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Introduction

Epidermal growth factor receptors (EGFR), a family of 
receptor tyrosine kinases, are well-known for their roles 
in tumorigenesis, such as cell proliferation, invasion, and  
angiogenesis [1]. Overexpression of and mutations in the 
EGFR are commonly found in non–small cell lung cancer 
(NSCLC), which lead to amplification of EGFR signaling 
and constitutive activation of EGFR [1]. EGFR–tyrosine  
kinase inhibitors (TKIs), such as gefitinib and erlotinib,  
inhibit EGFR signaling cascades by competitive binding with 
ATP and result in the attenuation of tumor growth by induc-
ing G0/G1 phase cell-cycle arrest [2]. Along with this princi-
pal effect, TKIs are also known to mediate autophagic flux 
in diverse cancer cells [3]. Moreover, targeting of autophagy 
with specific inhibitors leads to enhancement of gefitinib 

cytotoxicity in an EGFR-independent manner [4]. The eleva-
tion of autophagic flux in tumor cells is generally considered 
to play a cyto-protective role against anti-cancer drugs, and 
targeting the autophagy pathways appears to be a promis-
ing strategy to control tumor cell proliferation and acquired 
drug-resistance [5]. 

Autophagy is a catabolic degradative process in which cel-
lular organelles are sequestered within double-membrane  
structures known as autophagosomes. Trafficking of auto-
phagosomes to lysosomes catabolizes their cargo into ami-
no acids, fatty acids, and carbohydrates, which promotes  
energy recycling and cell survival [6]. Although autophagy 
was first known as a non-selective catabolic process, the 
detection of autophagy receptors suggested a practical 
link between autophagy and ubiquitination [7]. Binding of 
agonists, including EGF, transforming growth factor-α, and 
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Purpose  With the identification of epidermal growth factor receptor (EGFR) mutations in non–small cell lung cancer (NSCLC) cells, 
EGFR–tyrosine kinase inhibitors (TKIs) are being used widely as the first-line of treatment in NSCLC. These inhibitors block auto-phos-
phorylation of activated EGFR by competing with ATP binding and mediate EGFR degradation independent of exogenous epidermal 
growth factor, which is associated with the mutation variants of EGFR. However, the precise mechanisms underlying the TKI-mediated 
EGFR degradation are still unclear. 
Materials and Methods  To examine the physiological roles of miR-4487 and ubiquitin-specific peptidase 37 (USP37) in gefitinib-
mediated EGFR degradation in NSCLC cells, multiple NSCLC cell lines were applied. The level of EGFR expression, apoptosis marker, 
and autophagic flux were determined by western blot. Expression level of miR-4487 and cell-cycle arrest was analyzed by TaqMan 
assay and flow cytometry respectively.
Results  We found that gefitinib mediates EGFR degradation under normal culture conditions, and is dependent on autophagic 
flux and the mutation variants of EGFR. Gefitinib reduced expression levels of USP37, which mediated EGFR degradation similar to  
gefitinib. Our results also showed a gefitinib-mediated increase in endogenous miR-4487 level and presented evidence for the direct 
targeting of USP37 by miR-4487, resulting in the sequential enhancement of ubiquitination, autophagy, and EGFR degradation. Thus, 
the depletion of USP37 and overexpression of miR-4487 led to an increase in gefitinib-mediated apoptotic cell death. 
Conclusion  These data suggest that miR-4487 is a potential target for treating NSCLC, and miR-4487/USP37-regulated EGFR deg-
radation is a determinant for developing gefitinib resistance. 
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amphiregulin, to the EGFR has been reported to mediate  
internalization and autophagic degradation of EGFR [8]. 
TKIs were also found to mediate EGFR degradation in cancer 
cells by accelerating ubiquitination and endocytosis of EGFR 
[9]. Furthermore, an EGFR harboring an L858R or delE746-
A759 mutation shows increased sensitivity to TKI-induced 
degradation compared to wild-type (WT) or L858R/T790M 
mutant EGFR [9]. 

The delicate balance between ubiquitination via ubiquit-
ination-related enzymes such as E3 ubiquitin ligase and deu-
biquitination via deubiquitinating enzymes (DUBs) is known 
to be highly associated with tumorigenesis [10]. Ubiquitin-
specific peptidase 37 (USP37) is a DUB that removes ubiq-
uitin from target proteins. Accumulating evidence indicates 
that deubiquitination by USP37 is essential for maintain-
ing diverse biological processes in cancer cells. Deletion of 
USP37 results in mesenchymal epithelial transition by sup-
pressing cell migration and invasion in breast cancer cells 
[11] and suppression of cell proliferation by hypoxia induc-
ible factor α down-regulation [12]. Also, USP37 stabilizes 
Snail and c-Myc, which promote lung cancer cell migration 
[13,14]. Although USP37 appears as a potential therapeutic 
target to treat cancer cells, the molecular function of USP37 
in the gefitinib-mediated autophagic process is still unclear.

MicroRNAs (miRNAs) are 22-nucleotide long, endogeno-
usly expressed non-coding molecules, which target specific 
mRNAs resulting in regulation of gene expression. Recently, 
microarray analysis of serum and blood samples from pati- 
ents with hepatocellular carcinoma (HCC) revealed that 
miRNA levels, including miR-4484, miR-1281, and miR-4487, 
are markedly upregulated, in comparison to those in nor-
mal blood samples, and contribute to the diverse biological 
processes of cancer cells by targeting DUSP1, programmed 
death-ligand 1, and MUC1 [15]. Of note, miR-4487 was also 
identified to target Unc-51-like kinase 1 (ULK1) and regulate 
the ULK1-mediated autophagic process in neuroblastoma 
cells [16]. However, so far, very few studies address the phys-
iological roles of miR-4487 in cellular processes. 

