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Purpose: Exosomes are the effective delivery system for biological compounds, including

circular RNAs. In this research, we aimed to explore the role of circular RNA

hsa_circRNA_0002130 in osimertinib-resistant non-small cell lung cancer (NSCLC).

Materials and Methods: In our study, the relative protein expression of glucose transporter 1

(GLUT1), hexokinase-2 (HK2) and lactate dehydrogenase A (LDHA) was detected by Western

blot, while the expression of hsa_circ_0002130 and microRNA-498 (miR-498) was detected by

quantitative real-time PCR (qRT-PCR). The biological functions of hsa_circ_0002130 in osi-

mertinib-resistant NSCLC were analyzed by cell viability assay, flow cytometry analysis,

luciferase reporter assay, RNA pull-down assay, and tumor xenograft model in vivo.

Moreover, glucose uptake, lactate production and extracellular acidification (ECAR) levels

were measured by glucose uptake colorimetric assay kit, lactate assay kit II, and Seahorse

Extracellular Flux Analyzer XF96 assay, respectively. hsa_circ_0002130 identification and

localization were confirmed by RNase R digestion and subcellular localization assay, respec-

tively. Exosomes were isolated from the sera collected fromNSCLC patients and identified using

a transmission electron microscopy and nanoparticle tracking analysis.

Results: Osimertinib-resistance was closely related to glycolysis. hsa_circ_0002130 was

highly expressed in osimertinib-resistant NSCLC cells and hsa_circ_0002130 deletion inhib-

ited osimertinib-resistance both in vitro and in vivo. Moreover, hsa_circ_0002130 targeted

miR-498 to regulate GLUT1, HK2 and LDHA. The inhibitory effects of hsa_circ_0002130

deletion on osimertinib-resistant were reversed by downregulating miR-498. Importantly,

hsa_circ_0002130 was upregulated in serum exosomes from osimertinib-resistant NSCLC

patients.

Conclusion: Our findings confirmed that hsa_circ_0002130 served as a promotion role in

osimertinib-resistant NSCLC.

Keywords: non-small cell lung cancer, hsa_circ_0002130, miR-498, osimertinib, exosome,

GLUT1, HK2, LDHA

Introduction
Lung cancer is one of the most common human cancer with a high mortality rate in

worldwide, and the incidence and death cases are 1.8 million new cases and 1.6 million

death cases, respectively.1,2 Non-small cell lung cancer (NSCLC) is a type of lung cancer

accounting for about 85%.3 Despite the therapeutic methods had achieved continuous

improvements, the relapse and mortality were still the severe problems for NSCLC

patients. Moreover, due to the delay in NSCLC diagnosis, the 5-year survival rate is
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extremely low that remains about 10%-15%.4 Currently, che-

motherapy, radiotherapy, surgical excision, biological immu-

notherapy, and targeted molecular therapy were the main

therapies for NSCLC patients, and EGFR-targeted therapy

among these therapies for NSCLC gained wide attention

worldwide.5,6 Osimertinib, a third-generation EGFR-tyrosine

kinase inhibitor, has an effective prolongation for the survival

of NSCLC patients at the advanced stage.7 However, the

resistance to osimertinib in advanced NSCLC patients is

inevitable. Thus, the exploration of the more molecular targets

for osimertinib-resistant NSCLC patients is meaningful.

Circular RNAs (CircRNAs), a novel group of endo-

genous, abundant, and conserved non-coding RNAs, are

characterized by a circular structure without 3ʹ poly (A)

tails and 5ʹ caps.8,9 The covalently closed loop structure of

circular RNA is generated through “back-splicing” with

a downstream splice donor connected to an upstream

splice acceptor, which made circRNAs more stable and

resistant to the degradation of exonucleases than their

linear counterparts.10 Growing evidence indicated that

circRNAs exerted crucial effects in multiple biological

processes, including cell survival, proliferation, differen-

tiation, metastasis and apoptosis.11,12 CircRNAs were con-

firmed to combine with microRNAs (miRNAs) and served

as sponges for miRNAs to regulate gene expression via

a circRNA/miRNA/messenger RNA (mRNA) axis in

human cancers, including NSCLC.13,14 For example, Han

and his colleagues demonstrated that the oncogene circ-

RAD23B could facilitate NSCLC progression, including

cell growth and metastasis, through sponging miR-653-5p

and miR-593-3p to regulate TIMA1 and CCND2,

respectively.15 A novel circular RNA hsa_circ_0002130

upregulation was observed in osimertinib-resistant

NSCLC cells.16 However, the potential mechanisms and

functional effects of hsa_circ_0002130 in NSCLC remain

unclear.

The aerobic glycolysis (Warburg effect), which could

enhance tumor cell growth, metastasis and progression

with facilitated lactate production and glucose uptake, is

a feature of human cancer cells.17 Glucose transporter 1

(GLUT1) is a regulator in the increasing glucose uptake in

glycolysis, which was revealed as a treatment target and

diagnostic marker for various human cancers.18

Hexokinase 2 (HK2) is another critical driver of glycolysis,

which is an enzyme that has the ability to convert glucose to

glucose-6-phosphate participating in the rate-limiting step in

glycolysis.19,20 Lactate dehydrogenase A (LDHA), which

can catalyze pyruvate into lactate, was involved in the final

step in glycolysis and confirmed to be associated with the

prognosis of NSCLC patients.21 The detail mechanisms of

the regulators, including GLUT1, HK2 and LDHA, are

largely unknown, and the role of glycolysis in osimertinib-

resistant NSCLC needs further investigated.

