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miR-204 suppresses cancer stemness and
enhances osimertinib sensitivity in non-small cell
lung cancer by targeting CD44
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Osimertinib is an effective treatment option for patients with
advanced non-small cell lung cancer (NSCLC) with EGFR acti-
vation or T790M resistancemutations; however, acquired resis-
tance to osimertinib can still develop. This study explored novel
miRNA–mRNA regulatory mechanisms that contribute to osi-
mertinib resistance in lung cancer. We found that miR-204
expression in osimertinib-resistant lung cancer cells was mark-
edly reduced compared to that in osimertinib-sensitive
parental cells. miR-204 expression levels in cancer cells isolated
from treatment-naive pleural effusions were significantly
higher than those in cells with acquired resistance to osimerti-
nib. miR-204 enhanced the sensitivity of lung cancer cells to
osimertinib and suppressed spheroid formation, migration,
and invasion of lung cancer cells. Increased miR-204 expres-
sion in osimertinib-resistant cells reversed resistance to osimer-
tinib and enhanced osimertinib-induced apoptosis by upregu-
lating BIM expression levels and activating caspases.
Restoration of CD44 (the direct downstream target gene of
miR-204) expression reversed the effects of miR-204 on osimer-
tinib sensitivity, recovered cancer stem cell and mesenchymal
markers, and suppressed E-cadherin expression. The study
demonstrates that miR-204 reduced cancer stemness and
epithelial-to-mesenchymal transition, thus overcoming osi-
mertinib resistance in lung cancer by inhibiting the CD44
signaling pathway.
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INTRODUCTION
Lung cancer remains the leading cause of cancer-related death
worldwide. In most countries, the 5-year survival rate of lung cancer
patients is only 10%–20%.1 Histologically, non-small cell lung can-
cer (NSCLC) accounts for approximately 85% of lung cancer cases.2

Traditional treatment options for NSCLC include surgical resection,
radiation therapy, and platinum-based chemotherapy.3 However,
these treatment options are often associated with limited efficacy
and poor prognoses. Currently, molecular-targeted therapies are
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an emerging treatment option for patients with NSCLC. The
epidermal growth factor receptor (EGFR) is one of the most estab-
lished molecular targets in NSCLC. Aberrant expression and consti-
tutive activation of the EGFR signaling pathway are involved in the
development and progression of many human cancers, including
NSCLC.4 Approximately 40%–50% of nonsquamous NSCLC pa-
tients in Asia and 10%–20% of patients in Western countries have
tumors harboring EGFR somatic activating mutations (e.g., exon
19 deletions, L858R point mutation).5,6 Patients with EGFR-mutant
NSCLC respond favorably to EGFR-tyrosine kinase inhibitors
(TKIs).7

Most NSCLC patients who were treated with first- or second-gener-
ation EGFR-TKIs eventually developed acquired resistance after
8–14 months, and approximately 50%–60% of these patients had
an acquired resistance mutation, T790M.8,9 In 2015, osimertinib, a
third-generation EGFR-TKI, was confirmed to be effective for treat-
ing NSCLC patients with acquired EGFR T790M mutation.10 After
3 years, osimertinib was approved as a first-line therapy for patients
with advanced EGFRmutant NSCLC, irrespective of the T790M mu-
tation status.11 However, despite the initial dramatic response to osi-
mertinib, patients invariably develop acquired resistance.12 Novel
treatment strategies are necessary to conquer the acquired resistance
to osimertinib. Several osimertinib resistance mechanisms have been
identified, including EGFR-dependent and EGFR-independent
mechanisms. EGFR C797S mutation and EGFR amplification are
EGFR-dependent mechanisms of osimertinib resistance.12,13 EGFR-
independent mechanisms of osimertinib resistance have been
demonstrated, including MET amplification, HER2 amplification,
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and PIK3CA gene mutations.12,14 In addition, nearly 50% of NSCLC
patients acquired resistance to osimertinib for reasons that remain
unclear. Further investigations are important to reveal the potential
novel mechanisms of acquired resistance to osimertinib.

MicroRNAs (miRNAs) are small noncoding RNA molecules
harboring approximately 22 nt in length, which negatively regulate
gene expression by directly targeting mRNAs.15 They play crucial
roles in various pathophysiological functions, including cell differen-
tiation, embryonic development, metabolism, and intercellular
communication.16 Accumulating evidence suggests that the aberrant
expression of miRNAs affects tumor initiation, metastasis, and pro-
gression.15–17 miRNAs are also involved in the resistance to chemo-
therapy or EGFR-TKIs in lung cancer.18–20 Exosomal miRNAs,
miR-184 and miR-3913-5p, have been reported as potential bio-
markers for osimertinib resistance in patients with NSCLC.21 Exo-
some-derived miR-210 is associated with osimertinib resistance and
enhanced epithelial-to-mesenchymal transition (EMT) in HCC827
cells, which has an exon 19 deletion of EGFR.22 Our previous study
indicated that EGFR-TKI-resistant cells expressed a lower level of
miR-146b-5p. Forced expression of miR-146b-5p restored osimerti-
nib sensitivity in osimertinib-resistant primary NSCLC cancer cells
(PE2988 and PE3479).19

miR-204 plays important roles in many biological functions,
including osteogenesis, adipogenesis, lens morphogenesis, and multi-
ple pathological processes.23 miR-204, highly expressed in the retinal
pigment epithelium layer, is a major regulator of ocular development
and normal maintenance. miR-204 is essential for normal photore-
ceptor cell differentiation and homeostasis.24,25 Moreover, high
endogenous miR-204 expression has been observed more in the hu-
man kidney compared to other organs.26 Downregulated miR-204
expression has been observed in progressive chronic kidney dis-
ease.27,28 In addition, miR-204 has been identified as a tumor suppres-
sor in various human cancers.29–34 Breast cancer patients with low
miR-204 expression have shorter overall and disease-free survival.32

Restoring miR-204 expression repressed proliferation and invasion
and promoted sensitivity to chemotherapeutic agents in colorectal
cancer cells.30 Furthermore, lower miR-204 expression levels in the
plasma were significantly correlated with poor prognosis in NSCLC
patients.31 However, the role of miR-204 in osimertinib resistance re-
mains unclear.

