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Although patients with non-small cell lung cancer harboring
activating mutations in the epidermal growth factor receptor
(EGFR) show good clinical response to EGFR tyrosine kinase
inhibitors (TKIs), patients eventually develop acquired resis-
tance. Previous studies have shown that several microRNAs
(miRNAs) are involved in EGFR TKI resistance. Here, we
aimed to investigate whether miR-146b-5p sensitizes the
EGFR TKI-resistant lung cancer cells. Clinical analysis showed
that miR-146b-5p expression in lung cancer cells isolated from
pleural effusions of treatment-naive patients was significantly
higher than that after acquiring resistance to EGFR TKI
treatment. Ectopic expression of miR-146b-5p in EGFR TKI-
resistant cells enhanced EGFR TKI-induced apoptosis. The
same results were observed in EGFR-dependent and -indepen-
dent osimertinib-resistant primary cancer cells (PE3479 and
PE2988). Mechanically, miR-146b-5p suppressed nuclear fac-
tor kB (NF-kB) activity and NF-kB-related IL-6 and IL-8 pro-
duction by targeting IRAK1. A negative correlation was
observed between miR-146b-5p and IRAK1 in clinical speci-
mens. In rescue experiments, restoration of IRAK1 expression
reversed the effects of miR-146b-5p on EGFR TKI sensitivity
and recovered NF-kB-regulated IL-6 and IL-8 production. In
conclusion, miR-146b-5p/IRAK1/NF-kB signaling is impor-
tant in promoting EGFR TKI resistance, and miR-146b-5p
may be a useful tool for overcoming EGFR TKI resistance.
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INTRODUCTION
Lung cancer remains the leading cause of cancer-related deaths
worldwide.1 Genetic alteration and abnormal epigenetic regulations
may lead to lung carcinogenesis.2 Oncogenic activating mutations
of epidermal growth factor receptor (EGFR) have been implicated
in the initiation and progression of lung cancers. Approximately
10%–20% of patients with non-small cell lung cancer (NSCLC) in
western countries, and 40%–50% of patients in East Asia harbor tu-
mors with EGFR-activating mutations.3 In the past decade, EGFR
tyrosine kinase inhibitors (TKIs) were developed as therapeutics for
the treatment of patients with lung cancer harboring EGFR-activating
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mutations. Four EGFR TKIs (gefitinib, erlotinib, afatinib, and osimer-
tinib) have been approved by the U.S. Food and Drug Administration
for treating patients with NSCLC. These EGFR TKIs inhibit the phos-
phorylation of EGFR and interrupt downstream survival signaling.
Clinically, the objective response rate is as high as 70% in EGFR
TKI treatment.4,5

Despite the demonstrated benefits of EGFR TKI therapy, most pa-
tients eventually experience acquired resistance-related relapse after
approximately 10 months of therapy.6 Various mechanisms of ac-
quired resistance to EGFR TKIs have been reported, such as the
appearance of new secondary mutations in EGFR, phenotype transi-
tion, aberration in downstream pathways, and activation of alterna-
tive pathways.7 New secondary mutations in EGFR are the most
frequent cause of TKI resistance in patients with NSCLC. Approxi-
mately 50% of NSCLC patients with acquired resistance to EGFR
TKIs developed the secondary T790Mmutation within EGFR.3 Other
mechanisms of acquired EGFR TKI resistance include mutations in
PI3K, BRAF, or RAS; EGFR, HER2, or MET amplifications; and loss
of PTEN.8 Additional mechanisms of acquired resistance shared by
TKIs of all three generations include epithelial-mesenchymal transi-
tion (EMT) and small cell lung cancer phenotypic transformation,
which account for approximately 10% of cases of EGFR TKI resis-
tance in lung cancer.6 However, EGFR TKI resistance is not
completely understood. Furthermore, up to 10% of patients harbor
non-identified genetic or non-genetic resistant mechanisms, which
require further investigation.

MicroRNAs (miRNAs) are evolutionarily conserved non-protein-
coding RNAs, which negatively regulate gene expression, mainly via
direct interaction with the 30 untranslated region (30 UTR) of corre-
sponding target mRNAs.9 They play critical roles in multiple essential
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physiological processes, such as development, differentiation, prolif-
eration, apoptosis, inflammation, and metabolism.10–12 Aberrant
expression of miRNAs has been observed in lung cancer, and they
act as oncogenic or tumor-suppressive miRNAs depending on the
targets.13,14 Overexpression of tumor-suppressive miRNAs (miR-
34a or miR-133b) in lung cancer cells inhibits tumor growth by
directly binding to the 30 UTR of EGFR and interrupting EGFR-medi-
ated signaling.15,16 In contrast, aberrant expression of certain miR-
NAs was related to tumor initiation, metastasis, and progression.
Previous studies have indicated that a high level of miR-137 corre-
lated with shorter overall survival of patients with lung adenocarci-
noma, and upregulation of miR-137 was found to trigger lung cancer
cell invasion and progression by directly suppressing TFAP2C.17

In addition, miRNAs are involved in the development of chemo-
therapy and EGFR TKI resistance in patients with NSCLC.18,19 For
example, miR-96 induces cisplatin chemoresistance in NSCLC cells
by downregulating SAMD9. Silencing of miR-96 in NSCLC cells
significantly increased SAMD9 expression and enhanced cisplatin-
induced apoptosis, which could be completely reversed by knocking
down SAMD9.20 Low miR-130a expression was detected in gefiti-
nib-resistant cells, while re-expression of miR-130a restored the
sensitivity to gefitinib by targeting the compensatory c-MET-medi-
ated signaling pathway.21 Similar biological effect was observed for
miR-138-5p. Downregulation of miR-138-5p contributed to gefitinib
resistance, and restoration of miR-138-5p was sufficient to reverse
gefitinib resistance by negatively regulating the G protein-coupled re-
ceptor.22 Accumulating evidence indicates that miRNAs may func-
tion as modulators of signaling networks in resistance to EGFR TKIs.