Exosomes are small intraluminal vesicles that gener-

ated and secreted by various types of cells with a diameter

of about 30–150 nm, which can deliver bioactive cargoes,

such as proteins, lipids, nucleic acids, circRNAs, long

noncoding RNAs, miRNAs, mRNAs.22,23 Accumulating

evidence suggested that exosomes served as vital media-

tors in cell-to-cell communication and exhibited critical

effects on tumor growth and progression.24 Multiple stu-

dies demonstrated that exosomes could be secreted from

cancer cells, and circRNAs were observed to be enriched

in exosomes that might be diagnosis markers for cancers.25

However, little is known about the functional roles of

secreted circRNAs in osimertinib-resistant NSCLC.

In the present paper, we analyzed the expression of

hsa_circ_0002130 in osimertinib-resistant NSCLC cells

and exosomal hsa_circ_0002130 expression in osimerti-

nib-resistant NSCLC patients. Moreover, we explored the

effects of hsa_circ_0002130 on tumor growth and metas-

tasis. Mechanistically, we further investigated the potential

mechanisms of hsa_circ_0002130 in osimertinib-resistant

NSCLC progression.

Materials and Methods
Tissue Samples
Tissue samples were isolated from 28 osimertinib-resistant

NSCLC patients (non-response) and 32 osimertinib-

sensitive NSCLC patients (response), who were underwent

surgery at Huaihe Hospital of Henan University. Written

informed consents were obtained from all participates.

This research was approved by the Human Research

Ethics Committee of Huaihe Hospital of Henan University.

Cell Lines and Cell Culture
The two lung adenocarcinoma cell lines HCC827 and

H1975 purchased from American Type Culture Collection

(Manassas, VA, USA) were cultured in Roswell Park

Memorial Institute 1640 (RPMI-1640) medium (Gibco,

Carlsbad, CA, USA) supplementing with 10% fetal bovine

serum (FBS, Invitrogen, Carlsbad, CA, USA). 100 μg/mL

streptomycin and penicillin (Invitrogen) were prior to adding

into the RPMI-1640 medium to culture the cells. All cells

were cultured in an incubator with the standard culture
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condition of 5% CO2 at 37°C. Osimertinib (AstraZeneca,

Milan, Italy) was dissolved in dimethyl sulfoxide, followed

by adding into the cell culture medium. Osimertinib-

resistant HCC827 and H1975 cells (HCC827/OCR and

H1975/OCR cell lines) were established as previously

described using a dose-escalation method.16

Cell Transfection
Short hairpin RNAs (shRNAs) targeting hsa_circ_0002130

(sh-circ #1, sh-circ #2, sh-circ #3) and the control sh-NC,

microRNA-498 (miR-498) mimic and the negative control

(miR-NC), miR-498 inhibitor and NC inhibitor bought from

Genepharma (Shanghai, China) were transfected into

HCC827 and H1975 cells, as well as HCC827/OCR and

H1975/OCR cells using Lipofectamine 3000 Reagent

(Invitrogen).

Calculation of Half-Maximal Inhibitory

Concentration (IC50)
HCC827, H1975, HCC827/OTR and H1975/OTR cells with

a density of 1 × 104 cells per well were seeded into the 96-well

plates. Then, the different concentrations of osimertinib

including 0.0001 μM, 0.001 μM, 0.01 μM, 0.1 μM, 1 μM,

10 μM were added, respectively. After the treatment of osi-

mertinib for 48 h, the absorbance of the cells on each well was

detected at 450 nm by cell counting kit-8 (CCK-8) assay. IC50

represents the concentration of a drug that is required for 50%

inhibition of cell growth, and IC50 was calculated using

SPSS 18.0.

Determination of Glucose Uptake and

Lactate Production
The level of glucose uptake was determined by glucose

uptake colorimetric assay kit (BioVision, Milpitas, CA,

USA). Briefly, cells with a density of 1 × 104 cells were

seeded, and subsequently cultured with 100 mL Krebs-

Ringer-Phosphate-HEPES (KRPH) buffer containing 2%

albumin from bovine serum, followed by adding 10 mM

2-deoxyglucose (2-DG). The samples were collected for

the analysis of the glucose uptake level. For the deter-

mination of lactate production, cells were seeded into the

96-well plate and starved using non-serum medium for

24 h. Then, the cells were suspended in the buffer from

lactate assay kit II (BioVision). The glucose uptake col-

orimetric assay kit and lactate assay kit II (BioVision)

were also used for the determination of glucose uptake

and lactate production in tumor tissues from the nude

mice according to the manufacturer’s instructions.

Measurement of Extracellular

Acidification (ECAR)
The level of ECAR was determined by the Seahorse

Extracellular Flux Analyzer XF96 (Seahorse Bioscience,

North Billerica, MA, USA) in NSCLC resistant and sensi-

tive cells. 2 × 104 NSCLC cells were cultured in the XF96-

well plate overnight. Then, the cultured NSCLC cells were

sequentially cultured with glucose, oligomycin (oxidative

phosphorylation inhibitor), and 2-DG (glycolytic inhibitor).