This study aimed to explore novel miRNAs and downstream regu-
latory mechanisms that contribute to osimertinib resistance in lung
cancer. We demonstrate that miR-204 promotes osimertinib sensi-
tivity in lung cancer by targeting CD44. These findings provide
novel perceptions into the functions of miR-204 and CD44 in
lung cancer and the molecular mechanisms underlying osimertinib
resistance. This study lays the groundwork for restoring osimertinib
sensitivity in patients who have developed treatment resistance,
which could enhance clinical outcomes and reduce lung cancer
mortality.
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RESULTS
miR-204 expression was significantly decreased in osimertinib-

resistant cells

To explore potential miRNA candidates associated with osimertinib
treatment response, different lung cancer cell lines, including osimer-
tinib-sensitive and osimertinib-resistant cells, were collected. Osimer-
tinib-resistant cells (HCC827/gef [gefitinib], PC9/gef, H1975/AZD15,
and H1975/AZD18) were selected from the parental cells (HCC827,
PC9, and H1975) after continuous exposure to EGFR-TKIs, gefitinib,
or osimertinib, according to a dose-escalation procedure. HCC827,
PC9, and H1975 cells were sensitive to osimertinib, with less than
0.02 mM of half-maximal inhibitory concentration (IC50) after treat-
ment with osimertinib for 96 h, whereas HCC827/gef, PC9/gef,
H1975/AZD15, and H1975/AZD18 were resistant to osimertinib,
with IC50 values greater than 1 mM (Figure 1A). All of the osimerti-
nib-resistant cells exhibited at least a 100-fold greater IC50 than did
the parental cells. The EGFR mutation status and IC50 values of osi-
mertinib in the human lung cancer cell lines used in this study are
shown in Figure 1A and Table S1.

We compared the expression profiles of miRNA in osimertinib-
sensitive HCC827 with those in osimertinib-resistant HCC827/
gef cells using the TaqMan Array Human MicroRNA A+B Cards
Set.19 The expression of miR-204 in osimertinib-sensitive
HCC827 cells was higher than that in osimertinib-resistant
HCC827/gef cells. To validate this finding, we detected miR-204
expression levels in osimertinib-sensitive and osimertinib-resistant
cells using qRT-PCR. The results confirmed that miR-204 expres-
sion was remarkably lower in osimertinib-resistant cells (HCC827/
gef: 0.38-fold, PC9/gef: 0.4-fold, H1975/AZD15: 0.28-fold, H1975/
AZD18: 0.2-fold) than in parental controls (PC9, HCC827, and
H1975) (Figure 1B).
miR-204 was downregulated in MPE of lung adenocarcinoma

after resistance to osimertinib

A total of 157 malignant pleural effusions (MPEs) from patients with
lung adenocarcinoma harboring EGFR mutations was collected.
Among these, 105 MPEs were collected at the initial diagnosis of
lung cancer before systemic treatment, whereas the other 52 MPEs
were collected after the patient acquired resistance to osimertinib
(26 samples) or other first-generation EGFR-TKIs (20 gefitinib and
6 erlotinib). Table S2 showed the clinical characteristics of the pa-
tients. Primary cancer cells were isolated from MPEs, and miR-204
expression levels were determined using qRT-PCR. The results indi-
cated that the median miR-204 expression level was significantly
higher in MPEs collected from treatment-naive pleural effusions
than in those obtained after the acquisition of osimertinib resistance
(p = 0.03645, by Mann-Whitney U test; Figure 1C). The results also
showed that MPEs collected from patients after acquired resistance
to other first-generation EGFR-TKIs had significantly lower median
expression of miR-204 (p = 0.00059, by Mann-Whitney U test;
Figure 1C).
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Figure 1. miR-204 expression was decreased in osimertinib-resistant lung cancer cells

(A) The EGFRmutation status and IC50 values of osimertinib in human lung cancer cell lines examined in this study are summarized. The growth inhibitory effects of osimertinib

weremeasured using anMTT assay, as described inmaterials andmethods. (B) qRT-PCRwas performed to validate themiR-204 expression in the osimertinib-sensitive and

osimertinib-resistant cell lines (**p < 0.01; p values were determined by Student’s t test). (C) The miR-204 mRNA levels were detected in primary cancer cells isolated from

157MPEs of lung adenocarcinoma patients using qRT-PCR. Treatment-naive lung cancer patients (n = 105); lung cancer patients with acquired resistance to osimertinib (n =

26); lung cancer patients with acquired resistance to other first-generation EGFR-TKI (gefitinib and erlotinib; n = 26). The expression level of serummiR-204 wasmeasured by

qRT-PCR, and the statistical comparison between the 2 groups byMann-WhitneyU test. Using qRT-PCR, themiR-204 expression levels in (D) the plasma (n = 32) and (E) the

surgically resected tumor specimens (n = 39) were detected. Kaplan-Meier analysis of the relationship between miR-204 expression in plasma or tumor specimen and

progression-free survival of EGFR-TKI-treated lung cancer patients.
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HighmiR-204 level was associated with longer progression-free

survival of EGFR-TKI

We next validated the impact of miR-204 on the effectiveness of
EGFR-TKIs in clinical practice. We collected 32 peripheral blood
samples from patients with advanced lung adenocarcinoma with
EGFR mutations who received EGFR-TKIs as first-line single-agent
treatment (28 gefitinib and 4 erlotinib). The clinical characteristics
of the patients are presented in Table S3. qRT-PCR was used to mea-
sure serummiR-204 expression levels. The mean value (12.5 fmol) of
miR-204 expression was used as the cutoff point to define high miR-
204 expression and low miR-204 expression groups. No remarkable
differences in the clinical characteristics between the high and low
miR-204 expression groups were observed (Table S3). Patients
with high expression of miR-204 had a longer median progres-
sion-free survival (PFS) following EGFR-TKIs treatment than those
with low expression of miR-204, as shown by Kaplan-Meier survival
analyses and log rank tests (11.0 versus 7.8 months; hazard ratio
[HR] = 0.45; 95% confidence interval [CI] 0.21–0.98, p = 0.045;
Figure 1D).
Moreover, we retrieved 39 surgically resected tumor specimens from
EGFR-mutant lung adenocarcinoma patients who had received
EGFR-TKIs as a first-line treatment after tumor recurrence. All of
the surgically resected tumors had common EGFR mutations
(24 exon 19 deletion and 15 L858R mutations) (Table S4). The me-
dian fold change (0.016) of miR-204 compared with RNU6B normal-
ization in tumor specimens from 39 patients was used as the cutoff
point to define the high and low miR-204 expression groups. The re-
sults also indicated that the high miR-204-expression group had a
longer median PFS with EGFR-TKIs than the low miR-204-expres-
sion groups (28.5 versus 14.6 months; HR = 0.49; 95% CI 0.24–
1.00, p = 0.037; Figure 1E). miR-204 expression level may be a novel
biomarker for predicting the effectiveness of EGFR-TKIs in lung can-
cer treatment.

