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Abstract

The T790M mutation is recognized as a typical mechanism of acquired resistance to first generation of epithermal growth
factor receptor-tyrosine kinase inhibitors (EGFR-TKIs) such as gefitinib in non-small cell lung cancer (NSCLC) patients
who are commonly treated by third generation of EGFR-TKI AZD9291 (osimertinib). However, the therapeutic strategy for
overcoming acquired resistance to EGFR-TKIs in NSCLC patients without T790M remains to be definitively determined. In
the present study, gefitinib-resistant H1650 (H1650GR) or AZD9291-resistant H1975 (H1975AR) was generated by exposing
NSCLC cell line H1650 or H1975 to progressively increased concentrations of gefitinib or AZD9291 over 11 months. The
cytotoxic effects of gefitinib or AZD9291 in vitro were evaluated via the half maximal inhibitory concentrations (IC50s)
determined by the MTT assay. IC50 of gefitinib in HI1650GR (50.0 + 3.0 uM) significantly increased compared with H1650
(31.0+ 1.0 uM) (p <0.05). Similarly, the IC50 of AZD9291 in H1975AR (10.3 +0.9 uM) significantly increased compared
with H1975 (5.5 +0.6 uM) (p < 0.05). However, IC50 of AZD9291 on H1650GR (8.5 £ 0.5 uM) did not increase compared
with H1650 (9.7 £0.7 uM). On the other hand, IC50 of AZD9291 on gefitinib-resistant A549 (A549GR established in our
previous study) (12.7 +£0.8 uM) was significantly increased compared with A549 (7.0+1.0 uM) (p <0.05). AZD9291 induced
caspase 3/7 activation in A549, H1650, and H1650GR, but not in A549GR. Western blot analyses showed that p-Akt played
a key role in determining the sensitivities of A549, A549GR, H1650, and H1650GR to gefitinib or AZD9291. Additionally,
increased expression of Twistl was observed in all cells with acquired EGFR-TKI resistance and knockdown of Twist1 by
shRNA was found to significantly enhance the sensitivity of A549GR to gefitinib or AZD9291 via reversing epithelial—
mesenchymal transition and downregulating p-Akt, but not of HI975AR to AZD9291. The enhanced cytotoxic effect of
AZD9291 on A549GR by Twistl knockdown in vitro was further validated by in vivo studies which showed that Twist1
knockdown could lead to significantly delayed tumor growth of A5S49GR xenograft with increased sensitivity to AZD9291
treatment in nude mice without any observed side toxic effects. In summary, our study demonstrated that the mechanisms of
acquired resistance in different NSCLC cell lines treated by even the same EGFR-TKI might be quite different, which provide
a rationale for adopting different therapeutic strategies for those NSCLC patients with acquired EGFR-TKI resistance based
on different status of heterogeneous mutations.
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Introduction

Electronic supplementary material The online version of this Activating mutation of epidermal gr(?wth factor receptor
article (https://doi.org/10.1007/500204-019-02453-2) contains (EGFR) such as EGFR exon 19 deletion (delE746-A750)
supplementary material, which is available to authorized users. in non-small cell lung cancer (NSCLC) patients is a favora-
ble predictive biomarker for clinical treatment by first-
generation of EGFR tyrosine kinase inhibitor (TKI) gefi-
tinib (Kazandjian et al. 2016; Suda and Mitsudomi 2015).
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of EGFR-TKI acquired resistance in NSCLC patients could
be attributed to the appearance of secondary EGFR muta-
tion T790M (Kwak et al. 2005), which can be overcome by
the third generation of EGFR-TKI AZD9291 (Cross et al.
2014). For other mechanisms of EGFR-TKI acquired resist-
ance, optimal treatments are not yet clearly defined. A recent
phase-I trial showed that AZD9291 (also known as osimer-
tinib) has certain therapeutic efficacy in T790M-negative
NSCLC patients at the dosage of 120 mg/day who demon-
strated a 30% response rate (Jinne et al. 2015). These results
indicate that AZD9291 may overcome acquired resistance
of gefitinib through pathways other than targeting T790M.
Persistent Akt activation was a significant feature
of acquired EGFR-TKI resistance and p-Akt levels are
increased in most clinical specimens obtained from EGFR-
mutant NSCLC patients with acquired EGFR-TKI resistance
(Jacobsen et al. 2017). More importantly, the diversity cou-
pled with unpredictability of mechanisms regarding EGFR-
TKI acquired resistance might be associated with convergent
activation of the Akt pathway in EGFR-mutant NSCLC, and
specifically inhibiting Akt together with EGFR could effec-
tively overcome the acquired resistance in vitro and in vivo
(Jacobsen et al. 2017). Therefore, the convergent activation
of p-Akt might be a valuable therapeutic target or indicator
whose inhibition has the potential to combat the molecular
heterogeneity of EGFR-TKI acquired resistance. Interest-
ingly, a previous study reported that the irreversible EGFR
inhibitor HKI-357, still under investigation in clinical trial,
was reported to may circumvent the acquired resistance of
gefitinib in gefitinib-resistant H1650 cell line established by
colony selection method, which could suppress p-Akt much
more effectively compared with gefitinib (Kwak et al. 2005).
Twistl, as a pro-metastatic factor, is silenced in most
healthy adult tissues but was found to be overexpressed in
various types of carcinomas including NSCLC (Gao et al.
2015; Lv et al. 2015; Pallier et al. 2012), which promoted
cell motility, invasiveness, and drug resistance through epi-
thelial-mesenchymal transition (EMT) (Brozovic 2017;
Gavert and Ben-Ze’ev 2008). Twist1 expression was shown
to inhibit the progress of programmed cell death (Puisieux
et al. 2006) and also override the oncogene-induced pre-
mature senescence by suppressing pS53- and Rb-dependent
pathways (Ansieau et al. 2008). The overexpressed Twistl
in primary and metastatic NSCLC has been identified as
a critical target for lung cancer therapy. For example, our
previous study suggest that Twist] overexpression was cor-
related with poor survival in NSCLC patients with high
p-4E-BP1 expression, and silencing Twist1 inhibited H1650
xenografted tumor growth in mice (Lv et al. 2015). It was
also found that silencing of Twistl by siRNA could signifi-
cantly sensitize NSCLC cell lines A549 and H1299 to cispl-
atin via AMPK-activated mTOR inhibition (Jin et al. 2012).
A recent study demonstrated that Twist]l overexpression in