Thus, in this study, we (1) examined the physiological 
roles of miR-4487 and USP37; (2) tested autophagic flux and 
whole-cell ubiquitination; and (3) studied the effects, if any, 
of miR-4487 on USP37 function in gefitinib-mediated EGFR 
degradation in NSCLC cell lines.

Materials and Methods
 
1. Cell culture and reagents 

The human bronchial epithelial cell line, BEAS-2B; four 
NSCLC cell lines, PC-9, HCC827, H358, and H1650; and the 
gefitinib-resistant sub-cell lines, PC-9/GR and HCC827/

GR were used in the study. All cell lines were gifted by Dr. 
Jin Kyung Rho in Asan Medical Center, Ulsan University 
(January 29, 2019). Each cell line was cultured in RPMI-1640 
(HyClone, Logan, UT) supplemented with 10% fetal bovine 
serum, 100 U/mL penicillin, and 100 μg/mL streptomycin 
(Gibco, Foster City, CA) at 37℃ in 5% CO2. Each cell line was 
used within 20 passages after thawing each of the stock vials. 
Mycoplasma screening was performed every 4 months using 
endpoint PCR method (BioMycoX Mycoplasma PCR Detec-
tion Kit, Cellsafe, Yongin, Korea).

Mimic and inhibitor of miR-4487 (10 nM, Ambion, Fos-
ter City, CA) and siRNA for USP37 (5′-AGUCAUCAUUC-
CAAGAUACCUGACC-3′) (10 nM, Integrated DNA Tech-
nologies, Inc., Coralville, IA) were delivered into cells using 
the lipofectamine RNAiMAX reagent (Life Technologies, 
Grand Island, NY) according to the manufacturer’s instruc-
tions. Gefitinib and the antibodies against poly(ADP-ribose) 
polymerase-1 (PARP), LC3B, integrin-α6, and β-actin were  
obtained from Cell Signaling Technology, Inc. (Danvers, MA). 
Antibody against EGFR was purchased from Santa Cruz Bio-
technology, Inc. (Dallas, TX). Antibody against USP37 was 
obtained from the Proteintech Group, Inc. (Rosemont, IL). 
Bafilomycin A1 and 3-methyladenine (3-MA) were obtained 
from Sigma-Aldrich (St. Louis, MO).

2.	Reverse	transcription‒PCR,	and	endpoint	and	quantita-
tive PCR assay

Total RNA was extracted using the TRIzol reagent (Invi-
trogen, Carlsbad, CA) according to the manufacturer’s  
instructions. cDNA was synthesized from 1 μg of total RNA 
using a PrimeScript RT reagent kit (TaKaRa Bio, Inc., Kusa- 
tsu, Shiga, Japan). Primers used for endpoint PCR were as  
follows: EGFR_F, 5′-CTCCAGGAAGCCTACGTGAT-3′ and 
R, 5′-GTCTTTGTGTTCCCGCCGGACAT-3′; GAPDH_F, 5′- 
AGGGCTGCTTTTAACTCTGGT-3′ and R, 5′-CCCCACTT-
CATTTTGGAGGGA-3′. Expression level of miR-4487 was 
quantified using the TaqMan miRNA assay kit (Thermo Fish-
er Scientific, Foster City, CA) following the manufacturer’s 
protocol. The U6 small nuclear RNA was used as internal 
control. Relative quantitation was calculated using the com-
parative ∆∆Ct method.

3.	Western	blot	assay
Protein expression level was determined using western 

blot analysis following a standard protocol. In brief, cells 
were lysed with RIPA buffer (Invitrogen, Foster City, CA) 
containing proteases and a phosphatase inhibitor cocktail 
(Invitrogen). Whole cell lysates were loaded on sodium  
dodecyl sulfate polyacrylamide gel electrophoresis and sep-
arated by molecular weight using gel electrophoresis. After 
the transfer onto polyvinylidene difluoride membranes (0.2-
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μm pore size), the membrane was incubated with the prima-
ry antibodies, EGFR (1:1,000), LC3B (1:1,000), PARP (1:1,000), 
USP37 (1:1,000), integrin-α6 (1:1,000), and β-actin (1:1,000), 
and horseradish peroxidase–conjugated IgG was then used 
as the secondary antibody. Immunoreactive proteins were 
detected using AzureSpot 2.0 (Azure Biosystems, Inc., Dub-
lin, CA).

To determine the expression level of EGFR on the plasma 
membrane, the plasma membrane was fractionized using 
the Plasma Membrane Protein Extraction Kit (Abcam, Cam-
bridge, MA) following the manufacturer’s instruction. In 
brief, cells were homogenized and these homogenates were 
then centrifuged at 700 ×g for 10 minutes at 4℃. Supernatants 
were transferred to a new tube and centrifuged at 10,000 ×g 
for 30 minutes at 4℃. To purify plasma membrane proteins, 
pellets resuspended in upper phase buffer and low phase 
buffer were incubated on ice for 5 minutes, and then centri-
fuged at 1,000 ×g for 10 minutes at 4℃. The upper phase was 
carefully collected in a new tube and centrifuged at 10,000 
×g for 10 minutes at 4℃. The plasma membrane pellets were 
dissolved in 0.5% Triton X-100 in phosphate buffered saline 
(PBS) for the western blot assay.