Suppression of miR-204 led to osimertinib resistance in

osimertinib-sensitive cells

A miR-204-specific inhibitor (anti-miR-204; antisense oligonucleo-
tides) was used to silence miR-204 expression in osimertinib-sensitive
Molecular Therapy: Nucleic Acids Vol. 35 March 2024 3
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lung cancer cells (HCC827 and H1975 cells; Figure 2A). After
transfection, the miR-scramble control (HCC827-anti-miR-CTL,
and H1975-anti-miR-CTL) or miR-204-knockdown transfectants
(HCC827-anti-miR-204 and H1975-anti-miR-204) were exposed to
osimertinib, and cell viability and apoptosis markers were analyzed.
Suppression of miR-204 expression by an miR-204-specific inhibitor
in osimertinib-sensitive lung cancer cells conferred resistance to osi-
mertinib (Figure 2B). Inhibition of miR-204 expression in osimerti-
nib-sensitive lung cancer cells (HCC827 and H1975) remarkably
attenuated osimertinib-induced apoptosis (poly-ADP-ribose poly-
merase [PARP], cleavage of caspase-3, caspase-9 activity, and B cell
lymphoma 2 interacting mediator of cell death-extra long [BimEL];
Figures 2C–2E).

Increased miR-204 expression in osimertinib-resistant cells

enhanced osimertinib-induced cell death

To further investigate whether the upregulation of miR-204 pro-
moted osimertinib sensitivity in lung cancer, an miR-204-specific
mimic (Thermo Fisher Scientific, Waltham, MA), a double-stranded
RNA designed to mimic endogenous mature miRNA, was transiently
transfected into osimertinib-resistant cells. As shown in Figure 2F, the
miR-204-expression transfectants (HCC827/gef-miR-204-mimic and
H1975/AZD18-miR-204-mimic) expressed higher levels of miR-204
than the control transfectants (HCC827/gef-miR-CTL-mimic and
H1975/AZD18-miR-CTL-mimic). The miR-204-expression and con-
trol transfectants were exposed to osimertinib, and cell viability was
analyzed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) assay. The results showed that increased
miR-204 expression in osimertinib-resistant cells enhanced the
sensitivity to osimertinib (Figure 2G). The upregulation of miR-204
expression in osimertinib-resistant lung cancer cells (HCC827/gef
and H1975/AZD18) promoted osimertinib-induced cell death
(BimEL, and caspase 9 activity; Figures 2H and 2I).

In addition to miR-204, our previous study showed that the overex-
pression of miR-146b-5p enhanced osimertinib sensitivity.19We con-
ducted a study to compare the effectiveness of miR-204 and miR-
146b-5p on enhancing osimertinib sensitivity in osimertinib-resistant
HCC827/gef cells. Forced expression of miR-204 or miR-146b-5p in
osimertinib-resistant cells enhanced osimertinib sensitivity (Fig-
ure S1). The combined expression of miR-204 and miR-146b-5p
Figure 2. miR-204 increased the sensitivity of lung cancer cells to osimertinib

(A) The miR-204 expression level was measured by qRT-PCR in miR-204-knockdown (H

control (HCC827-anti-miR-CTL, H1975-anti-miR-CTL) transfectants (*p < 0.05; **p < 0

determined following treatment with various doses of osimertinib for 96 h in MTT assays

miR-204-knockdown and control transfectants were exposed to 10 nM of osimertini

Caspase-9 activity of was measured using caspase activity assay. Error bars show the

and H1975-anti-miR-CTL transfectants were treated with 25 nM of osimertinib for 24 h. P

expression level of miR-204 in miR-204-mimic-transfected or miR-scramble-control (

analyzed using the MTT assay (*p < 0.05; ***p < 0.001). (H) Cells were treated with 25 n

blotting. (I) Caspase-9 activity was measured by a caspase activity assay system (***p

every 2 days. Mice were dosed (4 mg/kg osimertinib or vehicle control) daily by oral ga

xenografts. (L) Apoptotic cells in tumor xenografts were detected by TUNEL assay (*p

(**p < 0.01). p values were determined by Student’s t test.
did not have a stronger effect on cell death thanmiR-204-mimic alone
(Figure S1). This result suggested that miR-204 and miR-146-5p may
have a common final pathway on osimertinib-induced cell death.

miR-204 enhanced osimertinib sensitivity in vivo

The effect of miR-204 on osimertinib sensitivity was determined us-
ing a tumor xenograft growth assay. The miR-204 constitutive-ex-
pressing osimertinib-resistant cells (H1975/AZD18-Lenti-miR-204;
H1975/AZD18 cells transfected with Lenti-miR-204 expression
construct) and negative control cells (H1975/AZD18-Lenti-NC)
were injected subcutaneously into athymic nude mice. When the tu-
mor volumes reached the start size (approximately 200 mm3), the
mice were randomized into vehicle- or osimertinib-treated groups.
Mice (n = 5 in each subgroup) were dosed daily by oral gavage with
vehicle or 4 mg/kg osimertinib for the duration of the treatment
period. The in vivo xenograft studies revealed that miR-204 expres-
sion did not affect the growth of xenografts in vehicle groups
(H1975/AZD18-Lenti-NC versus H1975/AZC18-Lenti-miR-204.)
However, osimertinib significantly reduced tumor volume in
H1975/AZD18-Lenti-miR-204 (highmiR-204 expression lung cancer
cells) xenografts, compared to H1975/AZD18-Lenti-NC (low miR-
204 expression lung cancer cells) xenografts (Figures 2J and 2K).
miR-204 expression repressed the growth of xenografts after osimer-
tinib treatment. Consistent with in vitro observations, H1975/
AZD18-Lenti-miR-204 xenografts were more sensitive to osimertinib
treatment than were H1975/AZD18-Lenti-NC xenografts.

In addition, apoptotic cells in the tumor xenografts were determined
using TUNEL apoptosis assays (Figure S2). After osimertinib treat-
ment, the proportion of apoptotic cells was significantly higher in
the H1975/AZD18-Lenti-miR-204 xenografts than in the H1975/
AZD18-Lenti-NC xenografts (p = 0.048; Figure 2L, left). Further-
more, the proportion of Ki-67+ cells was significantly lower in the
H1975/AZD18-Lenti-miR-204 xenografts than in the H1975/
AZD18-Lenti-NC xenografts (p = 0.005; Figures 2L, right andS2).
The TUNEL apoptosis assay results also supported that miR-204
enhanced osimertinib-induced cell death in lung cancer.