The aim of this study was to investigate the potential involvement of
miRNAs in acquired resistance to EGFR TKIs and explore the novel
molecular mechanisms related to EGFR TKI resistance in lung can-
cer. We analyzed miRNA expression profiles in EGFR TKI-sensitive
and EGFR TKI-resistant cells and identified that miR-146b-5p was
significantly downregulated in EGFR TKI-resistant cells. Low miR-
146b-5p expression was also detected in primary cancer cells from
the pleural effusions of patients with lung cancer after the develop-
ment of acquired resistance to EGFR TKI treatment. Further experi-
ments with EGFR TKI-resistant cell lines or primary cells revealed
that miR-146b-5p enhanced the cytotoxic effects of EGFR TKIs by
directly targeting interleukin-1 receptor-associated kinase 1
(IRAK1)/nuclear factor kB (NF-kB) signaling. The findings of the
present study provide novel insights into the function of miR-146b-
5p and IRAK1 in lung cancer, as well as into the molecular mecha-
nisms underlying EGFR TKI resistance in NSCLC.

RESULTS
Differential miRNA Expression between EGFR TKI-Sensitive and

-Resistant NSCLC Cells

The expression profiles of miRNAs in EGFR TKI-sensitive cells (PC9
and HCC827) and EGFR TKI-resistant cells (PC9/gef and HCC827/
gef) were determined using TaqMan human microRNA PCR array.
In total, 754 miRNAs were profiled for each sample, and a two-fold
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difference in expression was applied as the cut-off criterion. These an-
alyses revealed eight candidate miRNAs, the expression levels of
which were significantly altered in EGFR TKI-resistant cells (Fig-
ure 1A; Tables S1 and S2). Among them, the expression of miR-
146b-5p was significantly low (PC9/gef: 0.35-fold, and HCC827/gef:
0.35-fold) according to the results of TaqMan human microRNA
PCR array analysis (Figure 1A, right). In addition, the expression
levels of miR-125b-2* (miR-125b-2-3p), miR-23a* (miR-23a-5p),
miR-221* (miR-221-5p), miR-193b* (miR-193b-5p), miR-139-5p,
miR-29c* (miR-29c-5p), and miR-877 were significantly higher by
more than two-fold in EGFR TKI-resistant cells than in parental
EGFR TKI-sensitive cells (Figure 1A, right).

miR-146b-5p Was Downregulated in EGFR TKI-Resistant

NSCLC Cells

Among the candidate miRNAs, only miR-139-5p and miR-146b-5p
were confirmed to play an important role in lung cancer cell growth
and progression.23,24 Recent studies have reported that miR-146b-5p
functions as a tumor suppressor miRNA and prognosis predictor in
NSCLC.23 Our results also indicated that miR-146b-5p was signifi-
cantly downregulated in EGFR TKI-resistant cells (Figures 1A and
1B). In this study, we investigated the role of miR-146b-5p in acquired
resistance to EGFR TKIs.

To evaluate whether the expression of miR-146b-5p was related to ac-
quired EGFR TKI resistance, we collected primary cancer cells from
30 pleural effusions from patients with EGFR mutant malignant
lung adenocarcinoma and determined the miR-146b-5p expression
levels using quantitative reverse transcription-PCR (qRT-PCR).
Among these, 15 samples were collected at the time of lung cancer
diagnosis prior to treatment, while the other 15 samples were
collected after the patient acquired resistance to EGFR TKIs. There
were no significant differences in the clinical characteristics between
treatment-naive patients and those with acquired resistance to EGFR
TKIs (Table S3). As shown in Figure 1C, miR-146b-5p expression was
significantly lower in lung cancer cells collected after acquisition of
EGFR TKI resistance (n = 15) than in those obtained prior to treat-
ment (n = 15; p = 0.003, by Mann-Whitney test). These results indi-
cated that miR-146b-5p is possibly a novel biomarker associated with
EGFR TKI resistance in NSCLC cells.

Ectopic Expression of miR-146b-5p Enhanced Sensitivity to

EGFR TKIs

We further investigated whether miR-146b-5p contributes to EGFR
TKI resistance in lung cancer. The miR-146b-5p-specific mimic was
transiently transfected into EGFR TKI-resistant PC9/gef cells. After
transfection, the miR-146b-5p-transfected PC9/gef cells (PC9/gef-
miR-146b-5p) and the control transfectants (PC9/gef-miR-CTL)
were exposed to gefitinib, and cell viability was analyzed. The results
showed that cells transfected with the miR-146b-5p-specific mimic
had higher miR-146b-5p expression and enhanced gefitinib-induced
cell death in PC9/gef and HCC827/gef cells (Figures 2A and 2B; Fig-
ure S1A). Consistent with this finding, miR-146b-5p expression in-
hibited lung cell proliferation (Figure S1B). To investigate whether



Figure 1. miR-146b-5p Was Downregulated in Cancer Cells with Acquired Resistance to EGFR-TKIs

(A) The differential expression levels of miRNAs between EGFR TKI-sensitive (PC9, HCC827) and EGFR TKI-resistant (PC9/gef, HCC827/gef) lung cancer cells were

evaluated using TaqMan microRNA PCR arrays. The differential expression of microRNAs was expressed as DDCt (A, left). In total, eight significantly altered miRNAs were

identified and shared in two pairs of cancer cell lines (A, middle and right). (B) qRT-PCR was performed to measure the expression levels of miR-146b-5p in the tested cell

lines. The expression of miR-146b-5pwas normalized to RNU6B expression. qRT-PCR data were presented asmean ± SD (Student’s t test: **p < 0.01, ***p < 0.001). (C) The

relative expression levels of miR-146b-5p were evaluated in primary cancer cells propagated from patients’ malignant pleural effusions. “Treatment-naive” indicates cancer

cells collected from patients at the point of diagnosis and before taking EGFR TKIs, whereas “acquired resistance” indicates cancer cells from patients with progressive

disease after EGFR TKI treatment. The expression of miR-146b-5p was normalized to RNU6B expression.
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miR-146b-5p enhanced gefitinib sensitivity via the caspase-mediated
pathway, a pan-caspase inhibitor (Z-VAD-fmk) was used to block cas-
pase-induced apoptosis. We also observed that miR-146b-5p enhanced
gefitinib-induced cleavage of caspase-3 in EGFR TKI-resistant PC9/gef
(Figure 2C) and that Z-VAD-fmk reverted miR-146b-5p-induced
cleavage of caspase-3 in EGFR-TKI-resistant cells (Figure 2C).