4.	Fluorescence-activated	cell	sorting	analysis	of	cell	cycle	
and apoptotic cell death

Cells were washed out with cold PBS and fixed with 70% 
ethanol at –20℃ for 2 hours, and were then stained with 0.5 
mL propidium iodide (PI)/RNase Staining Buffer (BD Bio-
sciences, San Jose, CA) and PI mixture for 15 minutes at room 
temperature to determine cell cycle and apoptotic cell death. 
A minimum of 2×104 cells were analyzed using the FACScan 
analyzer (Becton Dickinson and Company, Franklin Lakes, 
NJ).

5.	3′-Untranslated	region–reporter	assay
WT or mutant fragments of 3′-untranslated region (3′-

UTR) of USP37 were amplified and inserted downstream of 
the firefly luciferase reporter gene in the pEZX-FR02 vector 
(Genecopoeia, Rockville, MD). Next, 100 nM mimic of miR-
4487 and 250 ng pEZX-EF02 vectors containing WT and  
mutated USP37 were co-transfected into HEK293 cells using 
lipofectamine RNAiMAX and 3000 reagents, respectively 
(Life Technologies Inc.). After an additional cell incubation 
of 48 hours, the luciferase activity (Fluc/Rluc) was assayed 
using the Luc-Pair Duo-Luciferase Assay Kits 2.0 (Geneco-
poeia).

6. Ubiquitination assay
The ubiquitination assay was performed using the UBI-

QAPTURE-Q Kit (Enzo Life Sciences Inc., Farmingdale, NY) 
following the manufacturer’s protocol. In brief, whole cell 

lysates were collected and 250 μg/mL of proteins were mixed 
with UBI-QAPTURE-Q matrix and then washed out with 
HEPES buffer. The matrix was resuspended with HEPES 
buffer and then incubated overnight at 4℃. After incuba-
tion, ubiquitylated proteins with matrix were centrifuged at 
5,000 ×g for 30 seconds and samples were prepared by add-
ing them to 5× gel loading buffer for 5 minutes to quench. 
Each sample were boiled at 95℃ for 10 minutes prior to use 
and used for western blot assay.

7.	Cytotoxicity	assay
Cytotoxicity was determined by measuring extracellu-

lar glucose-6-phosphate dehydrogenase (G6PD) using a  
Vybrant Cytotoxicity Assay kit (Invitrogen) following the 
manufacturer’s protocols. In brief, cells were seeded onto 
96-well plates and incubated under indicated conditions. 
Cell culture medium devoid of cells was collected, and 
G6PD activity was determined at excitation and emission 
wavelengths of 544 and 590 nm, respectively. Results were 
expressed as the percentages of total G6PD detected in cell 
lysates from parallel wells. 

8.	Measurement	of	intracellular	Ca2+ 
intracellular Ca2+ ([Ca2+]i) level was determined using 

a Ca2+-sensitive fluorescence dye, Fura-2/AM (Sigma- 
Aldrich). Cells loaded with Fura-2 (5 μM) were perfused 
with HEPES buffer containing 140 mmol/L NaCl, 5 mmol/L 
KCl, 1 mmol/L MgCl2, 1 mmol/L CaCl2, 10 mmol/L HEPES, 
and 10 mmol/L glucose (adjusted to pH 7.4 and 310 mOsm). 
Next, 1 mmol/L CaCl2 was replaced with 1 mmol/L EGTA 
in Ca2+-free HEPES buffer. After a brief washing out with 
HEPES buffer, Fura-2 fluorescence was monitored using 
340 and 380 nm dual-wavelength excitation, and emission 
wavelength at 510 nm was collected using a sCMOS camera 
(Andor Technology Ltd., Belfast, UK). Collected data were 
analyzed using the MetaFluor Fluorescence Ratio Imaging 
software (Molecular Devices, San Jose, CA) and presented as 
the F340/F380 ratio.

9. Statistical analysis
Statistical analysis was conducted using the Origin soft-

ware (OriginLab Corp., Northampton, MA). Data are pre-
sented as mean±standard deviation. of observations obtained 
from more than three independent experiments. Statistical 
differences were analyzed using one-way ANOVA followed 
by Tukey’s post-hoc test. Values of p < 0.05 were considered 
statistically significant.
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Fig. 1.  Effects of long-term treatment of gefitinib on non–small cell lung cancer cells. Different cell lines were incubated with gefitinib  
(1 μM) for the indicated time. (A) Endogenous levels of epidermal growth factor receptor (EGFR) and cleavage of poly(ADP-ribose) poly-
merase-1 (PARP) and LC3B were determined using a western blot assay in the PC-9 and PC-9/GR cell lines. (B) Endogenous level of EGFR 
in HCC827, HCC827/GR, H358, and H1650 cells. β-Actin levels were used as loading controls. Column graphs show relative fold change 
of each protein in gefitinib-treated cells compared with that in control (0; no-gefitinib). Data are mean±standard deviation. *p < 0.05 com-
pared with control or between indicated group. (Continued to the next page)
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Results

1.	 Long-term	 treatment	 of	 NSCLC	 cells	 with	 gefitinib	 
reduces	endogenous	level	of	EGFR	and	its	localization	on	
the plasma membrane