CD44 was the direct downstream target gene of miR-204

To elucidate the potential mechanisms of miR-204-mediated osimer-
tinib treatment responses in lung cancer, online prediction tools for
CC827-anti-miR-204, H1975-anti-miR-204) and the corresponding miR-scramble

.01). (B) The cellular viability of miR-204-knockdown and control transfectants was

. Error bars show the SDs for n = 3 independent experiments (***p < 0.001). (C) The

b for 24 h. Cleaved PARP and caspase-3 were assayed by western blotting. (D)

SDs for n = 3 independent experiments (***p < 0.001). (E) The H1975-anti-miR-204

roapoptosis protein, BimEL, expression was determined by western blotting. (F) The

miR-CTL) cells was confirmed by qRT-PCR (***p < 0.001). (G) Cell viabilities were

M of osimertinib for 24 h, and BimEL protein expression was determined by western

< 0.001). (J) For the tumor xenograft growth assay, tumor volumes were measured

vage for 20 days (n = 5 in each subgroup) (***p < 0.001). (K) Images of the tumor

< 0.05). Ki-67+ cancer cells were also detected by immunohistochemical stains
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the target genes miRanda (https://cbio.mskcc.org/miRNA2003/
miranda.html), miRWalk (http://mirwalk.umm.uni-heidelberg.de/),
and TargetScan (http://www.targetscan.org/) were adopted. CD44,
a transmembrane receptor involved in cancer stemness, aggressive-
ness, and drug resistance,35 has a complementary base pairing
with the seeding region of miR-204 in the 30 UTR. qRT-PCR and
western blot analysis were performed to detect CD44 expression
levels in miR-204-overexpression and miR-204-knockdown lung
cancer transfectants. Both the mRNA and protein expression of
CD44 were substantially upregulated in miR-204-knockdown
transfectants (HCC827-anti-miR-204 and H1975-anti-miR-204)
(Figures 3A and 3B), and CD44 expression was repressed in miR-
204-overexpression transfectants (HCC827/gef-miR-204-mimic
and H1975/AZD18-miR-204-mimic) compared with the control
(Figures 3C and 3D). The expression levels of miR-204 and CD44
in lung cancer cells were negatively correlated, including in H1975,
H1975/AZD15, H1975/AZD18, and two osimertinib-resistant
MPE-derived cell lines (PE2988 and PE3479) (Figure S3). Directed
targeting between the 30 UTR of CD44 andmiR-204 was evaluated us-
ing a dual-luciferase reporter assay. Luciferase activity in 293T cells
was significantly suppressed only when cotransfected with the wild-
type (WT) 30 UTR of CD44 (pMIR-CD44-30UTR-WT luciferase re-
porter vector) and miR-204-specific mimic, but not the binding site
mutation in the 30 UTR of CD44 (pMIR-CD44-30UTR-Mut luciferase
reporter vector; Figure 3E). These results revealed that CD44 is an
miR-204 directed target gene in lung cancer cells. miR-204 sup-
pressed both mRNA and protein expression levels of CD44 in lung
cancer cells. To validate this finding, we evaluated CD44 expression
in osimertinib-sensitive and osimertinib-resistant cells by qRT-
PCR. The results showed that CD44 expression was remarkably
increased in osimertinib-resistant cells (PC9/gef, HCC827/gef,
H1975/AZD15, and H1975/AZD18) compared to that in the parental
controls (PC9, HCC827, and H1975; Figure 3F).

To verify the relationship between miR-204 and CD44 expression,
CD44 mRNA expression was analyzed in tumor samples in vivo. A
significant negative correlation was observed between miR-204 and
CD44 mRNA expression in xenografts (R = �0.4532; p = 0.0448)
(Figure S4).

In addition, we analyzed CD44mRNA expression in 49 MPEs, 20 pe-
ripheral blood samples, and 28 surgically resected EGFR-mutant lung
adenocarcinomas, including only samples with adequate tissue and
sufficient RNA for qRT-PCR analysis.We found a significant negative
correlation betweenmiR-204 and CD44 expression in all three sample
Figure 3. CD44 was the direct target of miR-204 in lung cancer

(A and C) The CD44mRNA expression was evaluated by using qRT-PCR (*p < 0.05; **p <

The miR-204 complementary binding site in the region of CD44-30 UTR was shown. Ce

CD44-3’ UTR-Mut reporter, plus miR-CTL or miR-204 mimics. The luciferase activity wa

activity was normalized to Renilla luciferase activity (***p < 0.001). (F) The CD44 mRNA e

and H1975) and osimertinib-resistant cells (HCC827/gef, PC9/gef, H1975/AZD15, and

qRT-PCR, there was a significant negative correlation between miR-204 andCD44 expr

adenocarcinoma. The correlation analysis was performed according to Pearson’s corr
types (MPEs: R = �0.297, p = 0.038; peripheral blood samples:
R = �0.466, p = 0.038; surgically resected EGFR-mutant lung adeno-
carcinomas: R = �0.442, p = 0.019) (Figures 3G–3I). These results
from cell lines and clinical samples demonstrated an inverse correla-
tion between miR-204 and CD44 expression.

miR-204 suppressed lung cancer cell stemness through

targeting CD44

CD44, a cancer stem cell (CSC) marker, has been reported to play a
crucial role in enriching the population and regulating the properties
of lung CSCs, including cancer metastasis and drug resistance.36–39

Thus, we speculated that miR-204 represses cancer stemness and pro-
motes osimertinib-induced cell death in lung cancer by targeting the
CD44 signaling pathway.

Cancer stemness phenotypes were validated based on the tumor
spheroid formation assay and CSC marker expression (NANOG,
OCT4, and SOX2). The results showed that increased tumor spheroid
formation and CSC marker expression were observed in miR-204-
knockdown transfectants (HCC827-anti-miR-204 and H1975-anti-
miR-204; Figures 4A–4C and S8). After statistically analyzing the pro-
tein band signals, we found that the expression of stemness markers
(NANOG, OCT4, and SOX2) was significantly higher in miR-204-
knockdown transfectants than in control transfectants (Figure S5).
However, miR-204-expression transfectants (HCC827/gef-miR-204-
mimic and H1975/AZD18-miR-204-mimic) reduced tumor spheroid
formation and CSC marker expression compared to control transfec-
tants (Figures 4D–4F and S8). To confirm the effect of CD44 on can-
cer stemness in lung adenocarcinoma, two CD44-specific-small inter-
fering RNAs (siRNAs) (si-CD44-1 and si-CD44-2) were used to
knock down CD44 expression. Knock down CD44 expression in
HCC827/gef and H1975/AZD-18 cells reduced lung cancer cell stem-
ness were also indicated in Figures 4G and 4H. Taken together, these
results suggest that miR-204 decreases cancer stemness in lung cancer
cells by targeting CD44 (Figures 3 and 4).

miR-204 attenuated lung cancer cell migration and invasion

through suppression of CD44

In addition to tumor spheroid formation, the involvement of miR-204
in cancer migration and invasion was examined. Upregulated miR-
204 expression in osimertinib-resistant cells (HCC827/gef-miR-
204-mimic, and H1975/AZD 18-miR-204-mimic) remarkably in-
hibited tumor migration (Figure 5A) and invasion (Figure 5B).
Conversely, suppression of miR-204 in osimertinib-sensitive cells
(HCC827-anti-miR-204 and H1975-anti-miR-204) promoted cancer
0.01). (B and D) The CD44 protein expression was detected by western blotting. (E)

lls were cotransfected with the pMIR-CD44-30 UTR-WT reporter plasmid or pMIR-

s determined using Dual-Glo luciferase reporter assay. The relative Firefly luciferase

xpression was detected by using qRT-PCR in osimertinib-sensitive (HCC827, PC9,

H1975/AZD18) (***p < 0.001). p values were determined by Student’s t test. Using

ession in (G) MPE, (H) peripheral blood, and (I) surgically resected EGFR-mutant lung

elation method.
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cell migration and invasion compared to control cells (Figures 5C and
5D). Suppression of miR-204 in osimertinib-sensitive cells enhanced
the mRNA levels of EMT regulators (Snail, Slug, and Zeb1) (Fig-
ure S6), and increased the protein expression of vimentin,
N-cadherin, and Snail (mesenchymal cell marker) but attenuated
E-cadherin (epithelial cell marker) protein expression (Figure 5E).