@ Springer

EGFR-mutant lung cancer cells led to EGFR-TKI resist-
ance in vitro and in vivo, and genetic knockdown of Twist1
or pharmacologic inhibition of Twistl by harmine could
enhance erlotinib sensitivity in NSCLC cell line H1650
(Yochum et al. 2019). Finally, Twistl is frequently asso-
ciated with aberrant hyperactivation of phosphoinositide
3-kinase (PI3K)/Akt (de Freitas Silva et al. 2012; Way et al.
2014; Xu et al. 2015; Xue et al. 2012), which prompted us to
explore the internal relationship of Twistl and PI3K/Akt for
overcoming acquired resistance of EGFR-KTI in NSCLC.
More importantly, the role of Twistl downregulation in
overcoming acquired resistance of gefitinib in NSCLC cell
lines has not been reported before.

Since recent studies revealed that the resistance of EGFR-
TKI in NSCLC patients was closely related with heterogene-
ity of oncogene mutations within individual tumors (Chen
et al. 2012; Soucheray et al. 2015), three cell lines with dif-
ferent EGFR and KRAS mutation status, including A549
(wt-EGFR, KRAS G12S), H1650 (EGFR exon19 delE746-
A750, wt-KRAS), and H1975 (EGFR exon20 T790M and
exon21 L858R, wt-KRAS), were chosen to investigate the
mechanisms of overcoming the acquired resistance of gefit-
nib or AZD9291 in the present study. In our previous study
(Liu and Gao 2017), gefitinib-resistant A549 (A549GR) was
established while gefitinib-resistant H1650 (H1650GR) and
AZD9291-resistant H1975 (H1975AR) were established in
the current study. The responses of A549GR and H1650GR
to AZD9291 treatment were compared and the mechanism
of AZD9291 to overcome acquired resistance of gefitinib in
H1650GR was also explored. Since our previous (Liu and
Gao 2017) and current studies demonstrated that overex-
pressed Twistl might play an important role in the process
of developing acquired resistance to EGFR-TKI, the effect
of Twistl knockdown on the EGFR-TKI sensitivities of
A549GR or HI975AR was further investigated using both
in vitro and in vivo models.

Materials and methods

Establishments of EGFR-TKI-resistant cell lines
and reagents

The NSCLC cell lines A549, H1650, and H1975 were
purchased from American Type Culture Collection
(ATCC). A549GR was generated as the method described
in our previous study (Liu and Gao 2017). HI650GR or
H1975AR was established by the intermittent selection
method through exposing H1650 or H1975 to a step-
wise increased concentration of gefitinib (30-60 pM) or
AZD9291 (5-15 pM) for over 11 months, which simulates
the median time (6—12 months) for the development of
acquired resistance of gefinitib or AZD9291 in clinical
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applications. A549, H1650, and H1975 (within five pas-
sages), A5S49GR, H1650GR, and H1975AR were cultured
in RPMI 1640 medium (Thermo scientific, Logan, UT)
containing 5% fetal bovine serum (FBS) (Invitrogen,
Carlsbad, CA, USA), 100 U/mL penicillin, and 100 pg/
mL streptomycin in 5% CO, incubator at 37 °C. For all the
in vitro studies, the established A549GR, H1650GR, and
H1975AR were cultured in drug-free medium for at least
1 week to eliminate the effects of gefitinib or AZD9291.