A growing body of evidence indicates that EGFR-TKIs not 
only inhibit EGFR activation by interfering with the bind-
ing of ATP, but also mediate EGFR degradation via ubiqui-
tination and the autophagic process, both of which result in 
cell-cycle arrest and apoptosis [9,17,18]. We first examined 
the gefitinib-mediated EGFR degradation in diverse NSCLC 
cells, including the PC-9, PC-9/GR, HCC827, HCC827/GR, 
H358, and H1650 cell lines. Each cell was treated with ge-
fitinib for the indicated time and the endogenous level of 
EGFR and cleavage of PARP and LC3B were evaluated. Fig. 
1A and B show that long-term treatment of NSCLC cells, ex-
cluding PC-9/GR and HCC827/GR, with gefitinib (1 μM) in 
the absence of additional EGF treatment commonly resulted 
in decreased endogenous levels of EGFR in a time-depend-
ent manner. Notably, PC-9 cells show a rapid decrease in 
EGFR level and an increase in PARP cleavage in response to 

gefitinib treatment; a significant decrease in EGFR levels in 
PC-9 (0.60468±0.12501) and HCC827 (0.46442±0.18503) cells 
was observed at 12 and 48 hours, respectively (Fig. 1A and 
B). Along with gefitinib-mediated EGFR decrease, the cleav-
age of LC3 in the PC-9 cells, but not in gefitinib-resistant cell 
lines, was found to increase in response to gefitinib treat-
ment (Fig. 1A). To determine whether the decrease in EGFR 
levels was caused by reduction in EGFR transcription, we 
performed an RT-PCR analysis with total RNA of PC-9 cells 
treated with gefitinib in a time-dependent manner. Fig. 1C 
shows that the transcriptional activity of the EGFR gene did 
not change in response to gefitinib treatment. In addition, we 
found that the localization of EGFR on the plasma membrane 
appeared to decrease after 2 hours of gefitinib treatment (Fig. 
1D). To further identify the gefitinib-mediated decrease in 
EGFR levels, we evaluated the effects of gefitinib on EGF-
induced [Ca2+]i oscillations using a ratiometric assay. PC-9 
cells cultured with or without gefitinib for different time  
periods were perfused with EGF-containing Ca2+-free HEPES 
buffer. Consistent with the decrease in EGFR on plasma 
membrane fraction, EGF-mediated [Ca2+]i oscillations were 

Fig. 1.  (Continued from the previous page) (C) Reverse transcription polymerase chain reaction was performed to detect the transcriptional 
activity of EGFR in gefitinib-treated PC-9 cells. (D) PC-9 cells were treated with gefitinib (1 μM) for the indicated time, and total membrane 
was fractionized and isolated proteins from each fraction were used to detect EGFR levels. Integrin-α6 was used as loading control. PM, 
plasma membrane; TM, total membrane. (E) Cells were pretreated with gefitinib (1 μM) before the experiments, and PC-9 cells loaded 
with Fura-2AM were used to determine intracellular Ca2+ ([Ca2+]i) response to epidermal growth factor (EGF; 200 ng/mL) in the absence 
of extracellular Ca2+. Each trace represents [Ca2+]i mobilization in a single cell. 
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markedly abolished in 2 hours of gefitinib pretreatment cells. 
There results indicate that the long-term treatment of NSCLC 
cells with gefitinib induces internalization of EGFR and a  
decrease in its expression levels.

2.	Gefitinib-mediated	EGFR	degradation	is	dependent	on	
autophagic	flux

Based on the knowledge that gefitinib mediates LC3B 
cleavage and EGFR degradation, we assumed that gefitinib- 
mediated EGFR degradation is dependent upon the auto-
phagic flux. To further identify the link between the auto-
phagic process and EGFR degradation, autophagy inhibi-
tors, bafilomycin A1 (5 nM) and 3-MA (5 mM), were added 
to gefitinib-treated PC-9 and HCC827 cells for 1, 3, and 6 
hours prior to the end of incubation. Fig. 2A and B show that 
the increase in EGFR degradation and LC3 cleavage by gefi-
tinib is significantly restored by inhibition of autophagy with 
bafilomycin A1 and 3-MA. These data clearly indicate that 
gefitinib-mediated EGFR degradation is dependent on the 
autophagic process.

3.	 Expression	 level	 of	 USP37	 is	 negatively	 regulated	 by	 
gefitinib	 in	 a	 time-dependent	 manner,	 and	 deletion	 of	
USP37	 in	 gefitinib-treated	 cells	 synergistically	 enhances	
ubiquitination

With the discovery of autophagy receptors, ubiquitina-
tion is considered as a prerequisite for determining selec-
tive autophagy in eukaryotic cells [7]. We first screened the  
expression levels of USP37 and level of basal autophagic 
flux in gefitinib-sensitive and -insensitive NSCLC cells. Each 
NSCLC cell line was cultured under normal conditions, and 
whole cell lysates were harvested for western blot analysis. 
Our results show that USP37 expression was significantly 
down-regulated in NSCLC cells, excluding PC-9/GR cells, 
compared to that in the BEAS-2B cells. Contrary to the  
reduction of USP37 expression, LC3 cleavage in NSCLC cells 
was constitutively increased in PC-9, HCC827, H358, and 
PC-9/GR cells (Fig. 3A). Furthermore, endogenous USP37 in 
PC-9 cells was found to decrease on gefitinib treatment in 
a time-dependent manner (Fig. 3B). To further identify the 
role of USP37 in ubiquitination, siRNA of USP37 (siUSP37) 
was delivered into PC-9 cells, and cultured with or without 
gefitinib. Whole cell lysates were collected and used to deter-
mine the level of USP37 and ubiquitination. Fig. 3C indicates 
that gefitinib treatment and deletion of USP37 up-regulates 
ubiquitination and EGFR degradation. Moreover, deletion of 
USP37 and treatment of gefitinib was confirmed to increase 
LC3B cleavage respectively. Also, the use of gefitinib in 
siUSP37-deficient cells synergistically enhanced ubiquitina-
tion and EGFR degradation in PC-9 cells. These data dem-
onstrate that USP37, a deubiquitinase, is down-regulated by 

gefitinib and results in synergistic effects on ubiquitination 
in cancer cells.