Furthermore, suppression of CD44 expression in HCC827/gef and
H1975/AZD-18 (HCC827/gef-siCD44-1, HCC827/gef-siCD44–2,
H1975/AZD-18-siCD44-1, and H1975/AZD-18-siCD44-2) reduced
lung cancer cell migration and invasion and is indicated in
Figures 5F and 5G. miR-204-attenuated lung cancer cell migration
and invasion may act through the suppression of CD44.

After knocking down CD44 in osimertinib-resistant cells (H1975/
AZD-18-siCD44–1, H1975/AZD-18-siCD44-2, HCC827/gef-siCD44-
1, and HCC827/gef-siCD44-2) using siRNA, CD44 protein expression
was attenuated. Western blot analysis showed that E-cadherin expres-
sion was significantly increased, whereas N-cadherin, vimentin, and
Snail (mesenchymal markers) were significantly attenuated (Fig-
ure 5H). However, upregulatingCD44 expression in osimertinib-sensi-
tive cells (H1975-CD44) suppressed E-cadherin expression but
enhanced N-cadherin, vimentin, and Snail expression (Figure 5I).
These results suggest that miR-204/CD44 plays an important role in
regulating EMT in lung cancer cells.

Inhibition ofCD44 restored osimertinib sensitivity in osimertinib-

resistant lung cancer cells

The two CD44-specific-siRNAs (si-CD44-1 and si-CD44-2) were
used to knock down CD44 expression in osimertinib-resistant cells
(HCC827/gef and H1975/AZD18) (Figure 6A). After transfection,
the CD44-knockdown transfectants (HCC827/gef-si-CD44-1 and -2
and H1975/gef-siCD44-1 and -2) or control transfectants
(HCC827/gef-si-control and H1975/gef-si-control) were exposed to
osimertinib, and cell viability was analyzed by MTT assay. The results
indicated that inhibition of CD44 expression remarkably restored osi-
mertinib sensitivity in osimertinib-resistant lung cancer cells
(Figure 6B).

Restoration of CD44 reversed the effects of miR-204 on

osimertinib sensitivity

The upregulation of miR-204 in osimertinib-resistant cells promoted
osimertinib-induced cell death and enhanced osimertinib sensitivity
(Figure 2), whereas elevated CD44 attenuated osimertinib sensitivity
in miR-204-expression transfectants (H1975/AZD18-Lentic-
miR204-CD44) (Figure 6C).Western blotting showed that upregulat-
ing miR-204 expression in osimertinib-resistant cells (H1975/
AZD18) attenuated the protein expression of CD44, SOX2,
Figure 4. MiR-204 reduced lung cancer stemness

(A, D, and H) Tumor spheroid formation assays were used to evaluate cancer stemness p

markers (NANOG, OCT4, and SOX2) were detected by qRT-PCR (*p < 0.05; **p < 0.01

determined by western blots. (G) qRT-PCR was performed to measure the expression le

(**p < 0.01; ***p < 0.001). p values were determined by Student’s t test.
N-cadherin, vimentin, and Snail but enhanced E-cadherin expression.
Furthermore, CD44 expression in miR-204-overexpression transfec-
tants (H1975/AZD18-Lenti-miR-204) subsequently increased the
expression of SOX2, vimentin, N-cadherin, and Snail but attenuated
E-cadherin expression (Figure 6D). After statistically analyzing the
protein band signals from triplicate western blots using ImageJ, we
found that miR-204-expression transfectants had significantly lower
vimentin expression than did control transfectants. However, miR-
204-CD44-expression transfectants had significantly higher vimentin
expression than did miR-204-expression transfectants (Figure S7).
These results suggest that the restoration of CD44 reverses the effects
of miR-204 on osimertinib sensitivity. miR-204 represses cancer
stemness and increases osimertinib sensitivity in lung cancer cells
by targeting CD44.

High miR-204/low CD44 was associated with longer overall

survival in lung cancer patients

To explore the impact of miR-204 on overall survival (OS) in lung
adenocarcinoma, we collected surgical specimens from 40 patients
with early-stage lung adenocarcinoma and analyzed the relationship
between miR-204 expression level and OS. Patients who received
adjuvant chemotherapy were excluded. Table S5 shows the clinical
characteristics of the patients.

Patients with lung adenocarcinoma with high miR-204 expression
(n = 20) had a longer time-to-tumor recurrence (TTP) than those
with low miR-204 expression (n = 20) (median TTP not yet reached
versus 22.3 months; p = 0.046) (Figure 6E). In addition, the high miR-
204 patient group had a significantly longer OS (median OS not yet
reached) than the low miR-204 group (73.1 months; p = 0.020)
(Figure 6F).

We also analyzed the survival data of lung adenocarcinoma patients
from The Cancer Genome Atlas (TCGA) database. Of the 351 early
lung adenocarcinoma patients, there were no differences in clinical
characteristics between the high and low miR-204 groups
(Table S6). The high miR-204 patient group had a significantly longer
OS (59.1 months) than the low miR-204 group (42.4 months;
p = 0.034) (Figure 6G).

Furthermore, we explored the OS of lung adenocarcinoma patients
from the Kaplan-Meier plotter for lung cancer database (http://
kmplot.com/analysis/index.php?p=service&cancer=pancancer_
mirna).Patients with higher miR-204 expression had a longer median
OS than those with lower miR-204 expression (HR = 0.71, 95% CI
0.53–0.95; p = 0.021) (Figure 6H). In contrast, patients with higher
CD44 expression had a shorter median disease-free survival
(54.0months versus 104.9months; p = 1.9e�5) (Figure 6I) andmedian
henotype (*p < 0.05; **p < 0.01). (B and E) The expressions of cancer stem stemness

; ***p < 0.001). (C and F) The expression levels of NANOG, OCT4, and SOX2 were

vels of CD44 after transient silencing of CD44 in HCC827/gef or H1975/AZD 18 cells
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OS (87.7 months versus 117.3 months; p = 0.0043) than patients with
lower CD44 expression (Figure 6J).
DISCUSSION
In this study, we demonstrated for the first time that miR-204 con-
tributes to osimertinib sensitivity in lung cancer. miR-204 expression
was remarkably decreased in osimertinib-resistant lung cancer cell
lines and in MPEs of lung adenocarcinoma after resistance to osimer-
tinib (Figure 1). We also revealed that lung cancer patients with tu-
mors with higher miR-204 levels or higher serum miR-204 levels
had longer median PFS with EGFR-TKIs than those with lower
miR-204 levels (Figure 1). In vitro and in vivo, the overexpression
of miR-204 in osimertinib-resistant lung cancer cells restored osimer-
tinib sensitivity and enhanced osimertinib-induced cell death (Fig-
ure 2) In contrast, the suppression of miR-204 confers resistance of
osimertinib in osimertinib-sensitive cells.