miR-146b-5p expression was downregulated in primary lung cancer
cells with acquired EGFR TKI resistance to first-generation EGFR
TKIs (Figure 1C). In addition, we investigated whether miR-146b-
5p can enhance osimertinib-induced apoptosis in osimertinib-resis-
tant cancer cells. Osimertinib-resistant primary cancer cells
(PE2988 and PE3479 cells) were isolated frommalignant pleural effu-
sions of patients with lung adenocarcinoma. PE2988 harbored the
EGFR exon 19 E746-A750 deletion plus exon 20 T790M mutation,
whereas PE3479 harbored exon 21 L858R, exon 20 T790M, and
exon 20 C797S mutations (Table S4). PE2988 represented the
EGFR C797S-independent osimertinib-resistant cancer cell, whereas
PE3479 was the EGFR C797S-dependent osimertinib-resistant cancer
cell. Both the primary cell lines were osimertinib resistant by deter-
mining their IC50 (half maximal inhibitory concentration), which
was 4.53 mM for PE2988 and 1.31 mM for PE3479 cells. Overexpres-
sion of miR-146b-5p in both primary cancer cells promoted the cleav-
age of caspase-3 in the absence or presence of osimertinib (Figures 2D
and 2E). We further assessed whether miR-146b-5p inhibition affects
EGFR TKI sensitivity in lung cancer. After silence of miR-146b-5p
with anti-miR-146b-5p inhibitor, the miR-146b-5p-depleted PC9
cells (PC9/anti-miR-146b-5p) were more viable under gefitinib treat-
ment as compared with PC9/anti-miR-CTL cells (Figures 2F and 2G).
These findings indicated that miR-146b-5p significantly increased the
percentage of apoptotic cells and enhanced sensitivity to EGFR TKI in
lung cancer cells.
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Figure 2. Expression of miR-146b-5p Enhanced

EGFR TKI-Induced Apoptosis

(A) qRT-PCR was conducted to determine the expression

levels of miR-146b-5p after transient transfection of the

miR-146b-5p mimic in PC9/gef cells. The expression of

miR-146b-5pwas normalized toRNU6B expression. qRT-

PCR data were presented as mean ± SD (Student’s t test:

***p < 0.001). (B) PC9/gef cells were transfected with miR-

Ctl (scrambled control) or miR-146b-5p mimic and incu-

bated for 24 h, followed by treatment with the indicated

concentrations of gefitinib. Cell viability was assessed

using the MTT assay as described in Materials and

Methods. (C) After transfection with miR-Ctl (scrambled

control) or miR-146b-5p mimic and incubation for 24 h,

the PC9/gef cells were pre-treated with Z-VAD (50 mM)

before treatment with vehicle or gefitinib (1 mM). Cleavage

of caspase-3 was determined using immunoblotting. (D)

qRT-PCR was performed to measure the expression

levels of miR-146b-5p after transient transfection of the

miR-146b-5pmimic in PE2988 or PE3479 cells. qRT-PCR

data were presented asmean ± SD (Student’s t test: ***p <

0.001). (E) After transfection of the miR-Ctl (scrambled

control) or miR-146b-5p mimic and incubation for 24 h,

the cells were treated with vehicle or osimertinib (0.1 mM

for PE2988, 0.3 mM for PE3479). The cleavage of caspase-

3 was determined using immunoblotting. (F) qRT-PCR

was performed to measure the expression levels of miR-

146b-5p after transient transfection of the anti-miR-146b-

5p inhibitor in PC9 cells (Student’s t test: ***p < 0.001). (G)

PC9 cells were transfected with anti-miR-Ctl (scrambled

control) or anti-miR-146b-5p inhibitor and incubated for

48 h, followed by treatment with the indicated concen-

trations of gefitinib. Cell viability was assessed using the

MTT assay (Student’s t test: **p < 0.01).
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IRAK1 Is a Direct Target of miR-146b-5p

Next, we identified the potential targets of miR-146b-5p by performing
a computational screen for genes with complementary sites of miR-
146b-5p in their 30 UTR using the public TargetScan software. The pre-
dicted targets with at least 2 conserved binding sites are listed in
Table S5. As shown, TRAF6 and IRAK1 were top candidate targets
with conserved 8-mer sites. Although the seeding sequences of miR-
146b-5p inEGFR30 UTRare poorly conserved inonly three species (hu-
man, chimp, and rhesus), EGFR is crucial in NSCLC. Three miR-146b-
474 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
5p putative targets, including EGFR, IRAK1, and
TRAF6,were taken intoconsideration (Figure3A).
We showed that the expression levels of EGFR,
IRAK1, and TRAF6 were low in miR-146b-5p-
transfected EGFR TKI-resistant cells (Figure 3B).
Specific small interfering RNAs (siRNAs)
(siEGFR, siIRAK1, and siTRAF6) were used to
knock down EGFR, IRAK1, and TRAF6 expres-
sion to examine whether these three candidate
genes were involved in EGFR TKI resistance. Re-
sults showed that only transfection with the
IRAK1-specific siRNA enhanced EGFR TKI-
induced cell death (gefitinib, 30.1%; afatinib,
26.1%; osimertinib, 32%), whereas 20.8% of apoptotic cells were
observed in the vehicle-treated siIRAK1-transfected group (Figure 3C).
Moreover, suppression of miR-146b-5p with anti-miR-146b-5p inhib-
itor upregulated IRAK1expression (Figure S2A). EGFR TKI-resistant
PC9/gef cells displayed lower levels of phospho-EGFR, suggesting an
EGFR-independent pathway involved in EGFR TKI resistance (Fig-
ure S2B). These results suggested that IRAK1, but not EGFR or
TRAF6, plays an important role in miR-146b-5p-mediated increase
in EGFR TKI sensitivity in lung cancer.