4.	miR-4487	is	upregulated	by	gefitinib	and	directly	targets	
USP37	to	enhance	gefitinib-mediated	ubiquitination

Next, we investigated the upstream modulators of gefitin-
ib-mediated USP37 down-regulation. Recently, it has been 
found that miR-4487 functions as a regulator in the cellular 
processes of cancer cells by targeting diverse genes [15,16]. 
Differential expression of miR-4487 in NSCLC cells was iden-
tified using the TaqMan primer for miR-4487. Fig. 4A shows 
that each NSCLC cell line strongly expresses miR-4487 com-
pared to the expression in BEAS-2B cells. Moreover, the level 
of miR-4487 in PC-9 cells increases in response to gefitinib 
(Fig. 4B). To investigate the role of miR-4487 in gefitinib- 
mediated EGFR degradation and ubiquitination, transfec-
tion efficiency and specificity between miR-4487 and USP37 
were validated using real-time quantitative PCR (qPCR) and 
3′-UTR reporter assay, respectively. The left panel of Fig. 4C  
indicates that the level of miR-4487 was markedly increased 
in miR-4487-mimic-transfected cells. Furthermore, the 3′-
UTR reporter assay revealed that miR-4487 directly interacts 
with USP37 and significantly suppresses USP37 expression 
(right panel of Fig. 4C). We also determined the effects of 
miR-4487 on the endogenous expression of USP37 and EGFR. 
Mimic and inhibitor of miR-4487 were transfected into each 
NSCLC cell line, to evaluate the level of endogenous USP37. 
Fig. 4D shows that the introduction of miR-4487 mimic in 
the NSCLC cell lines led to a significant reduction in USP37 
levels in all cell lines, except HCC827, compared to those in 
the control. Also, Fig. 4E demonstrates that the introduc-
tion of mimic of miR-4487 in PC-9 cells mediated a marked  
reduction in EGFR levels, increased LC3 cleavage, and syn-
ergistically enhanced gefitinib-mediated EGFR degradation 
and LC3 cleavage. As shown in Fig. 4F, mimic of miR-4487 
synergistically enhanced ubiquitination in PC-9 cells. These 
findings demonstrate that miR-4487 directly targets USP37, 
and that the suppression of USP37 by miR-4487 results in  
enhanced EGFR degradation and ubiquitination. 

5.	 Introduction	 of	 miR-4487	 and	 siUSP37	 in	 PC-9	 cells	 
enhances	cytotoxicity	and	apoptotic	cell	death

One remaining question was whether miR-4487/USP37-
regulated EGFR degradation is associated with cytotoxicity 
and apoptotic cell death. Elevated autophagic flux in response 
to EGFR-TKIs has been implicated in the cytoprotective pro-
cess rather than in inducing apoptotic cell death [5]. To gain 
an insight into the miR-4487/USP37-modulated EGFR deg-
radation in determining cell fate, we examined the effects of 
miR-4487 and USP37 on apoptotic cell death and cell-cycle 
arrest. PC-9 cells were incubated under the indicated condi-
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Fig. 4.  miR-4487 directly targets ubiquitin-specific peptidase 37 (USP37) and promotes epidermal growth factor receptor (EGFR) degrada-
tion and ubiquitination. (A) Differential expression of endogenous miR-4487 was evaluated in BEAS-2B and non–small cell lung cancer 
(NSCLC) cells using TaqMan primers. Statistical data were presented as fold change of miR-4487 levels in the tested cell lines compared 
to that in BEAS-2B (control) cells. Data are represented as mean±standard deviation (SD). *p < 0.05 compared with BEAS-2B cells. (B)  
Endogenous level of miR-4487 was measured in gefitinib (1 μM)-treated PC-9 cells using TaqMan primers. Statistical data were presented 
as fold change in miR-4487 levels in gefitinib-treated cells compared to that in control (0; no-gefitinib). Data are represented as mean±SD. 
*p < 0.05 compared with non–gefitinib-treated cells. (C) PC-9 and PC-9/GR cells were transfected with miR-4487 mimic and inhibitor. Total 
RNA was used for quantitative polymerase chain reaction analysis (left panel). The wild-type (WT) and mutant sequences of USP37 3′- 
untranslated region (3′-UTR) are listed for comparison. HEK293 cells were co-transfected with either WT or mutated 3′-UTR plasmid and 
with miR-4487 mimic. Luciferase activity was measured at 48 hours after transfection. Firefly luciferase activity was normalized to Renilla 
luciferase activity and presented as relative to control (Luc-WT USP37 3′-UTR w/o miR-4487). Data are represented as mean±SD. *p < 0.05 
compared to control. I, miR-4487 inhibi tor; M, miR-4487 mimic; NC, negative control. (D) miR-4487 mimic and inhibitor was transfected 
into NSCLC cell lines and endogenous USP37 expression was determined using the western blot assay. (Continued to the next page)
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tions, and PARP cleavage and G6PD release were evaluated. 
Fig. 5A and B demonstrate that gefitinib treatment in miR-
4487 mimic and siUSP37-transfected PC-9 cells significantly 
enhances PARP cleavage and G6PD release compared to that 
in gefitinib-treated non-transfected cells. Also, overexpres-
sion of the miR-4487 inhibitor suppressed gefitinib-mediated 
PARP cleavage and G6PD release compared to that in only-
gefitinib-treated cells (Fig. 5A and B). To further identify the 
roles of miR-4487 and USP37 on gefitinib-mediated cell-cycle 
arrest, we performed the fluorescence-activated cell sorting 
analysis. The 24-hour incubation of gefitinib with PC-9 cells 
markedly increased the cell population of G0/G1 phase by 
~17% compared to that in negative control, whereas the pop-
ulation of apoptotic cells in the sub-G0/G1 phase remained 
unchanged (Fig. 5C). Interestingly, overexpression of miR-
4487 (5.432%±1.030%) and deletion of USP37 (8.494±0.501) 
led to a significant increase in gefitinib-mediated apoptotic 
cell death in miR-4487 mimic and siUSP37-transfected cells 
compared to that in only-gefitinib-treated cells (1.766±0.336). 
These results suggest that the up-regulation of ubiquitina-
tion and autophagy by miR-4487/USP37 enhances gefitinib-
mediated cytotoxicity and apoptotic cell death.