Seahorse XF-96 Wave software was used to analyze the data

and ECAR detection was represented as mpH/min.

Western Blot Analysis
Total protein was isolated using RIPA lysis buffer

(Beyotime, Shanghai, China). Sodium dodecyl sulfate-

polyacrylamide gel electrophoresis was used to separate

the proteins. Then, the proteins were incubated with the

primary antibodies against GLUT1 (1:5000, ab40084,

Abcam, Cambridge, UK), HK2 (1:1000, ab104836,

Abcam), LDHA (1:2000, ab101562, Abcam), CD81

(1:1000, 10,037, Cell Signaling Technology, Boston,

MA, USA), TSG101 (1:1000, ab30871, Abcam), and gly-

ceraldehyde 3-phosphate dehydrogenase (GAPDH,1:1000,

ab8245, Abcam) overnight at 4°C. Then, the proteins were

incubated with the secondary antibodies against goat anti-

rabbit IgG H&L (1:2000, ab6721, Abcam) or goat anti-

mouse IgG H&L (1:2000, ab205719, Abcam). Finally, the

signals were visualized using an electrochemiluminescent

system (PerkinElmer Life Science, Waltham, MA, USA).

Quantitative Real-Time Polymerase Chain

Reaction (qRT-PCR)
Total RNA was extracted from NSCLC cells or exosomes

using Trizol reagent (Invitrogen). Briefly, total RNA was

reverse-transcribed into complementary DNA using

SuperScript III RT (Invitrogen), and then qRT-PCR was

performed to determine the amplified transcript levels of

the relative specific genes. U6 and GAPDH was used as the

internal loads to normalize the expression of miR-498 and

hsa_circ_0002130, respectively. The primer sequences of the

relative genes were as follows, hsa_circ_0002130:

CCACGTGGGAGATTCTGG (sense) and ACGTTCCAC

AGCCAGCTC (antisense), miR-498: TTTCAAGCCAGG

GGGCGTTTTTC (sense) and GCTTCAAGCTCTGG
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AGGTGCTTTTC (antisense), U6: CTCGCTTCGGCAGC

ACA (sense) and AACGCTTCACGAATTTGCGT (anti-

sense), GAPDH: AAGGCTGAGAATGGGAAAC (sense)

and TTCAGGGACTTGTCATACTTC (antisense). The rela-

tive expression of miR-498 and hsa_circ_0002130 was mea-

sured by the 2 −ΔΔCt method.

RNase R Digestion
Total RNA isolated from HCC827/OTR and H1975/OTR

cells were incubated with 6 units of RNase R (Epicenter

Biotechnologies, Shanghai, China). After total RNA and

RNase R incubation for 15 min at 37°C, the expression of

hsa_circ_0002130 was examined using qRT-PCR.

Subcellular Localization
Cytoplasmic & Nuclear RNA Purification Kit (Norgen

Biotek Corp., Belmont, MA, USA) was used to measure

the localization of hsa_circ_0002130. Firstly, the Lysis

Buffer J was used to lyse the cells, and then cell lysates

were centrifugated. Subsequently, the nuclear RNA and cyto-

plasmic RNAwere added into anhydrous ethanol and Buffer

SK, respectively. The cytoplasmic RNA and nuclear RNA

were eluted by the spin column. Finally, the proportion of

hsa_circ_0002130 in cytoplasmic and nucleus fractions was

determined using qRT-PCR.

Cell Viability
The proliferation abilities of HCC827, H1975, HCC827/

OTR and H1975/OTR cells were determined by CCK-8

assay. Briefly, the cells were plated into the 96-well plates

and incubated for 24 h. Then, 10 μL CCK-8 solution

(Dojindo, Tokyo, Japan) was added and the absorbance

was measured at 450 nm.

Cell Apoptosis
Cell apoptosis was measured by flow cytometry analysis

using an annexin V-fluorescein isothiocyanate (FITC) apop-

tosis detection kit (BD Pharmingen, San Diego, CA, USA).

After transfection for 48 h, cells were collected and washed.

Then, cells were double-stained with 5 μL Annexin V- FITC

and 5 μL propidium iodide (PI) in the dark for 15 min. Cell

apoptotic ability was detected by a FACScan flow cytometer

(Becton Dickinson, Mountain View, CA, USA).

Tumor Model
The 6–8 weeks female BALB/c nude mice were bought

from Beijing Vital River Laboratory Animal Technology

(Beijing, China). HCC827/OTR cells were stably

transfected with sh-circ #1 or sh-NC. Approximately 2 ×

106 sh- circ #1/sh-NC-infected HCC827/OTR cells were

subcutaneously injected into the right flank of the nude

mice. After 6 days, the mice were treated with osimertinib

(5.0 mg/kg/d) by oral administration. All the mice were

classified into three groups (5 per group): sh-NC group,

sh-NC + osimertinib group, and sh-circ #1 + osimertinib

group. The tumor volume was detected from 6 day every 3

days using a caliper and the tumor weight was detected

after the mice euthanasia at 27 day. All the animal studies

were performed in line with the Guide for the Care and

Use of Laboratory Animals and approved by Huaihe

Hospital of Henan University Experimental Animal

Ethics Committee.