miR-204 was identified as a tumor suppressor in various cancers.
miR-204 acts as a tumor suppressor in breast cancer by targeting
FOXA1,40 and lower miR-204 expression was associated with
shorter PFS and OS.32 In hepatocellular carcinoma, miR-204 expres-
sion is remarkably repressed compared to that in adjacent liver tis-
sues. miR-204 inhibits human hepatocellular carcinoma progression
by directly targeting Zeb2.33 IGF2BP2, a miR-204 direct target gene,
was verified in thyroid cancer, and the miR-204/IGF2BP2 signaling
axis has been demonstrated to play a critical role in thyroid cancer
progression.34 Moreover, miR-204 expression was detected in
plasma samples from patients with NSCLC and healthy controls.
The results showed that miR-204 levels in NSCLC plasma remark-
ably correlated with tumor stage and distant metastasis, and lower
plasma levels of miR-204 were associated with poor overall and dis-
ease-free survival.31 These data were compatible with our study
showing that the miR-204 in surgical lung cancer specimens corre-
lated with relapse-free survival and OS. However, the molecular
mechanisms through which miR-204 is involved in lung cancer
development and progression are not fully understood. Our results
revealed that miR-204 attenuated lung cancer cell stemness, migra-
tion, and invasion through the CD44 signaling pathway (Figures 4
and 5). The expression of miR-204 in osimertinib-resistant cells
promoted osimertinib-induced cell death and enhanced osimertinib
sensitivity (Figure 2), whereas elevated CD44 attenuated osimertinib
sensitivity in miR-204-overexpressing transfectants (H1975/AZD18-
Lentic-miR204-CD44; Figure 6). The miR-204/CD44 axis contrib-
utes to cancer stemness, EMT phenotypic changes, and EGFR-
TKI resistance. Therefore, miR204 and CD44 are potential
molecular targets in lung cancer cells.
Figure 5. miR-204 inhibited lung cancer cell migration and invasion abilities th

(A, C, and F) In vitro cell migration ability was evaluated using transwell assays without Ma

determined using transwell assays with Matrigel (*p < 0.05; **p < 0.01; ***p < 0.001)

described previously.20 (E) The protein expression of EMTmarkers E-cadherin and vimen

CD44 expression changed EMTmarkers. The protein expression of EMTmarkers E-cad

were determined by Student’s t test.
CD44, a nonkinase transmembrane receptor for the binding of hy-
aluronan and other extracellular matrix molecules, has been impli-
cated in a variety of physiological events, including cytoskeletal ar-
chitecture reorganization, cell homing, and lymphocyte activation.
CD44 expression has been strongly linked to tumorigenesis, EMT,
and cancer stemness.41 Activated CD44 is coupled with cytoskeletal
elements or specific signaling adaptor proteins that activate various
cellular signaling pathways, including transforming growth factor-b,
Hippo, b-catenin, EGFR, and signal transducer and activator of
transcription 3 signaling pathways.42,43 Studies have reported that
CD44 promotes the EMT phenotype in breast cancer, colon cancer,
pancreatic cancer, and lung cancer.42–44 The overexpression of
CD44 promotes tumorigenesis, EMT phenotypic changes, metasta-
tic potential, and upregulation of EGFR signaling pathways in breast
cancer.45 Previous studies have demonstrated that silencing CD44 in
lung cancer inhibits cell growth and induces apoptosis by deactivat-
ing EGFR signaling.46 These studies also indicated that knockdown
of CD44 increased the sensitivity of EGFR WT NSCLC cells to
cisplatin.46 Furthermore, other studies revealed that CD44 expres-
sion was substantially higher in EGFR-TKI-resistant lung cancer
cells (HCC827EPR and HCC827CNXR-S4 cells) than in parental
controls (HCC827 cells). This report also indicated that some
EGFR-mutant lung cancer cells (H1975 and HCC4006) with high
CD44 expression tend to acquire resistance to EGFR-TKIs by facil-
itating EMT.43 The authors suggested that CD44 expression is
necessary for EMT phenotype acquisition, but high CD44 expres-
sion alone is not sufficient to convert epithelial cells to mesenchymal
cells.43 Understanding the molecular mechanisms that regulate
CD44 expression can provide new insights into the development
of novel strategies for lung cancer therapy. In the present study,
we demonstrated that CD44 was a direct downstream target of
miR-204 in lung cancer cells (Figure 3). Higher CD44 expression
was detected in osimertinib-resistant lung cancer cells (HCC827/
gef and H1975/AZD18) than in the parental controls (HCC827
and H1975; Figure 3). Depletion of CD44 expression in miR-204-
low expressed-osimertinib-resistant cells restored osimertinib sensi-
tivity, as well as inhibited sphere formation and cell migration/inva-
sion (Figures 4, 5, and 6). Our results also suggested that miR-204/
CD44 is essential for conferring osimertinib resistance and
enhancing cancer stemness and EMT in lung cancer cells.

In conclusion, miR-204 reversed osimertinib resistance by targeting
CD44 signaling and suppressing cancer stemness and the EMT
phenotype. The miR-204/CD44 axis plays an important role in over-
coming osimertinib resistance in lung cancer; these results provide
the groundwork for the development of osimertinib resistance–
reversing therapeutic methods.
rough targeting CD44

trigel (*p < 0.05; **p < 0.01; ***p < 0.001). (B, D, andG) In vitro cell invasion ability was

The detailed procedures of in vitro cell migration and invasion abilities have been

tin was determined by western blotting. (H and I) Knockdown (H) and (I) upregulated

herin, N-cadherin, vimentin, and Snail were determined by western blotting. p values
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MATERIALS AND METHODS
Cell lines

The human lung cancer cell lines HCC827 and H1975 were acquired
from the American Type Culture Collection (ATCC, Manassas, VA).
The PC9 human lung cancer cell line and its derivative gefitinib-resis-
tant subline (PC9/gef) were provided by Prof. James Chih-Hsin Yang,
as described previously.47 The osimertinib-resistant cells (HCC827/
gef, PC9/gef, and H1975/AZD) were selected from the parental cells
(HCC827, PC9, and H1975) after continuous exposure to the
EGFR-TKIs according to a dose-escalation procedure. Briefly, PC9/
gef (pooled clones) with gefitinib resistance (IC50 > 1 mM) was iso-
lated after being grown in culture media containing escalating con-
centrations of gefitinib for 6months.47,48 HCC827/gef was selected af-
ter exposure to stepwise escalating concentrations of gefitinib up to
10 mM.19 PC9/gef and HCC827/gef cells were cross-resistant to osi-
mertinib. No acquired T790M mutation or c-Met amplification was
detected in both PC9/gef and HCC827/gef. H1975 cells harboring
EGFR L858R and T790M mutations are resistant to first-generation
EGFR-TKI treatment (gefitinib and erlotinib) but sensitive to osimer-
tinib treatment (IC50 < 0.02 mM). The osimertinib-resistant subline
H1975/AZD was derived from the H1975 cell line treated with osi-
mertinib (AZD9291) for �6 months by increasing osimertinib con-
centration up to 3 mM.49 Osimertinib-resistant H1975/AZD15 and
H1975/AZD18 were single clones isolated from H1975/AZD mixed
clones using a serial dilution method.