Discussion

Ligands binding to EGFR in NSCLC cells consequently 
mediate EGFR dimerization and auto-phosphorylation in 
the carboxyl-terminus of EGFR to relay the diverse signaling 
pathways [19]. Small molecule EGFR-TKIs, such as gefitinib 
and erlotinib, suppress auto-phosphorylation of EGFR by 

competing with ATP, and, thus, inactive EGFR is internal-
ized and endocytosed [8]. Endocytic trafficking of EGFR is 
known to be dependent on the type of ligands and mutations 
in the EGFR kinase domain [8,20,21]. Of note, Citri et al. [9] 
reported that TKIs also mediate degradation of ErbB-1 and 
-2 molecules by enhancing ubiquitination and endocytosis 
apart from their inhibitory effects on tyrosine phosphoryla-
tion [9]. In the present study, we found that long-term treat-
ment with gefitinib in NSCLC cells differentially induces 
EGFR degradation depending upon the mutations in EGFR. 
PC-9 and HCC827 cells harboring the delE746-A750 muta-
tion showed a marked reduction in the EGFR level, whereas 
gefitinib-resistant sub-cell lines, PC-9/GR and HCC827/
GR, did not (Fig. 1). Also, H358 cells harboring WT EGFR 
showed no reduction in EGFR levels until 72 hours of gefi-
tinib treatment. Subsequent results showed that gefitinib has 
no effect on the transcriptional activity of EGFR, but caused 
rapid reduction of the surface expression of EGFR and EGF-
induced Ca2+ oscillations (Fig. 1). Ray et al. [22] also showed 
that EGFR degradation is differentially regulated by erlotinib 
depending upon the mutations harbored in EGFR. Also, erlo-
tinib is found to induce polyubiquitination and proteasomal 
degradation in a c-Cbl–independent manner, and erlotinib-
mediated EGFR degradation enhances the efficacy of radia-
tion therapy and chemotherapy [22]. Consistent with these 
reports, our findings also demonstrated that prolonged treat-
ment of NSCLC cells with gefitinib elicits an increase in ubiq-
uitination and autophagic influx, which contributes to EGFR 
degradation (Figs. 2 and 3). 

Our results suggest the synergistic effects of gefitinib 
treatment and suppression of USP37 expression on whole-

Cancer Res Treat. 2022;54(2):445-457

Fig. 4.  (Continued from the previous page) (E) After transfection with NC, M, and I, PC-9 cells were exposed to gefitinib (1 μM) for 24 hours. 
The endogenous levels of EGFR and LC3B cleavage were analyzed using a western blot assay. (F) miR-4487 mimic was transfected into 
PC-9 cells and then exposed to gefitinib (1 μM) for 24 hours. Whole-cell ubiquitination was assessed using the UBI-QAPTURE-Q Kit. 
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cell ubiquitination. Furthermore, we proved that gefitinib  
up-regulates the miR-4487 level, which directly targets 
USP37 and results in the enhancement of the sensitivity to 
gefitinib (Figs. 3-5). To our knowledge, the present study 
provides the first evidence of the direct interaction between 
miR-4487 and USP37, and the synergistic effects of the  

genetic manipulation of miR-4487 on gefitinib-induced cell-
cycle arrest and apoptotic cell death. Although previous 
microarray analyses have indicated the differential expres-
sion of miR-4487 in cancer serum samples [15,23], only a few 
studies have reported the biological roles of miR-4487 in spe-
cific cancer cellular processes. Down-regulated expression 

Mi Seong Kim, miR-4487 Alters Gefitinib-Induced EGFR Degradation

Fig. 5.  Effects of miR-4487 overexpression and ubiquitin-specific peptidase 37 (USP37) depletion on gefitinib-mediated poly(ADP-ribose) 
polymerase-1 (PARP) cleavage, cytotoxicity, and apoptotic cell death. PC-9 cells were transfected with miR-4487 mimic (M)/inhibitor (I) 
and siUSP37 for 48 hours. Next, the cells were incubated for 24 hours with gefitinib (1 μM) and used to determine PARP cleavage (A), 
cytotoxicity (B), and cell cycle (C). (B) Cytotoxicity was evaluated by measuring glucose-6-phosphate dehydrogenase (G6PD) release. Data 
are presented as proportion of released G6PD (% total) and calculated as the mean±standard deviation. *p < 0.05 compared with scramble 
or between indicated groups. (C) Cells (2×104) stained with propidium iodide/RNase buffer were evaluated using flow cytometry. Data 
are represented as percentages and compared to those in control (scramble without gefitinib).
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of miR-4487 by Aβ25-35 in SH-SY5Y cells is associated with 
Aβ-mediated pathophysiology, and overexpression of miR-
4487 resulted in inhibition of apoptosis [24]. According to 
Chen et al. [16], miR-4487 plays an inhibitory role in ULK1-
mediated autophagy in SH-SY5Y cells by targeting ULK1. In 
contrast, we found that miR-4487 exhibited a positive effect 
on gefitinib-mediated ubiquitination and autophagy. Apart 
from providing evidence of the direct targeting of USP37 by 
miR-4487, our results also show that the prolonged treatment 
of NSCLC cells with gefitinib resulted in an increase in miR-
4487 and a decrease in USP37 levels, which led to the induc-
tion of whole-cell ubiquitination and autophagic flux (Figs. 
3 and 4). In comparison to the previous report by Chen et 
al. [16], the positive role of miR-4487 in the present study is 
controversial. Although the controversial roles of miR-4487 
in the autophagy process are not clearly explained in the 
present study, we assumed that miR-4487 may interact with 
different targets depending on the autophagy-inducing con-
ditions. Our findings show that elevated miR-4487 in NSCLC 
cells under normal conditions enhances cellular ubiquitina-
tion and autophagy by targeting USP37. 

