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Long non-coding RNA prostate cancer-associated transcript 6 inhibited gefitinib 
sensitivity of non-small cell lung cancer by serving as a competing endogenous 
RNA of miR-326 to up-regulate interferon-alpha receptor 2
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ABSTRACT
The critical roles of lncRNAs in drug resistance of malignancies have been widely recognized. This 
investigation aims to study the function of lncRNA PCAT6 in the resistance of non-small cell lung 
cancer (NSCLC) to gefitinib. In our study, we demonstrated that prostate cancer-associated 
transcript 6 (PCAT6) was upregulated in gefitinib-resistant NSCLC. PCAT6 knockdown inhibited 
gefitinib resistance of NSCLC, as indicated by decreased IC50 value, proliferation, and metastasis, 
and increased cell apoptosis. Besides, PCAT6 could directly target miR-326 in gefitinib-resistant 
NSCLC cells and augment NSCLC resistance to gefitinib by serving as ceRNA of miR-326. 
Furthermore, interferon-alpha receptor 2 (IFNAR2) was validated as a downstream target of 
miR-326 and miR-326 reduced resistance to gefitinib by inhibiting IFNAR2 expression. Our 
investigation identified that PCAT6 enhanced gefitinib resistance of NSCLC via miR-326/IFNAR2 
axis, which might offer a new therapeutic strategy against gefitinib resistance of NSCLC patients.
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Introduction

Lung cancer is one of the most common malignant 
tumors and non-small cell lung cancer (NSCLC) 
accounts for approximately 85% of the total lung 
cancer cases [1,2]. Currently, various treatments, 
such as surgical resection, chemotherapy, radio
therapy, and targeted therapy have been employed 
in the management of NSCLC [3,4], but the effi
cacy of existing therapies is limited and the overall 
survival rate of NSCLC patients remains only 15% 
[5]. Increased understanding of carcinogenesis of 
NSCLC has led to the application of gefitinib, 

a type of tyrosine kinase inhibitors (TKIs), for 
the treatment of NSCLC patients [6]. Initial treat
ment can be effective, but cancer progression can 
reemerge after 6–15 months of therapy due to the 
increased gefitinib resistance [6]. Hence, it is 
important to investigate the underlying mechan
isms of gefitinib resistance in NSCLC.

Long non-coding RNA (lncRNA) is a kind of 
endogenous RNA that is more than 200 nucleo
tides in length without the protein-coding ability 
[7]. During the past decade, numerous studies 
have elucidated the regulatory role of lncRNAs in 
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malignancies, such as bladder, breast, and color
ectal cancer [8–10]. Particularly, some lncRNAs 
were considered to regulate the chemoresistance 
of NSCLC. For example, silencing of BLACAT1 
reduced the afatinib resistance of NSCLC by mod
ulating STAT3 signaling [11]. LncRNA SNHG14 
increased NSCLC resistance to cisplatin by spong
ing miR-133a [12]. LncRNA UCA1 knockout sup
pressed gefitinib resistance in NSCLC via STAT3 
signaling [13]. LncRNA PCAT6, located at 1q32.1, 
was identified as an oncogene in various cancers, 
such as breast cancer, bladder cancer, and colon 
cancer [14–16]. In addition, lncRNA PCAT6 was 
aberrantly expressed in NSCLC and associated 
with the NSCLC progression [17]. More impor
tantly, PCAT6 promoted chemoresistance of cer
vical cancer by absorbing miR-543 to upregulate 
ZEB1 [18]. PCAT6 suppressed miR-204 to 
enhance colorectal cancer cell resistance to 
5-fluorouracil-based treatment via the HMGA2 
pathway [19]. Therefore, a hypothesis can be 
made that PCAT6 might participate in the gefiti
nib resistance of NSCLC.

We aimed to explore the precise role and 
mechanism of PCAT6 in the gefitinib resistance 
of NSCLC, and we hypothesized that PCAT6 
enhanced gefitinib resistance of NSCLC via miR- 
326/IFNAR2 axis. Our findings might offer novel 
therapeutic strategies for NSCLC patients to over
come gefitinib resistance.

