and A549/ER cells. *P<0.05.

_ Control
A 51 Ruasen B HCCB827/ER A549/ER
2 |3 RNase A+Triton X100 TR T
7] +,
5 1.0
3
-
T
o 0.54
2
k|
[T}
©
0.0
HCC827/ER A549/ER
4, Parental
C HCC827 HCCB827/ER A549 A549/ER D 2] W Resistant *
T *
CD63 W e — Ch63 . s  — ngs-
59
a8 i
CD9 v v wmm . e CD9 G "= == %gz
o X
Exosomes - - + - - 4 Exosomes - - 4 - - 4 .% o]
Cell extracts - + . - + . Cell extracts . + _ - + . 3 | | | |
Supernatant + - - + - - Supernatant + - . + - - 0 T T
Hccs27 A549

Figure 3 Extracellular HI9 was packaged into exosomes in NSCLC cells. (A) The expression of HI9 was detected by qRT-PCR after cells were treated with | ug/mL RNase
A or | ug/mL RNase A+ 0.1% Triton X100 for 30 min. (B) The exosomes images secreted by HCC827/ER and A549/ER cells were showed by TEM scanning. (C) The levels
of exosomal marker proteins CD9 and CD63 were measured by Western blot in HCC827/ER and A549/ER cells. (D) The expression of HI9 in exosomes of parental and
erlotinib-sensitive NSCLC cells was detected by qRT-PCR. *P<0.05.

migration and invasion of HCC827 and A549 cells, and
H19 knockdown abolished this effect (Figure 4G and
H). Besides, the protein levels of MMP2 and MMP9
were increased after exosome treatment but reduced by

si-H19 in both HCC827 and A549 cells (Figure 41
and J). Therefore, these data suggested that exosome

conferred erlotinib resistance through elevating the
level of H19 in NSCLC cells.
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Figure 4 Exosomal transfer of HI9 induced the resistance of NSCLC cells to erlotinib. Exosomes were isolated from erlotinib-sensitive NSCLC cells, and HCC827 and
A549 cells were treated with exosome or exosome+si-H19. (A and B) The expression of HI9 was detected by qRT-PCR in HCC827 and A549 cells. (C and D) The ICsq
value of erlotinib was detected for HCC827 and A549 cells by cell viability assay. (E and F) Proliferation of HCC827 and A549 cells was determined by MTT assay. (G and H)
Migration and invasion of HCC827 and A549 cells were assessed by transwell assay. (I and J) The protein levels of MMP2 and MMP9 were detected by Western blot in

HCCB827 and A549 cells. *P<0.05.

miR-615-3p Was a Direct Target of HI9
LncRNAs wusually play their functions by sponging
miRNAs. StarBase 3.0 predicated that H19 had putative
binding sites of miR-615-3p (Figure 5A). Therefore, H19
WT and H19 MUT were constructed to confirm the rela-
tionship between H19 and miR-615-3p by dual-luciferase
reporter assay. The luciferases activities were greatly
reduced by miR-615-3p in HCC827 and A549 cells trans-
fected with H19 WT, while there was no change when
transfected with HI19 WUT (Figure 5B and C).
Subsequently, the expression of miR-615-3p was detected
by qRT-PCR. Compared with the parental cells, miR-615-
3p was downregulated in HCC827/ER and AS549/ER cells
(Figure 5D and E). In addition, knockdown of H19
enhanced the expression of miR-615-3p in HCC827 and
A549 cells (Figure 5F and G), indicating that H19 regu-
lated miR-615-3p expression by directly targeting miR-
615-3p.