One noteworthy finding in the present study is that the  
deficiency of USP37 in NSCLC cells by the overexpression of 
either miR-4487 or siUSP37 significantly increases not only 
autophagic flux, but also apoptotic cell death (Fig. 5). Ele-
vation of autophagic flux in EGFR-TKI-treated cancer cells 
has been widely considered to have cytoprotective roles, 
and inhibiting autophagy can be a useful tool for overcom-
ing drug-resistance [5,25]. However, the physiological role 
of autophagy in cancer cells is still unclear. As autophagy  
receptors, such as p62/SQSTM1 and NBR1, have been iden-
tified, the relationship between ubiquitination and selec- 
tive autophagy is evident [26,27]. Our pharmacological 
study demonstrated that gefitinib-mediated EGFR degrada-
tion is dependent on the intracellular autophagic flux (Fig. 
2). Moreover, elevation of autophagic flux by deletion of 
USP37 and overexpression of miR-4487 is closely associated 
with level of ubiquitination (Figs. 3 and 4). Interestingly, the  
expression levels of USP37 were shown to vary with cell 
origin and tissue types. Dobson et al. [28] found that USP37 
plays a tumor-suppressive role in neuronal cancers, and was 

down-regulated in human medulloblastoma cells. In con-
trast, the level of USP37 in breast cancer tissues was highly 
upregulated and it participated in diverse cancer cell pro-
cesses [11]. Our findings clearly show low levels of USP37 
in NSCLC cells, which has synergistic effects on gefitinib-
mediated ubiquitination and apoptotic cell death (Figs. 2 
and 5). Taken together, our results show that the prolonged 
treatment of NSCLC cells with gefitinib mediates strong deg-
radation of EGFR, elevating intracellular ubiquitination and 
autophagy and resulting in apoptotic cell death.

In summary, the present study demonstrates that gefitinib-
mediated EGFR degradation is dependent on the mutation 
variations in the EGFR kinase domain, and miR-4487 con-
tributes to the subsequent elevation of gefitinib-mediated 
ubiquitination, autophagy, and apoptotic cell death by  
directly targeting USP37. These results suggest a ‘non-classi-
cal’ effect of gefitinib on NSCLC cells, and miR-4487 emerges 
as a strong target for treatment in NSCLC patients.

Author Contributions
Conceived and designed the analysis: Yang SH, Kim MS (Min Seuk 
Kim).
Collected the data: Kim MS (Mi Seong Kim), Kim SH.
Contributed data or analysis tools: Kim MS (Mi Seong Kim), Kim 
SH, Yang SH, Kim MS (Min Seuk Kim).
Performed the analysis: Kim MS (Mi Seong Kim), Yang SH, Kim MS 
(Min Seuk Kim).
Wrote the paper: Kim MS (Mi Seong Kim), Yang SH, Kim MS (Min 
Seuk Kim).

Conflicts	of	Interest
Conflict of interest relevant to this article was not reported.

Acknowledgments
We thank Dr. Jin Kyung Rho for providing us with the different 
NSCLC cell lines. We would like to thank Editage (www.Editage.
co.kr) for English language editing. This research was supported 
by the National Research Foundation of Korea, funded by the Min-
istry of Education (grant number NRF- 2020R1I1A3052198 and 
2019R1A6A3A01095575).

Cancer Res Treat. 2022;54(2):445-457

1.  Sigismund S, Avanzato D, Lanzetti L. Emerging functions of 
the EGFR in cancer. Mol Oncol. 2018;12:3-20.

2.  Zhou X, Zheng M, Chen F, Zhu Y, Yong W, Lin H, et al.  
Gefitinib inhibits the proliferation of pancreatic cancer cells 
via cell cycle arrest. Anat Rec (Hoboken). 2009;292:1122-7.

3.  Dragowska WH, Weppler SA, Wang JC, Wong LY, Kapanen 

AI, Rawji JS, et al. Induction of autophagy is an early response 
to gefitinib and a potential therapeutic target in breast cancer. 
PLoS One. 2013;8:e76503.

4.  Liu Z, He K, Ma Q, Yu Q, Liu C, Ndege I, et al. Autophagy 
inhibitor facilitates gefitinib sensitivity in vitro and in vivo by 
activating mitochondrial apoptosis in triple negative breast 

References

456     CANCER  RESEARCH  AND  TREATMENT



Mi Seong Kim, miR-4487 Alters Gefitinib-Induced EGFR Degradation

cancer. PLoS One. 2017;12:e0177694.
5.  Han W, Pan H, Chen Y, Sun J, Wang Y, Li J, et al. EGFR tyros-

ine kinase inhibitors activate autophagy as a cytoprotective 
response in human lung cancer cells. PLoS One. 2011;6:e18691.

6.  Singh R, Cuervo AM. Autophagy in the cellular energetic bal-
ance. Cell Metab. 2011;13:495-504.

7.  Shaid S, Brandts CH, Serve H, Dikic I. Ubiquitination and  
selective autophagy. Cell Death Differ. 2013;20:21-30.

8.  Pinilla-Macua I, Grassart A, Duvvuri U, Watkins SC, Sorkin 
A. EGF receptor signaling, phosphorylation, ubiquitylation 
and endocytosis in tumors in vivo. Elife. 2017;6:e31993.