Dual-Luciferase Reporter Assay
The wide-type sequences of hsa_circ_0002130 (WT-

hsa_circ_0002130), GLUT1 (WT-GLUT1 3ʹUTR), HK2

(WT-HK2 3ʹUTR) and LDHA (WT-LDHA 3ʹUTR) were

constructed and inserted into pGL3 promoter vectors

(Invitrogen). The mutant sequences of hsa_circ_0002130,

GLUT1, HK2 and LDHA were used to establish

hsa_circ_0002130 mutant (MUT-hsa_circ_0002130),

GLUT1mutant (MUT-GLUT1 3ʹUTR), HK2-mutant (MUT-

HK2 3ʹUTR) and LDHA-mutant (MUT-LDHA 3ʹUTR)

reporter vectors. HEK293T cells were co-transfected with

WT-hsa_circ_0002130, WT-GLUT1 3ʹUTR, WT-HK2

3ʹUTR, WT-LDHA 3ʹUTR or MUT-hsa_circ_0002130,

MUT-GLUT1 3ʹUTR, MUT-HK2 3ʹUTR, MUT-LDHA

3ʹUTR reporter vectors and miR-498 mimic or NC mimic.

Finally, the relative luciferase activity was detected using

a dual-luciferase reporter assay system (Promega, Madison,

WI, USA).

RNA Pull-Down Assay
The biotin-coupled miR-498 probe and control oligo probe

were synthesized by RiboBio (Guangzhou, China). Briefly,

HCC827/OTR and H1975/OTR cells were lysed using

lysis buffer. Cell lysates were incubated with the biotin-

coupled miR-498 probe or biotin-coupled NC probe for 1

h at room temperature, and then the remaining cell lysates

were cultured with streptavidin magnetic beads (Life

Technologies, Mountain View, CA, USA). Subsequently,

the lysis buffer was used to wash the beads. Finally, RNAs

bound to the beads were extracted using TRIzol Reagent

(Invitrogen), and then analyzed using qRT-PCR.
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Exosome Isolation
Serum samples were collected from NSCLC patients who

underwent surgical procedures at Huaihe Hospital of

Henan University. All patients participating in the present

research signed the written informed consent. The

research was approved by the Human Research Ethics

Committee of Huaihe Hospital of Henan University.

Exosome isolation was essentially carried out as pre-

viously described.26 Briefly, the serum samples were irra-

diated for 48 h, and the medium was collected and

centrifuged. The medium was centrifuged at 2000 ×

g for 10 min, and then 10,000 × g for 30 min for depleting

cell debris. Then, exosomes were extracted using ultra-

centrifugation at 120,000 × g for 60 min. The pellet con-

taining exosomes was washed using phosphate-buffered

saline (PBS). Finally, the exosomes were suspended in

PBS and stored at −80°C until quantitation. The Optima

L-100XP ultracentrifuge (Beckman Coulter, Brea, CA,

USA) was used for the ultracentrifugation. And the

Nanoparticle tracking analysis (NTA) was carried out

using a Nanosight NS300 instrument (Malvern

Instruments, Malvern, UK).

Transmission Electron Microscopy (TEM)
Briefly, the exosomes suspended in PBS were absorbed

onto a Formvar/carbon film-coated TEM grid (Alliance

Biosystems, Osaka, Japan). After drying at room tempera-

ture for 10 min, the grids stained using phosphotungstic

acid solution (2%, pH = 7.0). Then, the stained grids were

observed using a transmission electron microscope (TEM)

(JEM-2100F, JEOL, Japan).

Statistical Analysis
Data were reported as the mean ± the standard deviations

(SD) and analyzed by SPSS 18.0 software. The signifi-

cance of difference between groups was evaluated using

Student’s t-test or One-way ANOVA. Pearson correlation

analysis was used to analyze the relationship between

miR-498 and GLUT1, HK2 and LDHA. A value of P <

0.05 was regarded as a statistically significant difference.

Results
Glycolysis Was Enhanced in

Osimertinib-Resistant NSCLC Cells
The osimertinib-resistant HCC827 cell line (HCC827/

OTR) was established from the parental HCC827 cell

line by gradually increasing the concentrations of

osimertinib from 20.92 nM to 10 uM for six months.

Meanwhile, H1975/OTR cell line was established from

the parental H1975 cell line by gradually increasing the

concentrations of osimertinib from 10.87 nM to 10 uM for

six months. IC50 values of osimertinib for HCC827 and

HCC827/OTR cells were 0.02092 uM and 1.278 uM,

respectively. IC50 values of osimertinib for H1975 and

H1975/OTR cells were 0.01087 uM and 0.5321 uM,

respectively (Figure 1A). Subsequently, the glucose uptake

and lactate production were detected in NSCLC sensitive

and resistant cells. As shown in Figure 1B, the level of

glucose uptake was significantly increased in HCC827/

OTR and H1975/OTR cells compared with HCC827 and

H1975 cells. Consistently, the level of lactate production

was dramatically upregulated in HCC827/OTR and

H1975/OTR cells relative to that in HCC827 and H1975

cells (Figure 1C). We also determined the ECAR level in

NSCLC sensitive and resistant cells. We found an

enhanced ECAR level in HCC827/OTR and H1975/OTR

cells in comparison to HCC827 and H1975 cells

(Figure 1D and E). Moreover, GLUT1, HK2 and LDHA

were higher in HCC827/OTR and H1975/OTR cells than

that in HCC827 and H1975 cells (Figure 1F and G). All

these results indicated that the glycolysis was facilitated in

osimertinib-resistant NSCLC cells.

hsa_circ_0002130 Was Upregulated in

Osimertinib-Resistant NSCLC Cells
We discovered that hsa_circ_0002130 was increased in

HCC827/OTR and H1975/OTR cells (Figure 2A).