(legend on next page)
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We evaluated the correlation between miR-146b-5p and the IRAK1
mRNA in seven human lung cancer cell lines (PE2988, HCC827,
HCC4006, A549, PC9, H1975, and CL97) and 17 primary cancer cells
propagated from pleural effusions of patients. A significantly negative
correlation was observed between the levels of IRAK1 mRNA and
miR-146b-5p expression in lung cancer cell lines (Figure 3D) and
primary cancer cells (Figure 3E). The negative correlation between
IRAK1 mRNA and miR-146b-5p also existed in the pair of TKI-sen-
sitive PC9 and TKI-resistant PC9/gef cells (Figure S3). Direct interac-
tion between miR-146b-5p with the IRAK1 30 UTR was observed
using luciferase reporter assays. The luciferase activity of the wild-
type (WT) IRAK1-30 UTR was significantly suppressed by miR-
146b-5p, whereas the luciferase activity of mutant IRAK1-30 UTR
was not affected (Figure 3F). Thus, we suggested that IRAK1 is one
of the direct targets of miR-146b-5p in lung cancer cells.
IRAK1 Played a Crucial Role in EGFR TKI Resistance

We investigated whether suppression of IRAK1 in lung cancer cells
affected EGFR TKI sensitivity. Silencing of IRAK1 in PC9/gef cells
enhanced gefitinib-induced cleavage of caspase-3, and the effect of
IRAK1 knockdown was also countered by Z-VAD-fmk treatment
(Figure 4A). Suppression of IRAK1 in PE2988 (EGFR C797S-inde-
pendent osimertinib-resistant) and PE3479 (EGFR C797S-dependent
osimertinib-resistant) cells also markedly enhanced osimertinib-
induced cleavage of caspase-3 and PARP (Figure 4B). Furthermore,
we demonstrated that silencing of IRAK1 in PC9/gef cells significantly
enhanced sensitivity to the EGFR TKIs, erlotinib, afatinib, and gefiti-
nib (Figures 4C and 4D; Figure S4).

To investigate the role of IRAK1 in EGFR TKI resistance, 74 primary
cancer cells from malignant pleural effusions of patients with EGFR
mutant lung adenocarcinoma were collected for IRAK1 mRNA anal-
ysis. There was no difference in the clinical characteristics between
treatment-naive patients and those with acquired resistance to
EGFR TKIs (Table S6). As shown in Figure 4E, IRAK1mRNA expres-
sion in primary cancer cells obtained after the acquisition of EGFR
TKI resistance (n = 34) was significantly higher than that in treat-
ment-naive samples (n = 40, p = 0.0194, by Mann-Whitney test).
These results suggested that IRAK1 suppression is critical for over-
coming resistance to all generations of EGFR TKIs.
Figure 3. miR-146b-5p Targeted the 30 UTR of the IRAK1 mRNA to Repress IRA

(A) Schematic representation of the putative miR-146b-5p binding site in the 30 UTR of t

56�63 nt), and TRAF6 (473�480 nt, 538�545 nt, 1272�1279 nt) mRNAs. (B) The expre

miR-146b-5p mimics in the cell lines were assessed using immunoblotting. (C) After t

cubation for 24 h, the PC9/gef cells were treated with vehicle or EGFR TKIs (gefitinib, 1 m

positive cells) was measured using flow cytometry and was presented as mean ± SD (S

negatively with miR-146b-5p expression in various lung cancer cell lines (PE2988, HCC

correlation between IRAK1 andmiR-146b-5p expression was assessed using Pearson’s

with miR-146b-5p expression in 17 primary lung cancer cells from the pleural effusions

146b-5p expression was assessed using Pearson’s correlation analysis (p = 0.045). (F) m

encoding wild-type and mutated fragments of the IRAK1 30 UTR are depicted. 293T cells

UTR-mut reporter, plus miR-Ctl (scrambled control) or miR-146b-5p mimics. The rela

periments (Student’s t test: **p < 0.01). n.s., not significant.
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miR-146b-5p Suppressed the NF-kB Pathway via Regulation of

IRAK1

IRAK1 is essential for interleukin (IL)-1R-associated NF-kB activa-
tion.25 Our results indicated that miR-146b-5p suppressed IRAK1
expression in lung cancer cells, and hence we studied the effect of
miR-146b-5p on NF-kB activity using a NF-kB reporter (luc)-A549
recombinant stable cell line. The NF-kB reporter (luc)-A549 cell
line containing a firefly luciferase gene driven by four copies of NF-
kB response element located upstream of the minimal TATA pro-
moter was designed for monitoring the activation of the NF-kB signal
transduction pathways. The results revealed that ectopic expression of
miR-146b-5p in NF-kB reporter (luc)-A549 cells significantly
suppressed NF-kB activity both in the absence or presence of IL-1b
(activator of NF-kB signaling) (Figures 5A and 5B). Furthermore,
the nuclear expression levels of NF-kB subunits (p50 and p65) also
decreased in miR-146b-5p-transfected cells as compared with miR-
CTL-transfected cells both in the absence and presence of IL-1b (Fig-
ure 5C). NF-kB regulated chemokines (such as IL-6 and IL-8), which
contributed to EGFR TKI resistance in lung cancer.26,27 In this study,
we also observed that the NF-kB-regulated chemokines IL-6 and IL-8
were significantly suppressed in miR-146b-5p-transfected EGFR
TKI-resistant cells (Figure 5D).
Restoration of IRAK1 Expression Reversed the Effects of miR-