Patients and methods

Clinical specimens

A total of 78 NSCLC tissues (34 gefitinib resistance 
and 44 gefitinib sensitivity) were obtained from 
NSCLC patients harboring EGFR exon 19 deletion 
(19DEL) or L858R. Sample tissues were stored in 
liquid nitrogen at −80°C immediately after surgical 
resection for future use. This research was 
approved by the Ethics Committee of the First 
Affiliated Hospital of Jinzhou Medical University 
and all patients signed written informed consent.

Cell culture

The NSCLC cells (HCC827 and PC9) were pur
chased from ATCC (USA). Stable gefitinib- 

resistant cells were generated by continuous treat
ment with gradually increasing concentrations of 
gefitinib as previously described [20]. The cells 
were maintained in DMEM containing 10% FBS 
(All from Gibco) at 37°C in 5% CO2. Gefitinib 
(1 µM) was used to maintain the drug resistance 
of HCC827/GR and PC9/GR cells.

Cell transfection

shRNA targeting PCAT6 (shPCAT6; 5’- 
UGCAUGCAGCUGCUAGAUACG-3’) with its 
negative control (shNC; 5’- 
AAUUCUCCGAACGUGUCACGU-3’), miR-326 
mimics (5’-GCAGGGCACGACUGAUCUUGG 
-3’) and miR-326 inhibitor (5’- 
UCGCUCGGUCCYGAUCGGGAG-3’) with their 
controls (NC mimics: 5’- 
GGAAGUCAUCCAAUGUGCAUU-3’ and NC 
inhibitor: 5’-UCCCUGGUUGCAGAUCGCGAA 
-3’), and PCAT6 overexpression plasmid 
(pcDNA3.1/PCAT6) and IFNAR2 overexpression 
plasmid (pcDNA3.1/IFNAR2) with their negative 
control (pcDNA3.1) were obtained from 
GenePharma (Shanghai). Transfection of afore
mentioned vectors was conducted using lipofecta
mine 2000 (Invitrogen).

RT-qPCR

Total RNA was isolated from tissues and cells 
using TRIzol (Invitrogen). Reverse transcription 
of total RNA to cDNA was performed using 
reverse transcription kit (TaKaRa). Thereafter, 
qPCR was implemented using the SYBR Select 
Master mix on the ABI7300 system (Applied 
Biosystems). The gene expressions were calculated 
with the 2−ΔΔCq method and normalized to U6 or 
GAPDH. The primer sequences were as follows: 
PCAT6, forward, 5’- 
CCCCTCCTTACTCTTGGACAAC-3ʹand reverse, 
5’-GACCGAATGAGGATGGAGACAC-3’; 
IFNAR1, forward, 5’- 
TTGCGTATAAGAGCAGAAACAGGAAACA-3’ 
and reverse, 5’- 
CGAAACTTGAACTATCCATAGCCCACAT-3’; 
miR-326, forward 5’- 
ACTGTCCTTCCCTCTGGGC-3’ and reverse 5’- 
AATGGTTGTTCTCCACTCTCTCTC-3’; 
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GAPDH, forward: 5’- 
GCACCACCAACTGCTTAGCA-3’ reverse and 
5’-GTCTTCTGGGTGGCAGTGATG-3’; U6, for
ward: 5’-CTCGCTTCGGCAGCACA-3’ and 
reverse 5’-AACGCTTCACGAATTTGCGT-3’.

CCK-8

The gefitinib-resistant NSCLC cells were plated at 
a concentration of 1 × 104 cells/well into 96-well 
plates and cultured for 0, 24,48, and 72 h at 37°C 
and 5% CO2. Next, 10 µl CCK-8 reagent 
(Beyotime) was added, followed by an extra 4 h 
incubation. Absorbance at 450 nm was observed 
using a microplate reader (Thermo Fisher 
Scientific, Inc.). To calculate the half-maximal 
inhibitory concentration (IC50) values, cells were 
exposed to different concentrations of gefitinib for 
24 h [21].