Inhibition of miR-615-3p Reversed the
Effects of HI9 Knockdown on Erlotinib
Resistance in NSCLC Cells

To further explore the interaction between H19 and miR-
615-3p, we first measured the expression of miR-615-3p in
HCC827 and A549 cells treated with exosome or exosome
+si-H19. The resulted showed that the expression of miR-
615-3p was downregulated by exosome treatment and
reversed when knocked down HI9 simultaneously
(Figure 6A and B). Then, HCC827/ER and A549/ER
cells were transfected with si-H19 or si-H19+anti-miR
-615-3p, and the upregulated miR-615-3p level resulted
by si-H19 was decreased by anti-miR-615-3p (Figure 6C
and D). The cell viability and ICsy of HCC827/ER and
AS549/ER cells were markedly reduced by knockdown of
H19 and reverted by inhibition of miR-615-3p upon erlo-
tinib treatment (Figure 6E and F). And the cell prolifera-
tion was consistent with this result, which was repressed
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Figure 5 miR-615-3p was a target of H19. (A) The putative binding sites between H19 and miR-615-3p were predicated by starBase 3.0. (B and C) The luciferase activities
of HI9 WTand HI9 MUT were measured in HCC827 and A549 cells transfected with miR-NC or miR-615-3p. (D and E) The expression of miR-615-3p was detected in
parental and erlotinib-sensitive NSCLC cells by qRT-PCR. (F and G) The expression of miR-615-3p was detected by qRT-PCR in HCC827 and A549 cells transfected with si-

H19. *P<0.05.

by si-H19 but rescued when co-transfected with anti-miR
-615-3p into HCC827/ER and AS549/ER cells (Figure 6G
and H). Besides, knockdown of H19 suppressed migration
and invasion and inhibition of miR-615-3p weakened this
effect (Figure 61 and J). Moreover, the downregulated
MMP2 and MMP9 levels in HCC827/ER and AS549/ER
cells transfected with si-H19 were also reversed by anti-
miR-615-3p (Figure 6K and L). These data revealed that
exosomal H19 regulated erlotinib resistance of NSCLC
cells through inhibiting miR-615-3p expression.

H19 Regulated ATG7 Expression via
miR-615-3p

To further investigate the regulatory mechanism of H19
in NSCLC, StarBase 3.0 further predicated ATG7 as
a potential target of miR-615-3p (Figure 7A). Then
ATG7 3'UTR WT and ATG7 3'UTR MUT were used
for dual-luciferase reporter assay to confirm whether
miR-615-3p could bind to the 3'UTR of ATG7. The
result showed that miR-615-3p weakened the luciferases

activities in HCC827 and AS549 cells transfected with
ATG7 3'UTR WT rather than ATG7 3'UTR MUT
(Figure 7B and C). Subsequently, the expression of
ATG7 was detected using Western blot. ATG7 was evi-
dently upregulated in HCC827/ER and AS549/ER cells
compared with the parental cells (Figure 7D and E).
Overexpression of miR-615-3p decreased the level of
ATG7 in HCCS827 and A549 cells (Figure 7F and G).
Furthermore, the protein level of ATG7 was downregu-
lated in HCC827 and A549 cells transfected with si-H19
and rescued by anti-miR-615-3p (Figure 7H and 1),
suggesting that HI19 regulated ATG7 expression via
miR-615-3p.

Overexpression of ATG7 Restored the
Effects of HI9 Knockdown on Erlotinib
Resistance in NSCLC Cells

To further explore the interaction between H19 and ATG7,
the protein level of ATG7 was determined in HCC827 and
A549 cells treated with exosome or exosome+si-H19.
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Figure 6 Inhibition of miR-615-3p restored the effects of exosomal HI9 knockdown on erlotinib resistance in NSCLC cells. HCC827 and A549 cells were treated with
exosome or exosome+si-H19, and HCC827/ER and A549/ER cells were transfected with si-H 19 or si-19+anti-miR-615-3p. (A and B) The expression of miR-615-3p was
detected by qRT-PCR in HCCB827 and A549 cells treated with exosome or exosome+si-H19. (C and D) The expression of miR-615-3p was detected by qRT-PCR in
HCCB827/ER and A549/ER cells transfected with si-H 19 or si-19+anti-miR-615-3p. (E and F) The ICs, value of erlotinib was detected for HCC827/ER and A549/ER cells by
cell viability assay. (G and H) Proliferation of HCC827/ER and A549/ER cells were determined by MTT assay. (I and J) Migration and invasion of HCC827/ER and A549/ER
cells were assessed by transwell assay. (K and L) The protein levels of MMP2 and MMP9 were detected by Western blot in HCC827/ER and A549/ER cells. ¥P<0.05.