Moreover, we found that hsa_circ_0002130 was derived

from the host gene C3 and consisted of 2 exons (exon

18–19), which was cyclized with the head-to-tail splicing

of exon 18 and exon 19 according to circBase. The exist of

back-splice junction was confirmed by our sanger sequen-

cing (Figure 2B). Moreover, we performed RNase

R digestion assay to verify the circular nature of

hsa_circ_0002130. The results confirmed that

hsa_circ_0002130 was indeed circRNA, which was resis-

tant to RNase R digestion (Figure 2C). Subsequently, we

measured the subcellular localization of hsa_circ_0002130

by nuclear and cytoplasmic separation experiments. The

result suggested that hsa_circ_0002130 was mostly located

in the cytoplasm of HCC827/OTR and H1975/OTR cells

(Figure 2D). Besides, the knockdown efficiency of siRNAs

against hsa_circ_0002130 was measured by qRT-PCR. The

data showed that sh-circ #1, sh-circ #2 and sh-circ #3
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could significantly downregulate the expression of

hsa_circ_0002130 in both HCC827/OTR and H1975/OTR

cells (Figure 2E). Furthermore, sh-circ #1 possessing the

best knockdown efficiency was selected for the following

experiments.

hsa_circ_0002130 Knockdown Inhibited

Cell Proliferation, Glycolysis, and

Enhanced Cell Apoptosis in

Osimertinib-Resistant NSCLC
Next, we explored the effects of hsa_circ_0002130 on

osimertinib-resistant NSCLC. MTT assay indicated that

knockdown of hsa_circ_0002130 significantly inhibited

cell viability in both HCC827/OTR and H1975/OTR

cells (Figure 3A). hsa_circ_0002130 deletion promoted

cell apoptosis in HCC827/OTR and H1975/OTR cells

(Figure 3B and C). Moreover, the levels of glucose uptake

and lactate production were measured. As shown in

Figure 3D and E, downregulation of hsa_circ_0002130

markedly decreased the levels of glucose uptake and lac-

tate production in both HCC827/OTR and H1975/OTR

cells. Analogously, the level of ECAR was also confirmed

to be downregulated in HCC827/OTR and H1975/OTR

cells transfected with sh-circ #1 (Figure 3F and G).

Western blot analysis suggested that downregulation of

hsa_circ_0002130 significantly attenuated the expression

of GLUTI, HK2 and LDHA in both osimertinib-resistant

HCC827 and H1975 cells (Figure 3H and I).

Figure 1 Glycolysis was enhanced in osimertinib-resistant NSCLC cells. (A) The IC50 value of HCC827, HCC827/OTR, H1975 and H1975/OTR was detected by MTT

assay. (B) The level of glucose uptake in HCC827, HCC827/OTR, H1975 and H1975/OTR cells was measured by glucose uptake colorimetric assay kit. (C) The level of

lactate production in HCC827, HCC827/OTR, H1975 and H1975/OTR cells was examined by lactate assay kit II. (D–E) The quantification of ECAR in NSCLC sensitive and

resistant cells was measured by Seahorse Extracellular Flux Analyzer XF96 assay. (F–G) The expression of GLUT1, HK2 and LDHA was detected by Western blot analysis.

*P < 0.05.
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Furthermore, the data in Supplement Figure 1A showed

a successful overexpression transfection efficiency of oe-hsa

_circ_0002130 in both HCC827/OTR and H1975/OTR cells.

Overexpression of hsa_circ_0002130enhanced cell viability

(Supplement Figure 1B), but had no effect on cell apoptosis

in HCC827/OTR and H1975/OTR cells (Supplement

Figure 1C). Besides, hsa_circ_0002130 upregulation

increased the levels of glucose uptake, lactate production

and ECAR (Supplement Figure 1D-G). Overexpression of

hsa_circ_0002130 also elevated the protein expression of

GLUT1, HK2 and LDHA (Supplement Figure 1H-I).

Taken together, our results indicated that hsa_circ_0002130

knockdown could inhibit osimertinib-resistance in HCC827/

OTR and H1975/OTR cells.

hsa_circ_0002130 Knockdown

Suppressed Tumor Growth in vivo
To further investigate the promotion effects of

hsa_circ_0002130 in osimertinib-resistant NSCLC, the nude

mice injected with sh-NC/sh-circ #1 HCC827/OTR cells was

treated with osimertinib. As described in Figure 4A, tumor

volume was significantly inhibited by downregulating

hsa_circ_0002130 in osimertinib-resistant NSCLC mice.

Consistently, we also demonstrated that knockdown of

hsa_circ_0002130 could significantly inhibit tumor weight

(Figure 4B). Moreover, the glycolysis-related lactate produc-

tion was determined. Our data showed that downregulation of

hsa_circ_0002130 dramatically decreased the level of lactate

production (Figure 4C). The expression of hsa_circ_0002130

was significantly repressed by hsa_circ_0002130 knockdown

(Figure 4D). Then, we detected the expression of glycolysis-

associated proteins including GLUT1, HK2 and LDHA. We

observed that the expression of GLUT1, HK2 and LDHAwas

significantly suppressed by downregulating hsa_circ_0002

130 (Figure 4E). All these results confirmed that

hsa_circ_0002130 served as an oncogene in osimertinib-

resistant NSCLC.

hsa_circ_0002130 Sponged miR-498 to

Regulate GLUT1, HK2 and LDHA

Expression
Venn diagram showed that miR-498 harbored the binding sites

of hsa_circ_0002130, GLUT1, HK2 and LDHA (Figure 5A).