Wound healing assay

The transfected cells were incubated in DMEM 
without serum and cultured until 70% confluence. 
Then, a pipette tip was employed to create a single 
scratch in the cell monolayer. The migratory dis
tance was measured at 0 h and 24 h by a micro
scope [22].

Transwell assay

Cell invasive ability was determined using 
Transwell chambers (EMD Millipore) coated with 
Matrigel (Corning Inc.). Cells were plated in the 
upper chambers in serum-free culture medium. 
The lower chambers were filled with a total of 
600 µl DMEM with 10% FBS. After 24 h incuba
tion, the total invasive cells on the surface of the 
lower chamber were fixed and stained and subse
quently counted under a light microscope [23].

TUNEL

The cells were fixed with paraformaldehyde solu
tion, permeabilized with 0.25% Triton-X 100, and 
then incubated in TUNEL reaction mixture. 
Subsequently, the TUNEL-stained cells were coun
terstained with DAPI (2 µg/ml). The TUNEL- 

positive cells were recorded by a fluorescence 
microscope (Olympus Corporation) [22].

Luciferase assay

The wild-type (WT) and mutant (MUT) of 
PCAT6 and IFNAR2 were sub-cloned in the 
pmirGLO vector (Promega). Subsequently, the 
above vectors were co-transfected with NC 
mimics/inhibitor or miR-326 mimics/inhibitor 
into gefitinib-resistant NSCLC cells using lipofec
tamine 2000 (Invitrogen). After 48 h, the luciferase 
activities were evaluated by a Dual-Luciferase 
Reporter System (Promega) [24].

Immunoprecipitation (RIP) assay

RIP assay was conducted by Magna RNA-binding 
protein RIP kit (EMD Millipore) according to the 
manufacturer’s protocol [25]. Cells were lysed with 
RIP lysis buffer and incubated with magnetic 
beads conjugated with Ago2 or IgG. Then, the 
RNAs were extracted and measured by RT-qPCR.

Western blot

The proteins were extracted using radioimmuno
precipitation lysis buffer (Beyotime). Then, protein 
samples were resolved by SDS-PAGE and trans
ferred to PVDF membranes. Afterward, the mem
branes were incubated with primary antibodies 
against IFNAR2 or GAPDH at 4°C. After incuba
tion with secondary antibodies, the protein expres
sion was detected using an ECL reagent (GE 
Healthcare) [26].

Statistical analysis

The data were analyzed using SPSS version 17.0 
software and presented as mean ± standard deviation 
(SD). Student’s t-test or one-way ANOVA was used 
to analyze the differences between the groups. 
P < 0.05 was considered statistically significant.

Results

This study aimed to investigate the effect of 
PCAT6 on the gefitinib resistance of NSCLC and 
the molecular mechanism involved. Through 
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bioinformatics analysis and functional experi
ments, it was demonstrated that PCAT6 exhibited 
an inhibitory effect on the gefitinib sensitivity of 
NSCLC cells through sponging miR-326 to elevate 
IFNAR2 expression.

PCAT6 expression is increased in 
gefitinib-resistance NSCLC

Firstly, RT-qPCR revealed that PCAT6 levels were 
increased in gefitinib-resistant NSCLC tissues 
(Figure 1a). Subsequently, gefitinib-resistant NSCLC 
cells were established, as indicated by increased IC50 
values in gefitinib-resistant HCC827 and PC9 cells 
(Figure 1b and c), and PCAT6 expression was 
increased in gefitinib-resistant NSCLC cells compared 
to corresponding parental cell lines (Figure 1d).

PCAT6 knockdown reduces gefitinib 
resistance of NSCLC

Subsequently, loss-of-function experiments were 
performed to determine the impact of PCAT6 on 
gefitinib-resistant NSCLC cellular activities. As 
presented in Figure 2a, PCAT6 expression was 
reduced in gefitinib-resistant HCC827 and PC9 
cells transfected with shPCAT6. PCAT6 silencing 
reduced the IC50 value and viability of gefitinib- 
resistant NSCLC cells (Figure 2b and c). Moreover, 
downregulation of PCAT6 suppressed the metas
tasis (Figure 2c and d) but promoted apoptosis in 
gefitinib-resistant NSCLC cells (Figure 2e). These 
data revealed that PCAT6 silencing decreased the 
resistance of gefitinib-resistant NSCLC cells to 
gefitinib.