A lentivirus system was used to construct stable miR-204 expression
clones. Lentivector-based miR-204 precursor constructs (catalog no.
PMIRH204-AA-1) and control vector were purchased from System
Biosciences. The constitutive expression of miR-204 in osimertinib-
resistant cells (H1975/AZD18-Lenti-miR-204; H1975/AZD18 cells
transfected with Lenti-miR-204 expression construct) and negative
control cells (H1975/AZD18-Lenti-NC) was established. All of the
human cell lines were free of mycoplasma contamination and authen-
ticated using short tandem repeat profiling. RPMI-1640 medium sup-
plemented with 10% fetal bovine serum (FBS) was used for cell lines
culture at 37�C in a humidified 5% CO2 incubator.
Quantitative real-time reverse transcription PCR

TRIzol reagent was used to extract RNA from the cell lines. Then, the
RNA reverse transcribed to cDNA using random primers and
MultiScribe reverse transcriptase, according to the manufacturer’s
Figure 6. Restoration of CD44 expression reversed the effects of miR-204 on o

(A) The CD44 expression was detected by qRT-PCR (*p < 0.05). (B and C) The cellula

following treatment with various doses of osimertinib for 96 h in MTT assays (**p < 0.0

determined by western blotting. Here, HCC827/gef-si-CD44-1 and -2 and H1975/gef

Lentic-miR204-CD44 were represented as CD44-restored transfectants. p values were

miR-204 expression (n = 20) had (E) a longer TTP (not yet reached versus 22.3 months;

those with low miR-204 expression (n = 20). (G) Of the 351 early-stage lung adeno

significantly longer OS (59.1 months) than the low miR-204 group (42.4 months; p = 0.0

miR-204 expression had a longer median OS than those with lower miR-204 expression

disease-free survival (54.0 months versus 104.9 months; p = 1.9e�5), and (J) OS (87.7 m

NR, not reached.
protocol (Invitrogen/Thermo Fisher Scientific, Waltham, MA).
qRT-PCR was performed on a QuantStudio 7 flex real-time PCR sys-
tem (Thermo Fisher Scientific) using a standard protocol with TATA
box-binding protein (TBP) or RNU6B (Thermo Fisher Scientific, cat-
alog no. 4427975; assay ID 001093) as an internal control for mRNA
and miRNA, respectively. The primers used for the different genes in
the present study are listed in Table S7.

Western blotting

Protein samples of the cells were extracted using radioimmunopreci-
pitation assay buffer (Cell Signaling Technology, Danvers, MA). Cell
lysates were prepared and quantified using the Pierce BCA protein
assay kit (Thermo Fisher Scientific). The obtained proteins (30–
100 mg) were subjected to SDS-PAGE, transferred to a polyvinylidene
fluoride membrane, and incubated with the indicated primary anti-
bodies. Then, we incubated the blot with horseradish peroxidase–
linked secondary antibodies, and immunoreactive signals were
visualized using SuperSignal West Pico PLUS Chemiluminescent
Substrate (Thermo Fisher Scientific). The different antibodies and
their concentrations for the various genes used for western blot anal-
ysis are listed in Table S8.

Cytotoxicity tests

To evaluate the cytotoxic effects of the EGFR-TKIs (gefitinib and osi-
mertinib), the colorimetric MTT assay was used. Briefly, we plated
3,000 cells per well in 96-well plates and treated with the indicated
drugs. After 72 h, 10 mL MTT reagent (0.5 mg/mL) was added to
each well containing the samples in 100 mL of culture medium and
then was incubated for another 3 h at 37�C. Finally, 100 mL of
DMSO was added to each well to stop the reaction, and the absor-
bance was measured at 570 nm using a SpectraMax i3x Multi-
Mode Microplate Reader (Molecular Devices, San Jose, CA).

Caspase activity assay

Apoptosis protein markers, such as BIM, cleaved caspase-3, and
PARPs, were detected by western blotting. Activity of caspase-9 was
measured using a luminescent Caspase-Glo 9 assay kit according to
the manufacturer’s instructions (Promega, Madison, WI). Cells
were seeded in 96-well plates, allowed to grow for 24 h at 37�C,
and subsequently treated with EGFR-TKIs for 24 h. After incubation,
the cells were lysed. In this assay, caspase was released and the lumi-
nogenic substrate containing the L-Leucyl-L-Glutamyl-L-Histidyl-L-
Aspartate (LEHD) sequence was recognized. The substrate was
simertinib sensitivity and cancer stemness

r viability in CD44-knockdown and CD44-restoration transfectants was determined

1; ***p < 0.001). (D) The expression of CD44, Sox2, E-cadherin, and vimentin was

-siCD44-1 and -2 were CD44-knockdown transfectants, whereas H1975/AZD18-

determined by Student’s t test. (E and F) Patients of lung adenocarcinoma with high

p = 0.046) and (F) a longer OS (not yet reached versus 73.1 months; p = 0.020) than

carcinoma patients from TCGA database, the high miR-204 patient group had a

34). (H) From the Kaplan-Meier plotter for lung cancer database, patients with higher

(p = 0.021). (I and J) Patients with higher CD44 expression had a (I) shorter median

onths versus 117.3 months; p = 0.0043) than patients with lowerCD44 expression.
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cleaved by activated caspase, and then the substrate for luciferase was
released. Finally, a SpectraMax i3x Multi-Mode Microplate Reader
(Molecular Devices) was used to measure luminescence.

Gene knockdown

Gene knockdown was achieved by adding miR-204 inhibitors
(MH11116, Thermo Fisher Scientific) or by transfecting cells with
gene-specific siRNA (si-CD44) (Thermo Fisher Scientific). Approxi-
mately 2 � 105 cells were seeded in 2 mL RPMI medium with 10%
FBS in 6-well plates 24 h before transfection. Cells were transfected
with siRNAs at a concentration of 65 nM using Lipofectamine
RNAiMAX Transfection Reagent (Thermo Fisher Scientific), accord-
ing to the manufacturer’s instructions. After 48 h, gene expression
levels were evaluated by qRT-PCR and western blotting.