Figure 2 hsa_circ_0002130 was upregulated in osimertinib-resistant NSCLC cells. (A) The expression of hsa_circ_0002130 in NSCLC sensitive and resistant cells was

detected by qRT-PCR. (B) The exist of back-splice junction of hsa_circ_0002130 was confirmed using our sanger sequencing. (C) hsa_circ_0002130 resistance to RNase

R was detected by qRT-PCR. (D) QRT-PCR was used to assess the level of cytoplasmic control transcript (GAPDH), nuclear control transcript (U6) and hsa_circ_0002130 in

nuclear and cytoplasmic fractions. (E) The expression of hsa_circ_0002130 in both HCC827/OTR and H1975/OTR cells was measured by qRT-PCR. *P < 0.05.
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CircInteractome predicted that hsa_circ_0002130 contained

the binding sites of miR-498 and starBase predicted that

miR-498 contained the binding sites of GLUT1, HK2 and

LDHA (Figure 5A). The expression of miR-498 was reduced

in HCC827/OTR and H1975/OTR cells compared with the

HCC827 and H1975 cells (Figure 5B). Dual-luciferase

reporter assay indicated that the relative luciferase activity

was attenuated in HEK293T cells co-transfected with WT-

hsa_circ_0002130, WT-GLUT1, WT-HK2 or WT-LDHA

and miR-498 mimic compared with the corresponding

control group, while the luciferase activity of MUT-hsa

_circ_0002130, MUT-GLUT1, MUT-HK2 or MUT-LDHA

vectors was not changed in HEK293T cells transfected with

miR-498 mimic (Figure 5C–F). Meanwhile, the results

demonstrated that hsa_circ_0002130, GLUT1, HK2 and

LDHA were effectively enriched by miR-498 in HCC827/

OTR and H1975/OTR cells (Figure 5G). The data indicated

that the expression of miR-498 was significantly increased by

downregulating hsa_circ_0002130 in both HCC827/OTR and

H1975/OTR cells (Figure 5H). Besides, we found the success-

ful overexpression and deletion efficiency of miR-498 mimic

and inhibitor in both HCC827/OTR and H1975/OTR cells

(Figure 5I). Furthermore, the expression of GLUT1,

HK2 and LDHA was dramatically inhibited by upregulating

Figure 3 hsa_circ_0002130 knockdown inhibited cell proliferation, glycolysis, and enhanced cell apoptosis in osimertinib-resistant NSCLC. HCC827/OTR and H1975/

OTR cells were transfected with sh-NC or sh-circ #1. (A) Cell viability was detected by MTT assay. (B–C) Cell apoptosis was measured by flow cytometry analysis.

(D–E) The levels of glucose uptake and lactate production were determined by glucose uptake colorimetric assay kit and lactate assay kit II, respectively. (F–G) The

level of ECAR was examined by Seahorse Extracellular Flux Analyzer XF96 assay. (H–I) Western blot analysis was used to detect the expression of GLUT1, HK2 and

LDHA. *P < 0.05.
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miR-498 and significantly facilitated through downregulating

miR-498 in osimertinib-resistant HCC827 and H1975 cells

(Figure 5J and K).

miR-498 Deletion Reversed the Effects of

hsa_circ_0002130 Knockdown on

Osimertinib-Resistance in

Osimertinib-Resistant NSCLC Cells
To further explore the underlying mechanism of

hsa_circ_0002130 in osimertinib-resistant NSCLC, we per-

formed the rescue experiments by co-transfecting sh-circ #1

and miR-498 inhibitor into HCC827/OTR and H1975/OTR

cells. Cell viability of HCC827/OTR and H1975/OTR cells

were significantly inhibited by miR-498 mimic, and down-

regulation of miR-498 reversed the inhibition effect of

hsa_circ_0002130 deletion on cell viability (Figure 6A).

Moreover, miR-498 upregulation significantly enhanced the

number of apoptotic cells, while miR-498 deletion reversed

the promotion effect of hsa_circ_0002130 downregulation

on cell apoptosis (Figure 6B). Furthermore, we found that

overexpression of miR-498 dramatically inhibited the levels

of glucose uptake and lactate production, while the inhibitory

effects of hsa_circ_0002130 downregulation on glucose

uptake and lactate production were blocked by knockdown

of miR-498 in both HCC827/OTR and H1975/OTR cells

(Figure 6C and D). Consistently, the level of ECAR was

significantly suppressed by overexpressing miR-498, while

miR-498 deletion could reserve the decrease of ECAR

induced by downregulating hsa_circ_0002130 (Figure 6E

and F). We also demonstrated that miR-498 overexpression

could inhibit the expression of GLUT1, HK2 and LDHA,

while miR-498 deletion could significantly rescue the

decrease of GLUT1, HK2 and LDHA expression induced

by hsa_circ_0002130 downregulation (Figure 6G and H).