146b-5p on EGFR-TKI Sensitivity

To verify whether miR146b-5p overcame EGFR TKI resistance by
targeting IRAK1, we evaluated whether restoration of IRAK1 expres-
sion reverted the effect of miR-146b-5p in lung cancer. IRAK1-over-
expressing cells (PC9/gef-IRAK1, PE2988-IRAK1) were established
by transfecting the cDNA of IRAK1 without the 30 UTR. The expres-
sion levels of the IRAK1mRNA and protein in IRAK1-overexpressing
cells were confirmed using qRT-PCR and immunoblotting (Fig-
ure 6A). We reported that the effect of miR-146b-5p on increasing
the cleavage of caspase-3 and PARP were abolished in IRAK1-over-
expressing cells (Figure 6B). Our data further revealed that ectopic
IRAK1 expression in the PC9/gef-miR-146b-5p cells restored the
expression of the NF-kB-regulated chemokines IL-6 and IL-8 (Fig-
ure 6C). These results suggested that IRAK1 expression significantly
decreased EGFR-TKI sensitivity in lung cancer and promoted the
production of the NF-kB-regulated chemokines IL-6 and IL-8.
K1 Expression

he human EGFR (2251�2258 nt, 3193�3199 nt, 4151�4157 nt), IRAK1 (40�47 nt,

ssion levels of the EGFR, IRAK1, and TRAF6 proteins after transfection of miR-Ctl or

ransfection of the scrambled siRNA (siCTL), siEGFR, siIRAK1, or siTRAF6, and in-

M; afatinib, 0.25 mM; osimertinib, 0.3 mM). The percentage of cell death (annexin-V-

tudent’s t test: **p < 0.01, ***p < 0.001). (D) Expression of IRAK1 mRNA correlated

827, HCC4006, A549, PC9, H1975, and CL97), as assessed using qRT-PCR. The

correlation analysis (p = 0.023). (E) Expression of IRAK1mRNA correlated negatively

of patients, as assessed using qRT-PCR. The correlation between IRAK1 and miR-

iR-146b-5p suppressed IRAK1 via direct interaction with its 30 UTR. The sequences
were co-transfected with pMir-IRAK1-30 UTR-wt reporter plasmid or pMir-IRAK1-30

tive luciferase activities are presented as means ± SD from three independent ex-



Figure 4. IRAK1 Knockdown Enhanced EGFR TKI-

Mediated Apoptosis

(A) After transfections of siCTL or siIRAK1 for 24 h, PC9/

gef cells were pre-treated with Z-VAD (50 mM) before

treatments with vehicle or gefitinib (1 mM). (B) After

transfections with siCTL or siIRAK1 and incubation for 24

h, cells were treated with vehicle or osimertinib (0.1 mM for

PE2988; 0.3 mM for PE3479) for 18 h. The cleavage of

caspase-3 and PARP were determined using immuno-

blotting. (C, D) PC9/gef cells were transfected with siCTL

(scrambled control) or siIRAK1 for 24 h, and then treated

with the indicated concentrations of erlotinib (C) or afatinib

(D) for 72 h. Cell viability was assessed using the MTT

assay as described in Materials and Methods. (E) Relative

expression levels of IRAK1 mRNA were evaluated in pri-

mary cancer cells from the pleural effusions of patients

with malignant disease. “Treatment-naive” indicates

cancer cells collected from patients at the point of diag-

nosis and before administration of EGFR TKIs; “acquired

resistance” indicates cancer cells from patients with pro-

gressive disease after EGFR TKI treatment. The expres-

sion of IRAK1 was normalized to TBP expression.
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DISCUSSION
Several studies have suggested that miR-146b-5p plays an important
role in cancer development and progression. miR-146b-5p functions
as an oncogene in various human cancers, such as thyroid carcinoma,
osteosarcoma, gastric cancer, and colorectal cancer. In thyroid carci-
noma, miR-146b-5p promotes metastasis and induces EMT by target-
ing zinc and ring finger 3 (ZNRF3).28 Further studies have revealed
that miR-146b-5p enhances papillary thyroid carcinoma develop-
ment by suppressing coiled-coil domain-containing protein 6
(CCDC6).29 In colorectal cancer, miR-146b-5p promotes cell growth,
invasion, and metabolism via directed targeting of the pyruvate dehy-
drogenase E1 beta subunit (PDHB).30 Elevation of miR-146b-5p
expression was a strong risk factor for tumor relapse and the poor sur-
vival rate of gastric cancer due to inhibition of NOVA alternative
splicing regulator 1 (NOVA1).31 However, conflicting reports support
the role of miR-146b-5p as a tumor suppressor. miR-146b-5p has
been suggested to inhibit cell proliferation and promote apoptosis
and act as a tumor suppressor as well as a novel prognostic biomarker
in glioblastoma, hepatocellular carcinoma, and lung cancer.23,32,33

NSCLC patients with high levels of miR-146b-5p had better overall
Molecular Therap
survival rates than patients with low levels of
miR-146b-5p.23 In this study, we first observed
that the expression of miR-146b-5p was signifi-
cantly downregulated in EGFR TKI-resistant
cells.

Although acquired EGFRmutations (e.g., EGFR
T790M, C797S) accounted for the majority of
EGFR TKI-resistant cases, diverse EGFR-inde-
pendent mechanisms (e.g., MET amplification,
AXL upregulation, PIK3CA mutation) were
associated with EGFR TKI resistance.34 Growing evidence showed
non-coding RNAs contributed to EGFR TKI resistance. The long
non-coding RNA small nucleolar RNA host gene 14 (SNHG14)
conferred gefitinib resistance via sponging miR-206-3p.35 miR-483-
3p functioning as tumor suppressor enhanced gefitinib sensitivity
via reversing EMT.36 However, previous studies have not investigated
whether miR-146b-5p contributes to EGFR TKI resistance in lung
cancer cells. We first demonstrated that ectopic expression of miR-
146b-5p enhanced the sensitivity of NSCLC to EGFR TKIs via target-
ing IRAK1. Overexpression of miR-146b-5p and IRAK1 silencing
promoted cellular apoptosis in two primary EGFR T790M-preserved
osimertinib-resistant PE2988 and PE3479 cancer cells (Figure 2). The
downregulation of miR-146b-5p may provide a novel EGFR-inde-
pendent mechanism for acquiring osimertinib resistance by modu-
lating the downstream IRAK1/NF-kB/IL-6 and IL-8 in EGFR
T790M-preserved cancer cells.