ATG7 was upregulated when treated with exosome and
recovered by knockdown of H19, indicating that exosomal
transfer of H19 promoted ATG7 expression (Figure 8A
and B). Then HCC827/ER and A549/ER cells were trans-
fected with si-H19 or si-H19+ATG7, and the level of
ATG7 was significantly downregulated by knockdown of
H19 and rescued by overexpression of ATG7 (Figure 8C
and D). The inhibited cell viability and reduced ICsy of
HCCB827/ER and AS549/ER cells transfected with si-H19
were elevated when co-transfected with ATG7 (Figure 8E
and F). Also, overexpression of ATG7 reversed si-H19-

mediated inhibitory effect on cell proliferation of
HCCB827/ER and A549/ER cells (Figure 8G and H). As
expect, the repressed migration and invasion resulted by
si-H19 were also regained by overexpression of ATG7
(Figure 81 and J). In addition, knockdown of HI9
restrained the expression of MMP2 and MMP9, while
overexpression of ATG7 relieved this effect in HCC827/
ER and A549/ER cells (Figure 8K and L). These results
suggested that exosomal transfer of H19 affected erlotinib
resistance of NSCLC cells through regulating ATG7

expression.
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Figure 7 HI19 regulated ATG7 expression through miR-615-3p. (A) The putative binding sites between miR-615-3p and ATG7 were predicated by starBase 3.0. (B and C)
The luciferase activities of ATG7 3'UTR WTand ATG7 3'UTR MUT were measured in HCC827 and A549 cells transfected with miR-NC or miR-615-3p. (D and E) The level
of ATG7 was detected in parental and erlotinib-sensitive NSCLC cells by Western blot. (F and G) The expression of miR-615-3p was detected by Western blot in HCC827
and A549 cells transfected with miR-615-3p. (H and 1) The expression of miR-615-3p was detected by Western blot in HCC827 and A549 cells transfected with si-19 or si-

19+anti-miR-615-3p. *P<0.05.

Serum Exosomal HI9 May Serve as
a Potential Diagnostic Biomarker for
Erlotinib-Resistant NSCLC Patients

Exosomes were isolated from the serum of 28 responding
and 30 non-responding patients with advanced NSCLC
receiving erlotinib treatment. Next, the expression of
serum exosomal H19 was detected. The result exhibited
that serum exosomal H19 was upregulated in patients who
did not respond to erlotinib (Figure 9A). Then the stability
of serum exosomal H19 was determined, and the qRT-PCR
results showed that the level of H19 had no change after
the serum exosome was incubated at room temperature for
0, 3, 6, 12 and 24 h as well as treated with RNaseA, NaOH
or HCI solution for 3 h at room temperature (Figure 9B—
D). In addition, ROC analysis was performed to assess the
diagnostic potential of H19, and the AUC, diagnostic

sensitivity and specificity reached 0.799, 70 and 85.71%
(95% CI =0.6794 to 0.9182) (Figure 9E). Based on the
cut-offs (1.967) established by ROC, patients were divided
into the low and high H19 expression groups, and the
proportion of patients who did not respond to erlotinib
treatment was significantly higher in the high exosomal
H19 expression group than in the low expression group
(Figure 9F). Altogether, exosomal H19 in serum was
stable and might serve as a potential biomarker for the
erlotinib treatment of NSCLC patients.