Our results indicated that hsa_circ_0002130 was involved

in the osimertinib-resistance in osimertinib-resistant NSCLC

cells by combining with miR-498 to regulate the expression

of GLUT1, HK2 and LDHA.

miR-498 Was Decreased, While

hsa_circ_0002130, GLUT1, HK2 and

LDHA Were Increased in

Osimertinib-Resistant NSCLC Patients
Our data showed that the expression of miR-498 was down-

regulated, while hsa_circ_0002130, GLUT1, HK2 and LDHA

were upregulated in osimertinib-resistant NSCLC patients

(Figure 7A–E). Moreover, hsa_circ_0002130 expression was

negatively related to miR-498 in NSCLC patients (Figure 7F).

Furthermore, hsa_circ_0002130 expression was positively

associated with the expression of GLUT1, HK2 or LDHA

(Figure 7G–I).

Figure 4 hsa_circ_0002130 knockdown suppressed tumor growth in vivo. (A–B) The tumor volume and tumor weight were measured. (C) The lactate production was

detected by lactate assay kit II. (D) The expression of hsa_circ_0002130 was determined by qRT-PCR. (E) The expression of GLUT1, HK2 and LDHA was examined by

Western blot analysis. *P < 0.05.
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hsa_circ_0002130 Was Secreted by

Exosomes from the Serum of NSCLC

Patients
Finally, in the present study, the abundant sera were col-

lected from 28 non-response NSCLC patients and 32

response NSCLC patients. The isolated exosomes using

sequential centrifugation were verified using electron

microscopy (Figure 8A). To confirm the purification of

exosomes, the vesicles were determined by Nanosight

NTA. The results of NTA analysis indicated that the dia-

meter of the vesicles ranged from 30 to 140 nm that is in

line with the size of exosomes (Figure 8B). Western blot

confirmed the presence of two well-known exosomal

markers, CD81 and TSG101 (Figure 8C). QRT-PCR ana-

lysis showed that hsa_circ_0002130 was enriched in

serum exosomes derived from osimertinib-resistant

NSCLC patients compared with that in osimertinib-

sensitive NSCLC patients (Figure 8D). Moreover, we

demonstrated that hsa_circ_0002130 had the diagnostic

value of AUC=0.792 (P<0.001) (Figure 8E). As shown

in Figure 8F, the proportion of non-response NSCLC

patients in NSCLC patients with high hsa_circ_0002130

expression was higher than that in NSCLC patients with

low hsa_circ_0002130 expression. All data demonstrated

that serum exosomal hsa_circ_0002130 was upregulated in

osimertinib-resistant NSCLC patients.

Figure 5 hsa_circ_0002130 sponged miR-498 to regulate GLUT1, HK2 and LDHA expression. (A) The overlapped binding miRNA was analyzed by Venn diagram, and

CircInteractome and starBase predicted that miR-498 contained the binding sites of hsa_circ_0002130, GLUT1, HK2 and LDHA. (B) The expression of miR-498 was

detected by qRT-PCR. (C–F) The relative luciferase activity in HEK293T cells co-transfected with type (WT-) or mutant (MUT-) of hsa_circ_0002130, GLUT1 3ʹUTR, HK2
3ʹUTR and LDHA 3ʹUTR and miR-498 mimic or NC mimic was determined by dual-luciferase reporter assay. (G) The expression of hsa_circ_0002130, GLUT1, HK2 and

LDHA pulled down by biotinylated miR-498 and NC was detected by qRT-PCR. (H) The expression of miR-498 in HCC827/OTR and H1975/OTR cells transfected with sh-

NC or sh-circ #1 was measured by qRT-PCR. (I) QRT-PCR was used to examine the expression of miR-498 in HCC827/OTR and H1975/OTR cells transfected with NC

mimic, miR-498 mimic, NC inhibitor or miR-498 inhibitor. (J–K) The protein expression of GLUT1, HK2 and LDHA was detected by Western blot analysis. *P < 0.05.
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Discussion
Cancer drug-resistance is still a difficult problem in human

cancer clinical treatment. Osimertinib is an effective EGFR-

tyrosine kinase inhibitor for the advancedNSCLC patients, yet

it is also inevitable to acquire resistance to osimertinib.27

Previous studies suggested that cancer cells exerted facilitated

effect on glycolysis for ATP generation, which promoted

cancer development and progression.28 Several studies indi-

cated that glycolysis potently inhibited the apoptotic rate of

multidrug-resistant cells, suggesting that a novel strategy of

targeting glycolysis might be useful to overcome multidrug

resistance.29 In our study, we found that the levels of glucose

uptake, lactate production and ECAR were significantly

increased in osimertinib-resistant NSCLC cells. Moreover,

the glycolysis-related proteins, including GLUT1, HK2 and

LDHA, were dramatically upregulated in osimertinib-resistant

NSCLC cells. Our data indicated that glycolysis exhibited

a promotion role in osimertinib-resistant NSCLC.