IRAK1 is a serine/threonine kinase of the IL-1R/TLR signaling
pathway involved in NF-kB-regulated inflammation response, anti-
apoptosis, and tumor progression.25 As shown in recent studies,
y: Nucleic Acids Vol. 22 December 2020 477
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Figure 5. Mir-146b-5p Suppressed NF-kB Activity in

Lung Cancer Cells

(A) The expression levels of miR-146b-5p in NF-kB reporter

A549 cells weremeasured using qRT-PCR. The expression

of miR-146b-5p was normalized to RNU6B expression.

qRT-PCR data were presented as the mean ± SD (Stu-

dent’s t test: ***p < 0.001). (B, C) A549-kB cells were

transiently transfected with miR-Ctl or miR-146b-5p

mimics in the absence or presence of IL-1b. After 48 h of

transfection, the activity of the NF-kB reporter was as-

sessed using a dual-luciferase reporter assay system (B),

and the nuclear NF-kB subunits (p50 and p65) were de-

tected using western blot (C). The relative luciferase activ-

ities are presented as means ± SD from three independent

experiments (Student’s t test: **p < 0.01, ***p < 0.001).

PBS, phosphate-buffered saline. (D) Relative expression

levels of IL6 (left panel) and IL8 (right panel) mRNAs were

determined after transfection of miR-Ctl or miR-146b-5p

mimics in the PC9/gef, PE2988, or PE3479cells using qRT-

PCR. qRT-PCR data were presented as the mean ± SD

(Student’s t test: *p < 0.05, ***p < 0.001).
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IRAK1 drove metastasis and resistance to chemotherapy in breast
cancer by increasing NF-kB activity and cytokine secretion (IL-6,
IL-8, and CXCL1), suggesting that IRAK1 may be a potential thera-
peutic target in breast cancer.37 Other studies have revealed that the
expression of IRAK1 in NSCLC correlated positively with clinical tu-
mor-node-metastasis (TNM) stage, lymph node metastasis, tumor
size, and distal metastasis.38 IRAK1 might be valuable for identifying
patients with increased risk of lung cancer. Although IRAK1 has been
linked to tumor progression in lung cancer, IRAK1 alteration has not
been previously linked to acquired resistance to EGFR TKIs. In this
study, IRAK1 suppression overcame resistance to all generations of
EGFR TKIs, suggesting IRAK1 plays a pivotal role in EGFR TKI resis-
tance in lung cancer (Figure 4).

NF-kB plays an important role in inflammation and tumor progres-
sion. Inhibition of NF-kB in vitro and in vivo resulted in apoptosis of
NSCLC cells and reduced tumor development.39 Genetic loss of the
NF-kB subunit p65/RelA in a K-Ras-induced lung cancer mouse
478 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
model significantly inhibited tumor growth and
dissemination.40 In addition, NF-kB activation
is a critical adaptive survival mechanism that
confers resistance to EGFR TKIs.41 The higher
activity of NF-kB was observed in EGFR TKI-
resistant cells as compared with EGFR TKI-sen-
sitive cells.42 The IkB (an endogenous repressor
of NF-kB) was also lower in erlotinib-resistant
cancer cell lines that were resistant to erlotinib
as compared with sensitive cell lines.43 A reporter
assay showed that EGFR TKI treatment immedi-
ately induced NF-kB activation.44 Upon EGFR
TKI treatment, NF-kB rapidly localized into the
nucleus, and the engagement of NF-kB promoted
tumor cell survival in patient-derived xenograft (PDX) models.41

Direct NF-kB inhibition with a pharmacologic inhibitor enhanced
EGFR TKI-induced cell death and suppressed the emergence of ac-
quired resistance in EGFR mutant NSCLC models.41 These studies
indicated the persistent activation of NF-kB signaling drove adaptive
resistance to EGFR TKIs. An unbiased short hairpin RNA (shRNA)-
based high-throughput screen showed the involvement of NF-kB
signaling pathway in modulating EGFR TKI sensitivity in lung cancer
cells. In this screen, lung cancer cells were introduced with a pooled
shRNA library and treated with erlotinib. Thirty-six target genes
conferred erlotinib sensitivity, and 18 targets were linked to NF-kB
pathway.43 Activation of NF-kB through silence of IkB conferred
EGFR TKI resistance in EGFR mutant HCC827 lung cancer cells,
whereas genetic inhibition of NF-kB through silencing the NF-kB/
p65 subunit enhanced erlotinib-induced apoptosis in erlotinib-resis-
tant EGFRmutant H1650 lung cancer cells.43 Decreased expression of
the inhibitory IkB protein was predictive of worse progression-free
survival and decreased overall survival in lung cancer patients.43



(legend on next page)
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Hence, NF-kB activating cascades might be a possible therapeutic
target for countering EGFR TKI resistance in cancer treatments.

The EGFR signaling pathway cross-talked with the NF-kB-dependent
pathway. EGF triggers NF-kB activation via the proteasome-medi-
ated degradation of IkBa, and transcriptional induction of NF-kB
target genes exerted a positive feedback effect on EGFR signaling.45

The small molecule compound genistein enhanced the sensitivity of
erlotinib by reducing the DNA-binding ability of NF-kB.46 Reports
show that T790M EGFR mutant lung cancer cells (H1975) developed
resistance to mutant-selective EGFR TKI by acquiring NF-kB activ-
ity.42 Furthermore, NF-kB-regulated chemokines (such as IL-6 and
IL-8) have been demonstrated to contribute to EGFR TKI resistance
in lung cancer.26,27 The combination of EGFR TKI plus NF-kB inhib-
itors significantly reduced viability and overcame the TKI resistance
in TKI-resistant cells.42 Consistent with these reports, we showed
here that miR-146b-5p suppresses the NF-kB pathway via regulation
of IRAK1 and that the NF-kB-regulated chemokines IL-6 and IL-8
were significantly suppressed in miR-146b-5p-transfected cells (Fig-
ure 5). Restoration of IRAK1 expression reversed the effects of
miR-146b-5p on EGFR TKI sensitivity and recovered IL-6 and IL-8
production (Figure 6). In addition to miR-146b-5p, miR-146a-5p
has been identified as a negative regulator of IRAK1.47,48 We assessed
the correlation between miR-146a-5p and IRAK1 mRNA in various
lung cancer cell lines. However, there was no correlation in expression
of miR-146a-5p and IRAK1 mRNA (data not shown). MicroRNA
array data also revealed that miR-146a-5p was downregulated in
one EGFR TKI-resistant cell line- PC9/gef cell but upregulated in
the other EGFR TKI-resistant cell line HCC827/gef cell as compared
with EGFR TKI-sensitive PC9 or HCC827 cells, respectively (Tables
S3 and S4). These data indicated miR-146a-5p is not a consistent
regulator in regulating EGFR TKI sensitivity.