Figure 1. PCAT6 is upregulated in gefitinib-resistance NSCLC. (a) RT-qPCR measured the PCAT6 levels in nonresistant and 
gefitinib-resistant NSCLC tissues. (b and c) CCK-8 evaluated the IC50 values of HCC827, HCC827/GR, PC9, and PC9/GR cells. (d) RT- 
qPCR detected the relative expression of PCAT6 in gefitinib-resistant NSCLC cells and the parental cells. **p < 0.01; *p < 0.05.

3788 Y. ZHENG ET AL.



PCAT6 targets miR-326 in gefitinib-resistant 
NSCLC

To study the mechanism of PCAT6 in gefitinib- 
resistant NSCLC, the downstream genes were 
screened. miR-326 has been reported to act as 

a tumor suppressor in NSCLC [27–29]. Through 
using starBase database, PCAT6 was found to con
tain the binding sequences of miR-326 (Figure 2a). 
Luciferase activity of PCAT6-WT was increased by 
the downregulation of miR-326 but reduced by 

Figure 2. PCAT6 knockdown reduces gefitinib resistance of NSCLC. (a) PCAT6 levels in gefitinib-resistant HCC827 and PC9 cells 
in shNC and shPCAT6 groups. (b and c) Changes in IC50 value and cell viability in treated cells after silencing PCAT6. (d and e) Cell 
migratory and invasive abilities of cells following PCAT6 knockdown. (f) The impact of PCAT6 silence on the apoptosis of gefitinib- 
resistant cells. ***p < 0.001; **p < 0.01.
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miR-326 overexpression, while no change was 
observed in PCAT6 mutant group (Figure 3b). 
Furthermore, RIP assay indicated that miR-326 
and PCAT6 were co-immunoprecipitated by anti- 
AGO2 but not anti-IgG (Figure 3c). In addition, 
miR-326 was downregulated in gefitinib-resistant 
NSCLC tissues and cells (Figure 3d and e). Besides, 
overexpressing PCAT6 reduced miR-326 levels in 
gefitinib-resistant NSCLC cells (figure 3f). Taken 

together, PCAT6 could suppress miR-326 expres
sion by direct interaction.

PCAT6 augments NSCLC resistance to 
gefitinib by serving as ceRNA of miR-326

To explore whether PCAT6 regulated NSCLC 
resistance to gefitinib via miR-326, shPCAT6, or 
shPCAT6 + miR-326 inhibitor was transfected 
into gefitinib-resistant HCC827 and PC9 cells. 

Figure 3. PCAT6 knockdown reduces gefitinib resistance of NSCLC. (a) Starbase showed the binding sites between PCAT6 and 
miR-326. (b) Luciferase reporter analysis for the luciferase activities of PCAT6-WT and PCAT6-MUT in gefitinib-resistant NSCLC cells. 
(c) RIP assay was used to detect the enrichment of PCAT6 and miR-326 in AGO2 and IgG groups. (d and e) RT-qPCR results of miR- 
326 expression in NSCLC tissues and cells. (f) Evaluation of miR-326 expression change by RT-qPCR following PCAT6 overexpression. 
***p < 0.001; **p < 0.01; *p < 0.05.
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miR-326 expression was enhanced in gefitinib- 
resistant NSCLC cells transfected with shPCAT6, 
but was partially decreased by miR-326 inhibitor 
(Figure 4a). CCK-8 revealed that PCAT6 silencing 
reduced the IC50 values and cell viability, while 
these effects were reversed by miR-326 inhibition 

(Fig, 4B and C). Besides, PCAT6 silence alleviated 
the metastasis of gefitinib-resistant NSCLC cells, 
while miR-326 inhibition abrogated the alleviation 
(Figure 5d and e). On the contrary, the promotive 
effect of gefitinib-resistant NSCLC cell apoptosis 
caused by PCAT6 knockdown was annulled by 
inhibiting miR-326 (figure 3f). To summarize, 