9.  Citri A, Alroy I, Lavi S, Rubin C, Xu W, Grammatikakis N, 
et al. Drug-induced ubiquitylation and degradation of ErbB 
receptor tyrosine kinases: implications for cancer therapy. 
EMBO J. 2002;21:2407-17.

10.  Sacco JJ, Coulson JM, Clague MJ, Urbe S. Emerging roles of 
deubiquitinases in cancer-associated pathways. IUBMB Life. 
2010;62:140-57.

11.  Qin T, Li B, Feng X, Fan S, Liu L, Liu D, et al. Abnormally  
elevated USP37 expression in breast cancer stem cells regu-
lates stemness, epithelial-mesenchymal transition and cispl-
atin sensitivity. J Exp Clin Cancer Res. 2018;37:287.

12.  Hong K, Hu L, Liu X, Simon JM, Ptacek TS, Zheng X, et al. 
USP37 promotes deubiquitination of HIF2alpha in kidney 
cancer. Proc Natl Acad Sci U S A. 2020;117:13023-32.

13.  Pan J, Deng Q, Jiang C, Wang X, Niu T, Li H, et al. USP37 
directly deubiquitinates and stabilizes c-Myc in lung cancer. 
Oncogene. 2015;34:3957-67.

14.  Cai J, Li M, Wang X, Li L, Li Q, Hou Z, et al. USP37 promotes 
lung cancer cell migration by stabilizing snail protein via 
deubiquitination. Front Genet. 2019;10:1324.

15.  Pascut D, Krmac H, Gilardi F, Patti R, Calligaris R, Croce LS, 
et al. A comparative characterization of the circulating miR-
Nome in whole blood and serum of HCC patients. Sci Rep. 
2019;9:8265.

16.   Chen Y, Wang S, Zhang L, Xie T, Song S, Huang J, et al. Iden-
tification of ULK1 as a novel biomarker involved in miR-
4487 and miR-595 regulation in neuroblastoma SH-SY5Y cell  
autophagy. Sci Rep. 2015;5:11035.

17.  Ono M, Hirata A, Kometani T, Miyagawa M, Ueda S, Kinosh-
ita H, et al. Sensitivity to gefitinib (Iressa, ZD1839) in non-
small cell lung cancer cell lines correlates with dependence 
on the epidermal growth factor (EGF) receptor/extracellular 

signal-regulated kinase 1/2 and EGF receptor/Akt pathway 
for proliferation. Mol Cancer Ther. 2004;3:465-72.

18.  Ray P, Raghunathan K, Ahsan A, Allam US, Shukla S, Basrur 
V, et al. Ubiquitin ligase SMURF2 enhances epidermal growth 
factor receptor stability and tyrosine-kinase inhibitor resist-
ance. J Biol Chem. 2020;295:12661-73.

19.  Lemmon MA, Schlessinger J. Cell signaling by receptor tyros-
ine kinases. Cell. 2010;141:1117-34.

20.  Chung BM, Raja SM, Clubb RJ, Tu C, George M, Band V, et 
al. Aberrant trafficking of NSCLC-associated EGFR mutants 
through the endocytic recycling pathway promotes interac-
tion with Src. BMC Cell Biol. 2009;10:84.

21.  Henriksen L, Grandal MV, Knudsen SL, van Deurs B, Grovdal 
LM. Internalization mechanisms of the epidermal growth fac-
tor receptor after activation with different ligands. PLoS One. 
2013;8:e58148.

22.  Ray P, Tan YS, Somnay V, Mehta R, Sitto M, Ahsan A, et al. 
Differential protein stability of EGFR mutants determines 
responsiveness to tyrosine kinase inhibitors. Oncotarget. 
2016;7:68597-613.

23.  Stark MS, Klein K, Weide B, Haydu LE, Pflugfelder A, Tang 
YH, et al. The prognostic and predictive value of melanoma-
related microRNAs using tissue and serum: a microRNA  
expression analysis. EBioMedicine. 2015;2:671-80.

24.  Hu L, Zhang R, Yuan Q, Gao Y, Yang MQ, Zhang C, et al. 
The emerging role of microRNA-4487/6845-3p in Alzheimer’s 
disease pathologies is induced by Abeta25-35 triggered in  
SH-SY5Y cell. BMC Syst Biol. 2018;12:119.

25.  Chen S, Li X, Feng J, Chang Y, Wang Z, Wen A. Autophagy 
facilitates the lapatinib resistance of HER2 positive breast 
cancer cells. Med Hypotheses. 2011;77:206-8.

26.  Bjorkoy G, Lamark T, Brech A, Outzen H, Perander M, Over-
vatn A, et al. p62/SQSTM1 forms protein aggregates degrad-
ed by autophagy and has a protective effect on huntingtin-
induced cell death. J Cell Biol. 2005;171:603-14.

27.  Kirkin V, Lamark T, Sou YS, Bjorkoy G, Nunn JL, Bruun JA, et 
al. A role for NBR1 in autophagosomal degradation of ubiqui-
tinated substrates. Mol Cell. 2009;33:505-16.

28.  Dobson TH, Hatcher RJ, Swaminathan J, Das CM, Shaik S, 
Tao RH, et al. Regulation of USP37 expression by REST-asso-
ciated G9a-dependent histone methylation. Mol Cancer Res. 
2017;15:1073-84.

VOLUME 54 NUMBER 2 APRIL 2022     457