Moreover, downregulation of miR-146b-5p is not the only resistant
mechanism. We showed that 35%–40% of cells survived in gefiti-
nib-treated PC9/gef-miR-146b-5p cells even in increased drug con-
centration. Because the spectrum of EGFR TKI resistance is wide,
other resistant mechanisms may be raised in the process of establish-
ing PC9/gef cells. A small subpopulation of cancer cells entered a
“persister” state of slow growth under long-term EGFR TKI treat-
ment. After continuous exposure to gefitinib, these persister cells
gain the ability to expand and eventually develop acquired resistance.
Activation of several signaling transducers were associated with
persistent drug tolerance to EGFR TKI treatments, including Akt,
Notch, and Casein Kinase 1.49–51 These transducers are not miR-
146b-5p targets and may contribute to the survival of PC9/ge-miR-
Figure 6. miR-146b-5p Enhanced EGFR TKI-Mediated Apoptosis by Downregu

(A) PC9/gef-IRAK1 and PE2988-IRAK1 cells stably expressing IRAK1 were established

IRAK1-encoding sequence but lacking the 30 UTR), and IRAK1 expression was detected

(Student’s t test: ***p < 0.001). (B) After transfection of the miR-146b-5p mimic, the cells

for 18 h. The cleavage of caspase-3 and PARP were detected. (C) The expression lev

mimics using qRT-PCR. qRT-PCR data were presented as mean ± SD (Student’s t test:

146b-5p in regulating EGFR TKI resistance.
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146b-5p cells in high concentration of gefitinib. The phenomenon
was reported in previous study.52

In the present study, there is a limitation. It is hard to obtain the
paired specimens from the same patient at diagnosis and at progres-
sion. This limits relevance of the findings presented. Molecular
targeted therapy, especially EGFR TKIs, has been established as the
standard therapy for NSCLC patients harboring EGFR-sensitizing
mutants. However, most of these patients ultimately developed resis-
tance to EGFR-TKI treatment. Acquired resistance to EGFR-TKIs is
still a significant clinical challenge in the treatment of lung cancer. In
this study, we showed that alterations in miR-146b-5p and IRAK1
expression are implicated in acquired resistance to EGFR-TKIs. Based
on our findings, we concluded that miR-146b-5p overcomes EGFR
TKI resistance in human lung cancer by regulating the IRAK1/NF-
kB signaling pathway. miR-146b-5p acts as a potential therapeutic
tool for treating EGFR TKI-resistant cancers.

MATERIALS AND METHODS
Cell Lines

The human lung adenocarcinoma cell lines, HCC827, PC9, and its de-
rivative cell line, gefitinib-resistant PC9/gef, were kindly provided by
Dr. James Chih-Hsin Yang (Department of Oncology, National
Taiwan University Hospital).53 Both EGFR TKI-sensitive PC9 and
HCC827 cells harbored the EGFR exon 19 deletion mutation. The
EGFR TKI-resistant cells (PC9/gef and HCC827/gef) were selected
from parental cells after continuous exposure to the EGFR TKI gefi-
tinib using a dose-escalation procedure.27,53 Gefitinib-resistant
HCC827/gef cells were generated from HCC827 cells by stepwise
escalation of the concentration of gefitinib up to 10 mM.27 293T cells
were purchased from the American Type Culture Collection. PE2988
and PE3479 cells were isolated from malignant pleural fluids of
EGFR-mutant lung cancer patients with acquired resistance to osi-
mertinib and then cultured using the previously reported protocol.54

These cell lines were authenticated using short tandem repeat
profiling. These cell lines were routinely tested for mycoplasma and
free of mycoplasma contamination. The stable NF-kB luciferase re-
porter A549 cell line was cultured in DMEM supplemented with
10% heat-inactivated fetal bovine serum (FBS), and other cell lines
were cultured in RPMI-1640 supplemented with 10% FBS at 37�C
in a humidified 5% CO2 incubator.

TaqMan Human MicroRNA Array

The TaqMan array human microRNA A+B cards set (Applied Bio-
systems; Waltham, MA, USA) containing 754 unique assays specific
to human miRNAs was used for detecting miRNA expression. Total
lating IRAK1

by infecting PC9/gef or PE2988 cells with IRAK1 lentivirus particles (containing the

using qRT-PCR and immunoblotting. qRT-PCR data were presented as mean ± SD

were treated with the vehicle of osimertinib (0.1 mM for PE2988; 0.3 mM for PE3479)

els of IL-6 and IL-8 were determined after transfection of miR-Ctl or miR-146b-5p

*p < 0.05, **p < 0.01, ***p < 0.001). (D) Schematic diagram showing the role of miR-
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RNA was reverse transcribed using a multiplex RT pool set (Applied
Biosystems) and loaded into the card panels as described in the
manufacturer’s protocol. qRT-PCR and data analysis were performed
using an ABI PRISM 7900HT sequence detection system and the
standard 7900RQ software.

qRT-PCR

RNA extraction and qRT-PCR were performed as previously
described.54 Briefly, total RNA was isolated using the Tri reagent (Mo-
lecular Research Center; Cincinnati, OH, USA) and reverse transcribed
to cDNA using a High-Capacity cDNA reverse transcription kit (Ther-
moFisher Scientific; Waltham, MA, USA). qPCR was performed on an
ABI 7500 system using a standard protocol, with TATA box-binding
protein (TBP) or RNU6B as internal controls for mRNA or miRNA,
respectively. The assay kits for miR-146b-5p (#001097) and RNU6B
(#001093) were purchased from ThermoFisher Scientific. The se-
quences of the gene-specific primers are listed in Table S7.