In the recent few years, noncoding RNAs, such as

circRNAs and miRNAs, have been confirmed to be involved

and played vital roles in verities of human pathophysiologic

processes including tumorigenesis.30 Despite the growing

evidence is usable to verify the underlying mechanisms of

circRNAs in the progression of malignant tumors, the knowl-

edge is still limited. CircRNAs, such as circ_100876,

circ_CCDC66 and circ_ITCH, were confirmed to be asso-

ciated with development, lymph node metastasis, pathologi-

cal grade, as well as drug resistance in lung cancer.31–33 In

this paper, we discovered that hsa_circ_0002130 was highly

expressed in osimertinib-resistant NSCLC cells and knock-

down of hsa_circ_0002130 could significantly exert inhibi-

tory effects on cell growth and glycolysis, but exhibit an

enhanced effect on cell apoptosis of osimertinib-resistant

NSCLC cells. Moreover, hsa_circ_0002130 deletion also

exerted inhibition effects on tumor growth in vivo. hsa_-

circ_0002130 might be a novel treatment target for osimerti-

nib-resistant NSCLC. Consistently, it has been discovered

that hsa_circ_0002130 was also upregulated in ovarian endo-

metriosis and pancreatic ductal adenocarcinoma.34,35

Accumulating evidence demonstrated that circRNAs,

a novel group of noncoding RNAs, served as miRNA

sponges to regulate the downstream gene expression.36 For

Figure 6 miR-498 deletion reversed the effects of hsa_circ_0002130 knockdown on osimertinib-resistance in osimertinib-resistant NSCLC. HCC827/OTR and H1975/OTR

cells were transfected with NC mimic, miR-498 mimic, sh-circ #1+NC inhibitor or sh-circ #1+miR-498 inhibitor. (A) Cell viability was detected by MTT assay. (B) Cell
apoptosis was measured by flow cytometry analysis. (C–D) The levels of glucose uptake and lactate production were determined by glucose uptake colorimetric assay kit

and lactate assay kit II, respectively. (E–F) The level of ECAR was examined by Seahorse Extracellular Flux Analyzer XF96 assay. (G–H) Western blot analysis was used to

detect the expression of GLUT1, HK2 and LDHA. *P < 0.05.
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example, circ-ZFR could sponge miR-30a/miR-107 to mod-

ulate PTEN expression in gastric cancer, while circLARP4

acted as an inhibitor in gastric cancer progression via target-

ing miR-424-5p and regulating the expression of LATS1.37,38

Liu and his colleagues indicated that hsa_circRNA_103809

facilitated the development of lung cancer through seques-

teringmiR-4302 to enhance the expression ofMYC, suggest-

ing that hsa_circRNA_103809 might be a prognosis

biomarker for lung cancer patients.39 Furthermore, circ-

PRMT5 boosted cell growth of NSCLC cells via increasing

the expression of EXH2 through sponging miR-377/382/

498.40 More importantly, accumulating evidence revealed

that circRNAs could regulate gene expression via targeting

miRNAs in drug-resistant cancers.41 Consistently, we found

that hsa_circ_0002130 could target miR-498 to regulate the

expression of glycolysis-related proteins, including GLUT1,

HK2 and LDHA in osimertinib-resistant NSCLC cells. In our

research, miR-498 overexpression significantly suppressed

cell growth and glycolysis, and enhanced the apoptotic abil-

ity of osimertinib-resistant NSCLC cells. Moreover, our data

revealed that the suppressive effects of hsa_circ_0002130

deletion were reversed by downregulating miR-498 in osi-

mertinib-resistant NSCLC cells.

Exosomes are membrane vesicles released by various cells

into the extracellular microenvironment.42 Accumulating evi-

dence suggested that exosomes might be crucial mediators in

Figure 7 miR-498 was decreased, while hsa_circ_0002130, GLUT1, HK2 and LDHA were increased in osimertinib-resistant NSCLC patients. (A–F) The expression of

hsa_circ_0002130, miR-498, GLUT1, HK2 and LDHA was detected by qRT-PCR. (F) The correlation between hsa_circ_0002130 and miR-498 mRNA in NSCLC tissues was

analyzed (r= - 0.74, P < 0.05). (G) The positive relationship between hsa_circ_0002130 and GLUT1 was observed in NSCLC tissues (r= 0.57, P < 0.05). (H) The positive

relationship between hsa_circ_0002130 and HK2 was observed in NSCLC tissues (r= 0.49, P < 0.05). (I) The positive relationship between hsa_circ_0002130 and LDHA

was observed in NSCLC tissues (r= 68, P < 0.05). *P < 0.05.
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types of human cancers, which can participate in the intercel-

lular communication through transferring circRNAs,

miRNAs, mRNAs and proteins.43 A previous research indi-

cated that exosomal circRNAs acted as molecular biomarkers

for the monitoring, prognosis and diagnosis of diseases,

including human cancer.44 For instance, exosomal circ-

PDE8A facilitated tumor growth and invasive in pancreatic

cancer.45 Notably, we discovered that the enhanced expression

of hsa_circ_0002130 could be determined in the serum exo-

somes of osimertinib-resistant NSCLC patients.

In summary, hsa_circ_0002130 expression was signifi-

cantly enhanced in osimertinib-resistant NSCLC cells and

serum exosomes from osimertinib-resistant NSCLC patients,

which exerted promotion effects on osimertinib-resistance.

Furthermore, downregulating hsa_circ_0002130 dramati-

cally suppressed the progression of osimertinib-resistant

NSCLC both in vitro and in vivo. hsa_circ_0002130 affected

cell growth, apoptosis and glycolysis by sponging miR-498

to regulate GLUT1, HK2 and LDHA in osimertinib-resistant

NSCLC cells.
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