Knockdown of HI19 Decreased Erlotinib
Resistance in NSCLC in vivo

To explore the effect of HI9 on erlotinib resistance in
NSCLC in vivo, a model of nude mice xenografts was
established. HCC827 cells transfected with sh-NC or sh-
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Figure 8 Overexpression of ATG7 reversed the effects of exosomal HI9 knockdown on erlotinib resistance in NSCLC cells. HCC827 and A549 cells were treated with
exosome or exosome+si-H19, and HCC827/ER and A549/ER cells were transfected with si-HI9 or si-19+ATG7. (A and B) The level of ATG7 was detected by Western
blot in HCC827 and A549 cells treated with exosome or exosome+si-H19. (C and D) The level of ATG7 was detected by Western blot in HCC827/ER and A549/ER cells
transfected with si-HI9 or or si-19+ATG7. (E and F) The ICsq value of erlotinib was detected for HCC827/ER and A549/ER cells by cell viability assay. (G and H)
Proliferation of HCC827/ER and A549/ER cells were determined by MTT assay. (I and J) Migration and invasion of HCC827/ER and A549/ER cells were assessed by transwell
assay. (K and L) The protein levels of MMP2 and MMP9 were detected by Western blot in HCC827/ER and A549/ER cells. *P<0.05.

H19 lentiviral vector were established successfully
(Fig S2). Then the cells were injected into nude mice
following treated with erlotinib, and the mice were divided
into two group: sh-NC+erlotinib group (control group) and
sh-H19+erlotinib group. Tumor volume and weight were
measured to evaluate the tumor growth, and the results
indicated that knockdown of H19 repressed tumor growth
compared with the control group upon erlotinib treatment
(Figure 10A and B). The expression level of H19 was
lower in sh-H19+erlotinib group, while miR-615-3p was
upregulated by knockdown of H19 (Figure 10C and D).

And a Western blot analysis showed that the level of
ATG7 was decreased in sh-H19+erlotinib group (Figure
10E). These findings uncovered that knockdown of H19
attenuated erlotinib resistance via regulating miR-615-3p
and ATG7 expression in vivo.

Discussion

Chemotherapy is a common therapy for cancer, while the
acquirement of drug resistance severely restricts the cura-
tive effect. Erlotinib, an epidermal growth factor receptor
(EGFR) tyrosine kinase inhibitor (TKI), is a therapeutic
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drug of NSCLC. It is very significant to understand the upregulated in erlotinib-resistant NSCLC cells compared
molecular mechanism of erlotinib resistance for the ther-  with the parental cells, implying the potential effect of
apy of NSCLC. In our study, IncRNA HI9 was HI19 on erlotinib resistance.
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Numerous studies have proved that IncRNA H19 plays
a regulatory role in many diseases, including cancer.
LncRNA H19 involved in the development of esophageal
squamous cell cancer and predicated a poor prognosis.”'
Bioinformatics analysis identified H19 as a critical factor
of oxaliplatin or irinotecan resistance in colorectal
cancer.”?> Meanwhile, H19 may act as a promising diag-
nostic target for human cancers.”> However, there is no
study to elucidate the role of H19 in erlotinib resistance.
Our data showed that knockdown of H19 suppressed the
resistance of NSCLC cells to erlotinib, as evidence by the
inhibited cell viability, proliferation migration and inva-
sion in erlotinib-resistant cells.