Malignant Pleural Effusion and Primary Cancer Cells

This study was approved by the Institutional Review Board of Na-
tional Taiwan University Hospital, and all human specimens were ob-
tained with informed consent (201412075RINC). The malignant
pleural fluid of patients with EGFR-mutant lung cancer was acquired
aseptically in vacuum bottles via thoracentesis. After centrifugation,
the primary cancer cells were isolated and cultured using the
previously reported protocol.54 Media were replaced after every 2–
3 days, and the cells were harvested after 10 days. Total RNA was ex-
tracted, and the expression levels of miR-146b-5p and IRAK1 were
determined using qRT-PCR.

miRNA Expression and RNA Interference

For overexpression of miR-146b-5p, the cells were transiently trans-
fected with a miR-146b-5p mimic using the Lipofectamine RNAiMax
reagent (ThermoFisher Scientific). The miR-146b-5p-specific mimic
(#C-300754-03) was obtained from Dharmacon. Gene knockdown
was achieved by transfecting cells with siRNAs using the Lipofect-
amine RNAiMax reagent (ThermoFisher Scientific) following the
manufacturer’s instructions. The miR-146b-5p-specific inhibitor
(anti-miR-146b-5p, #AM10105) and siRNAs targeting human
EGFR (#42833, human EGFR-siRNA), TRAF6 (#S14389, human
TRAF6-siRNA), and IRAK1 (#S322, human IRAK1-siRNA) were ob-
tained from ThermoFisher Scientific.

Cytotoxicity and Apoptosis Assays

Cytotoxicity and apoptosis assays were performed as previously
described.54 Briefly, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assays (Affymetrix; Santa Clara, CA, USA)
were used to evaluate the cytotoxic effects of the EGFR TKIs. Briefly,
3� 103 cells per well were plated in 96-well plates and treated with the
indicated drugs. After 48�96 h, MTT (0.5 mg/mL) was added to each
well and incubated for another 1 h. Finally, the formazan was dis-
solved in 100 mL dimethyl sulfoxide (DMSO), and the absorbance
was measured at 550 nm using a SpectraMax Plus 384 microplate
reader (Molecular Devices; San Jose, CA, USA).
The cytotoxic efficacies of the EGFR TKIs against PE2988 or PE3479
cells were detected using the ATPlite luminescence assay (Perki-
nElmer; Waltham, CA, USA). The cells were plated and treated
with the indicated drugs. After 72 h, the cells were lysed and incubated
with substrate solution, and the luminescent intensity was measured
using a SPARK 10M (Tecan; Männedorf, Zürich, Switzerland).

Apoptosis was determined using an annexin-V-FITC detection kit
(BD Biosciences; San Jose, CA, USA) according to the manufacturer’s
instructions. Briefly, cells were incubated with fluorescein isothiocya-
nate (FITC)-conjugated annexin-V and propidium iodide (PI) for
15 min, and analyses were performed using a flow cytometer.
Western Blot Analysis

Proteins were extracted from cells using the radioimmunoprecipita-
tion assay (RIPA) buffer (Cell Signaling Technology; Danvers, MA,
USA). The cytoplasmic/nuclear protein fraction was collected accord-
ing to manufacturer’s procedures (Thermo Scientific Subcellular Pro-
tein Fractionation Kit, #78833). Briefly, cell pellet was dispersed with
ice-cold Cytoplasmic Extraction Buffer and centrifuged at 500� g for
5 min. The supernatant (cytoplasmic fraction) was transferred into a
new tube. The residual pellet was added to ice-cold Nuclear Extrac-
tion Buffer, dispersed, centrifuged at 16,000� g for 5 min, and super-
natant (nuclear fraction) collected into a new tube. The obtained
proteins were quantified, resolved via sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis, transferred to a polyvinylidene fluo-
ride (PVDF) membrane, and incubated with the indicated primary
antibodies. The blots were then further incubated with horseradish
peroxidase (HRP)-linked secondary antibodies, and the immunore-
active bands were visualized using enhanced chemiluminescence re-
agents (Millipore; Burlington, MA, USA) as previously described.54

The antibodies used in the study are listed in Table S8.
IRAK1-30 UTR Luciferase Reporter Assay

The IRAK1-30 UTR-WT and IRAK1-30 UTR-Mut (mutant) reporter
constructs were purchased from Addgene (Cambridge, MA, USA).
The IRAK1-30 UTR-Mut construct harbors two mutations in the
site complementary to the seeding region of miR-146b-5p. Transfec-
tion was performed using Lipofectamine 2000 (ThermoFisher
Scientific) according to the manufacturer’s instructions. 293T cells
were co-transfected with miR-146b-5p mimic plus luciferase-
IRAK1-30 UTR-WT or luciferase-IRAK1-30 UTR-Mut constructs.
At 24 h post-transfection, luciferase activity was measured using a
dual-luciferase reporter assay system (Promega; Madison, WI, USA).
NF-kB Luciferase Reporter Assay

The stable NF-kB luciferase reporter A549 cell line was purchased
from Tebu-bio (Le Perray-en-Yvelines, France). The NF-kB luciferase
reporter A549 cells were transfected with the miR-146b-5p mimic or
scrambled control. At 48 h post-transfection, luciferase activity was
measured using a dual-luciferase assay (Promega), according to the
manufacturer’s instructions.
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Establishment of IRAK1-Overexpressing Cells

The pReceiver-IRAK1 plasmid (#EX-K5612-Lv105) containing the
coding sequence of IRAK1 but lacking the 30 UTR was purchased
from Genecopeia (Rockville, MD). For establishment of stably
IRAK1-overexpressing cells, the lentivirus was generated and trans-
duced into cancer cells, as described previously.55 The transductants
were selected after 72 h growth on puromycin-containing media.

Statistical Analysis

The Student’s t test was used to compare themeans of continuous var-
iables between two groups. Clinical data were analyzed using the SPSS
15.0 statistical software (SPSS Inc.). All categorical variables were
analyzed using the chi-square test, except for those with an expected
frequency < 5, which were analyzed using the Fisher’s exact test. Two-
sided p values < 0.05 were considered statistically significant.

Materials Availability

The materials and procedures have been attached within the article
and supporting information. Original films for each western blot
and original dot plots for each flow cytometry analysis are attached
in the Supplementary Data. Additional information on the clinical
characteristics of the involved patients is available from the corre-
sponding author on reasonable request.
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