Figure 4. PCAT6 augments NSCLC resistance to gefitinib by acting as ceRNA of miR-326. (a) Relative level of miR-326 in 
gefitinib-resistant cells transfected with shNC, shPCAT6, and shPCAT6+ miR-326 inhibitor. (b and c) CCK-8 showed the cell viability 
and the IC50 of gefitinib of different groups in vitro. (d and e) The migratory and invasive abilities in gefitinib-resistant NSCLC cells 
were determined by Transwell assay. (f) The apoptosis of HCC827/GR and PC9/GR cells were detected by TUNEL assay. **p < 0.01; 
*p < 0.05.
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PCAT6 sponged miR-326 to strengthen NSCLC 
resistance to gefitinib.

IFNAR2 is a downstream target of miR-326

The PCAT6/miR-326 axis was further investigated 
by exploring its downstream mechanism. The 
upregulated IFNAR2 expression was observed in 
lung cancer, and high IFNAR2 expression 

contributed to shorter progression-free survival 
(PFS) and overall survival (OS) [30]. Through 
StarBase database, IFNAR2 was screened as 
a putative gene of miR-326 (Figure 5a). 
Moreover, miR-326 mimics significantly repressed 
and miR-326 inhibitor increased the luciferase 
activity of WT of IFNAR2, while no significant 
difference in MUT IFNAR2 group (Figure 5b). 
Furthermore, IFNAR2 levels were substantially 
upregulated in gefitinib-resistant NSCLC tissues 
and cells (Figure 5c-e). In addition, the upregula
tion of PCAT6 increased the IFNAR2 level while 

Figure 5. IFNAR2 is a downstream target of miR-326. (a) The complementary sequences between PCAT6 and miR-326. (b) 
Luciferase activities of IFNAR2-WT and IFNAR2-MUT in gefitinib-resistant HCC827 and PC9 cells. (c and d) RT-qPCR analysis for the 
IFNAR2 mRNA level in NSCLC tissues and cells. (e) Protein levels of IFNAR2 in NSCLC cells. (f and g) The levels of IFNAR2 in HCC827/ 
GR and PC9/GR cells transfected with pcDNA3.1/PCAT6 or pcDNA3.1/PCAT6+ miR-326 mimics. **p < 0.01; *p < 0.05.
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miR-326 overexpression mitigated this effect (fig
figure 5f and g). The aforementioned results impli
cated that PCAT6 could regulate IFNAR2 
expression by targeting miR-326.

miR-326 reduces NSCLC cell resistance to 
gefitinib by inhibiting IFNAR2

To further evaluate whether IFNAR2 was 
a downstream modulator of the PCAT6/miR-326 
axis in regulating the gefitinib resistance of 

Figure 6. miR-326 reduces NSCLC cell resistance to gefitinib by inhibiting IFNAR2. (a) The relative expression of IFNAR2 was 
measured in gefitinib-resistant NSCLC cells transfected with NC mimics, miR-326 mimics, and miR-326 mimics+ pcDNA3.1/PCAT6. 
(b-f) CCK-8, transwell, and TUNEL assays indicated the cell proliferation, IC50 values, migration, invasion, and apoptosis of gefitinib- 
resistant NSCLC cells in different groups. **p < 0.01; *p < 0.05.
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NSCLC, rescue assays were conducted. RT-qPCR 
indicated that IFNAR2 overexpression restored the 
inhibitory effect of miR-326 mimics on IFNAR2 
expression (Figure 6a). Functional assays uncov
ered that miR-326 overexpression suppressed the 
IC50 values, cell viability, and metastasis but pro
moted apoptosis in gefitinib-resistant NSCLC cells, 
while overexpression of IFNAR2 partially reversed 
these effects (Figure 6b-f). In sum, miR-326 could 
increase the gefitinib sensitivity of NSCLC by sup
pressing IFNAR2.