Luciferase reporter assays

To clone fragments of the potential downstream target genes of miR-
204, a PCR-based method was used. Specific primers were designed
using a bioinformatics search in GenBank. Total RNA was extracted
from the H1975 cell line, and the cDNA library was obtained. We
amplified the 30 UTR of the CD44 gene sequence from the cDNA li-
brary and cloned it into the pMIR-REPORT miRNA expression re-
porter vector (Applied Biosystems, Foster City, CA). A mutant 30

UTR of CD44 harboring a mutant sequence of the miR-204 binding
site was constructed by the QuikChange Site-Directed Mutagenesis
Kit (Stratagene, La Jolla, CA). The cells were cultured in 24-well plates
at a density of 3� 104 cells per well for 24 h before transfection. Sub-
sequently, cells were transfected with a Luc-putative gene vector or
Luc-putative gene mutation vector. Luciferase activity was measured
using a dual-luciferase reporter assay system (Promega) after 24 h of
incubation.

Sphere formation or self-renewal assays

After manipulation of miR-204 expression levels in osimertinib-sen-
sitive or osimertinib-resistant cells, the cells were cultured at a density
of 5,000 cells/well in 24-well ultralow attachment plates (Corning,
Corning, NY) at 37�C in serum-free DMEM/Nutrient Mixture F-12
(DMEM/F12) (1:1) (Gibco Life Science, Great Island, NY), supple-
mented with 1% penicillin/streptomycin, 1 � B27 (Gibco Life Sci-
ence), 4 mM HEPES (Sigma-Aldrich, St. Louis, MO), 20 ng/mL basic
fibroblast growth factor (PeproTec, Rocky Hill, NJ), 20 ng/mL EGF
(PeproTec), and 1� insulin-transferrin-sodium selenite (Sigma-
Aldrich). Growth factor–enriched conditions were maintained by
adding supplements every 2 days. The total number and size of
spheres were analyzed on day 7. Images of the spheres were obtained
using an EVOS imaging system (Thermo Fisher Scientific).

Animal models

The animal study procedures were also approved by the Institutional
Animal Care and Use Committee of the National Taiwan University
College of Medicine. Cancer cells, including H1975/AZD18-Lenti-
miR-204 andH1975/AZD18-Lenti-NC, were injected subcutaneously
into the lower rear flank of 4- to 6-week-old severe combined immu-
nodeficient athymic male mice. Tumor volumes were evaluated after
14 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
treatment with osimertinib (0 or 4 mg/kg). Tumor volume andmouse
weight were recorded every 2 days. The excision tumor samples were
evaluated for Ki-67 (1:1,000, polyclonal antibody, ProteinTech, Wu-
han, China) by immunohistochemical stain. In addition, the
ApopTag Peroxidase In Situ Apoptosis Detection Kit (no. S7100,
Merck Millipore, Darmstadt, Germany) was used to detect the
apoptotic cells of the animal tumor specimens by a terminal deoxynu-
cleotidyl transferase–mediated deoxyuridine TUNEL procedure ac-
cording to the manufacturer’s instructions.

MPE isolation

In the chest ultrasonography examination room at the National
Taiwan University Hospital (NTUH), pleural effusions were consec-
utively collected from patients who underwent thoracentesis. An
informed consent form for future molecular analyses was signed by
all of the patients before thoracentesis. This study was approved by
the institutional review board (IRB) of NTUH. MPE related to lung
adenocarcinoma was used in this study. The pleural fluids of the pa-
tients were aseptically acquired in vacuum bottles by thoracentesis.
Red blood cell (RBC) lysis buffer was used to homolyze RBCs in
the pleural effusions. PBS were used to wash the remaining cells twice,
and the cells were cultured in complete RPMI-1640 media.50 The me-
dium was replaced every 2–3 days. After 10 days, the cells were har-
vested. TRIzol reagent (Invitrogen) was used to extract total RNA
from cultured cells. The expression of miR-204 was determined using
qRT-PCR. qRT-PCR was performed using TaqMan miR-204 probes
(Thermo Fisher Scientific, catalog no. 4427975; assay ID 000508) on
an Applied Biosystems 7500 Sequence Detection System.

Plasma and tissue procurement

Peripheral blood samples were taken from patients with advanced
EGFR-mutant lung adenocarcinoma who received EGFR-TKIs as a
first-line single-agent treatment. Plasma was collected, aliquoted,
and frozen at �80�C until use.

Surgical excision tumor specimens from patients with early lung can-
cer were collected at the NTUH. The IRB of NTUH approved the
study protocols, and informed consent was obtained from all of the
surgically treated patients before the procedure.

We evaluated the expression of miR-204 by qRT-PCR in resected
lung cancer tissue and correlated its expression with clinical charac-
teristics (stage, lymph node metastasis, and cancer recurrence) and
OS of lung cancer patients.

Plasma RNA isolation and miRNA qRT-PCR assay

Fluid RNA isolation and miRNA Q-PCR were conducted to analyze
the miR-204 content in blood. Briefly, blood samples were collected
from each donor and processed within 1 h. Plasma was isolated by
centrifugation at 3,000 rpm (1,800� g) for 10 min at 4�C. The super-
natant plasma was collected and stored at�30�C until analysis. Total
RNA was extracted from 600 mL of plasma using the miRNeasy
Serum/Plasma Kit (Qiagen, Venlo, the Netherlands) according to
the manufacturer’s instructions. qRT-PCR was performed using a
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TaqMan miRNA PCR kit (Applied Biosystems) following the manu-
facturer’s instructions. Briefly, 60 ng of total RNA was reverse tran-
scribed into cDNA using the High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems) and stem-loop RT primers
(Applied Biosystems). RT-PCR was performed using TaqMan
miRNA probes (Applied Biosystems) on an Applied Biosystems
7500 Sequence Detection System. After the reactions, cycle threshold
(CT) values were determined using fixed threshold settings (0.1). To
calculate the absolute expression levels of the target miRNAs, a series
of synthetic miRNA oligonucleotides of known concentrations (0.02–
300 fmol) were also reverse transcribed and amplified. The absolute
amount of each miRNA was calculated using a standard curve.
Because there is no current consensus on housekeeping miRNAs
for qRT-PCR analysis of plasma miRNAs, the expression levels of
miRNAs were directly normalized to plasma volume in our study.

Statistical analysis

SPSS (version 22.0; IBM SPSS Statistics, Armonk, NY) was adopted
for statistical analysis. Pearson’s c2 test was used to analyze categor-
ical variables, and Fisher’s exact test was used when the sample vari-
ables were %5. The PFS was compared using the log rank test and
plotted using the Kaplan-Meier method. The correlation analysis
was performed according to Pearson’s correlationmethod. Two-sided
p < 0.05 was considered significant.
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