Exosome has been revealed to participate in cellular
communication and regulate various physiological pro-
cesses. It is also indicated that exosome-mediated transfer
of IncRNAs or miRNAs was associated with drug resis-
tance in the chemotherapy of cancers.”** Exosomal
IncARSR was reported to enhance the resistance of renal
cancer to sunitinib.*® Exosomal miR-501 enhanced doxor-
ubicin resistance in gastric cancer.”’” TEM analysis proved
that extracellular H19 was packaged into exosomes.
Moreover, the exosomes isolated from erlotinib-resistant
cells conferred erlotinib resistance to sensitive cells, while
knockdown of H19 abolished this effect. A previous study
manifested that exosomal H19 induced gefitinib resistance
in NSCLC.? Also, exosomal H19 was indicated to rein-
force chemoresistance in colorectal cancer.?® Furthermore,
serum exosomal H19 can serve as a biomarker for the
diagnosis and prognosis of bladder cancer.?’ In consistent
with these studies, our results revealed that exosomal H19
facilitate erlotinib resistance in NSCLC in vitro and
in vivo. H19 was highly expressed in the serum exosome
of NSCLC patients who had no response to erlotinib
treatment. Besides, ROC analysis proved the diagnostic
potential of H19, suggesting that serum exosomal H19
might act as a promising diagnostic target for NSCLC
patients.

LncRNAs function as competing endogenous RNAs
(ceRNAs) to regulate gene expression. Bioinformatics analy-
sis and dual-luciferase reporter assay verified miR-615-3p as
a direct target of H19. miR-615-3p was manifested to promote
tumor progression in prostate cancer and gastric cancer.*’>'
On the contrary, in esophageal squamous cell carcinoma and
NSCLC, miR-615-3p played an antitumor effect.**>* In addi-
tion, miR-615 was proved to suppress glioblastoma develop-
ment via targeting EGFR,>* and this finding implicated that
miR-615 might be associated with the resistance to EGFR

TKIs. However, the effect of miR-615 in drug resistance has
not been reported. In our study, restoration experiments exhib-
ited that downregulation of miR-615-3p restored the inhibit-
ing effect of HI9 knockdown on erlotinib resistance in
NSCLC cells, which uncovered that miR-615-3p played an
inhibiting effect on erlotinib resistance.

Autophagy is a highly conserved process that can
degrade dysfunctional proteins and organelles by the
lysosome. Previous studies indicated that autophagy was
closely related to chemoresistance.*>*® As an autophagy-
related protein, ATG7 regulated cancer development and
chemoresistance ~ through  promoting  autophagy.
Knockdown of ATG7 overcame the 5-FU resistance in
esophageal cancer.>’” MiR-17 targeted ATG7 to inhibit
autophagosome formation and temozolomide resistance
in glioblastoma.*® Moreover, Huang et al reported that
ATG7 induced autophagy and facilitated chemoresistance
in NSCLC.** However, Eng et al suggested that ATG7
was not necessary for the growth and drug resistance in
Kirsten rat sarcoma (KRAS) mutant tumors, which relied
on autophagy for growth and survival.** Besides, Sun
et al demonstrated that ATG7 was essential for the tumor-
igenesis of lung cancer but had no influence on tumor
growth and chemoresistance.”® These contradictory
results may due to the different mouse models and
tumor microenvironments. We identified ATG7 as the
downstream target of miR-615-3p, and exosomal H19
ATG7 miR-615-3p.
Overexpression of ATG7 rescued the inhibited erlotinib

regulating expression  via
resistance which was resulted by H19 knockdown, indi-
cating that ATG7 played a promotor effect on erlotinib
resistance, which was consistent with the previous
study.>® Consequently, our results elucidated that exoso-
mal H19 enhanced erlotinib resistance of NSCLC cells by
upregulating ATG7.

In conclusion, we found that H19 was upregulated in
erlotinib-resistant NSCL cells, and knockdown of H19
restrained erlotinib resistance in vitro and in vivo.
Moreover, our data revealed that H19 could be transferred
through exosome and conferred erlotinib resistance to
sensitive cells. Based on dual-luciferase reporter assay
and restoration experiments, we demonstrated that exoso-
mal transfer of H19 regulated erlotinib resistance via miR-
615-3p/ATG7 in NSCLC. Our findings provide a new
molecular mechanism of drug resistance, which may con-
tribute to the development of diagnosis and treatment
strategies of NSCLC.
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