Discussion

With the development of medical technology, 
multiple-chemotherapy drugs, such as platinum/ 
pemetrexed, gefitinib, paclitaxel, and cisplatin, 
have been widely applied to treat human cancers 
[31–34]. Gefitinib has been used as the first-line 
therapy for NSCLC with EGFR mutation [35]. 
Nevertheless, gefitinib resistance is a major obsta
cle for NSCLC therapy [36]. Accumulating 
researches have indicated that dysregulated 
lncRNAs were related to the chemoresistance in 
NSCLC. Chen et al. disclosed that lncRNA HOST2 
suppressed miR-621 to enhance gefitinib resis
tance of NSCLC [37]. Xu et al. demonstrated that 
lncRNA UCA1 caused acquired gefitinib resistance 
by inhibiting CDKN1A in NSCLC [38]. Li et al. 
indicated that RHPN1-AS1 inhibited gefitinib 
resistance of NSCLC via miR-299-3p/TNFSF12 
axis [39]. PCAT6 has been reported to be dysre
gulated and function as an oncogenic gene in 
multiple cancers. For instance, PCAT6 promoted 
the occurrence and development of triple-negative 
breast cancer by modulating VEGFR2 [15]. 
PCAT6 facilitated the tumorigenesis of ovarian 
cancer through suppressing PTEN [40]. PCAT6 
accelerated the viability and inhibited apoptosis 
in colon cancer cells by modulating ARC level 
[14]. In this research, it was disclosed that 
PCAT6 expression was highly expressed in gefiti
nib-resistant NSCLC, and silencing PCAT6 could 
reduce NSCLC cell resistance to gefitinib.

Increasing evidence identified that the lncRNA- 
mediated ceRNA network was involved in the 
regulation of chemoresistance of various cancers, 
including NSCLC. For example, UCA1 enhanced 
the gefitinib resistance of NSCLC by sponging 

miR-143 to upregulate FOSL2 [41]. LncRNA 
SNHG1 contributed to cisplatin resistance as 
a ceRNA to target DCLK1 by sponging miR-330- 
5p in NSCLC [42]. In addition, several miRNAs, 
such as miR-34c-3p [43], miR-490-3p [44], miR- 
449c [45], have been identified as tumor suppres
sors in NSCLC. In this work, we confirmed that 
miR-326 was a downstream gene of PCAT6. miR- 
326 was demonstrated to be related to the chemo
sensitivity of various tumors. For example, miR- 
326 downregulation restored the suppressive 
impact of lncRNA DDX11-AS1 silencing on oxa
liplatin resistance of gastric cancer [46]. The pro
motive effect of circRNA_102272 upregulation on 
cisplatin resistance of hepatocellular carcinoma 
was abrogated by miR-326 overexpression [47]. 
Herein, we demonstrated miR-326 silencing 
restored the suppressive effect of PCAT6 knock
down on the gefitinib resistance of NSCLC, sug
gesting that PCAT6 enhanced gefitinib resistance 
of NSCLC by regulating miR-326.

Interferon-alpha receptor 2 (IFNAR2) is a type 
of cell surface receptor that mediates the type 
I interferons (IFNs) to exert various biological 
functions [30]. The abnormal expression of 
IFNAR2 was studied in different types of malig
nancies, including pancreatic cancer, gastrointest
inal cancer, chronic myelogenous leukemia, and 
renal cell carcinoma [48–51]. Importantly, the 
upregulation of IFNAR2 has been discovered in 
various histological types of lung cancer [30]. 
Herein, IFNAR2 was validated as a target gene of 
miR-326, and PCAT6 upregulated IFNAR2 
expression by targeting miR-326. Functional 
experiments indicated the upregulation of miR- 
326 enhanced the gefitinib sensitivity of NSCLC 
cells, while this effect was abolished by IFANR2.

Conclusion

Our study found that PCAT6 enhanced the gefiti
nib resistance of NSCLC by sponging miR-326 to 
upregulate IFNAR2. These findings suggested that 
PCAT6 could be a new therapeutic target to acti
vate NSCLC sensitivity toward gefitinib treatment.
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