Gefitinib (>98%) was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA) and osimertinib
(AZD9291) (> 99%) was obtained from Selleckchem
(Houston, TX, USA). The stocks of gefitinib (10 mM)
and AZD9291 (10 mM) in DMSO were diluted to the
required concentrations immediately before used in the
growth media. Primary antibodies including EGFR, phos-
pho-EGFR (Tyr1068), p44/42 MAPK (Erk1/2), phospho-
p44/22 MAPK (Erk1/2) (Thr202/Tyr204), Akt, phospho-
Akt (Ser473), E-cadherin, vimentin, and a-tubulin were
purchased from Cell Signaling Technology (Danvers,
MA, USA). Twistl antibody was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Horseradish peroxidase
(HRP)-conjugated donkey anti-rabbit IgG or anti-mouse
IgG, and chemiluminescence kit were purchased from
Cell Signaling Technology. Radioimmunoprecipitation
assay (RIPA) lysis buffer was obtained from Santa Cruz
Biotechnology.

Cell viability assay

Cell viability was evaluated by the MTT assay as described
previously (Gao et al. 2015; Lu et al. 2012; Shao et al.
2011). A549, A549GR, H1650, H1650GR, H1975, and
H1975AR were treated by gefitinib or AZD9291 at dif-
ferent concentrations for 24 and 48 h. Experiments were
repeated independently three times.

Luminescent caspase-Glo 3/7 assay

A549, A549GR, H1650, and H1650GR were seeded at
a density of 5000 cells in each well of the white-walled
96-well microplate (costar 3610) (Corning Incorporated,
Corning, NY, USA) and treated with AZD9291 at concen-
trations of 5 and 10 uM for 48 h. Then, 50 pL of caspase-
Glo 3/7 reagent (G8090) (Promega, Madison, WI, USA)
was added to each well of the plate containing 50 puL of
blank, control cells, or treated cells in the culture medium.
After shaken at 500 rpm for 30 s, the plate was incubated
at room temperature, and the luminescence of each well
was read on Synergy™ H4 Hybrid multi-mode microplate
reader.

Western blot analyses

A549, A549GR, H1650, and H1650GR exposed to gefi-
tinib or AZD9291 for 48 h, and H1975 or H1975AR were
analyzed by Western blot as previously described (Lu et al.
2012; Lv et al. 2015). a-tubulin was used as an internal
control.

PCR and T790M mutation analyses

Genomic DNAs from H1650, H1650GR, H1975, and
H1975AR were isolated using a DNeasy Blood & Tissue Kit
(Qiagen, Valencia, CA, USA). EGFR exon 19 and exon 20
were amplified by PCR according to the method established
previously (Conde et al. 2006). The PCR products were puri-
fied by QIAquick PCR Purification Kit (Qiagen, Hilden,
Germany) and sequenced. For MET, METFR (endoge-
nous control for MET), HER2, and EFTUD2 (endogenous
control for HER2), 75 ng of genomic DNA was amplified
using SYBR Green Supermix (BioRad). Experiment was
performed in triplicate for each group. The PCR primer
sequences were reported in the previous studies (Conde et al.
2006; Liu and Gao 2017).

Total RNA was isolated from H1650, H1650GR, H1975,
and H1975AR using the RNeasy Plus Mini Kit (Qiagen)
following the manufacturer protocol. One-step RT-PCR Kit
with SYBR green was used for amplification of total mRNA
(75 ng) following the manufacturer’s protocol (BioRad, Her-
cules, CA, USA) and our previous studies (Gao et al. 2015;
Lu et al. 2012; Lv et al. 2015). Experiment was performed
in triplicate for each group. The PCR primer sequences were
reported in the previous studies (Conde et al. 2006; Liu and
Gao 2017).

Anchorage-independent growth assay

Anchorage-independent growth was determined by soft agar
colony formation assay following a previous protocol (Gao
et al. 2015; Lv et al. 2015). Colonies were stained using
0.005% crystal violet, and the number and area of colonies
(six randomly selected areas/well) were measured by an
image analyzer under a microscope.

Wound healing assay

The wound healing assay (scratch assay) was performed to
examine and compare the migration abilities of different cell
lines as previously described (Liu and Gao 2017; Lv et al.
2015). Briefly, cells were grown to full confluency in 6-well
plates and incubated overnight in a serum-free starvation
medium. The cell monolayer was scratched with a sterile,
fine pipette tip and was kept in an incubator in a serum-free
culture medium for 48 h. Photographs of the wounded area
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were taken at the time of wounding and thereafter at 12, 24,
and 48 h to determine the wound closure rate.

Transwell invasion assay

Transwell assay was performed using cell culture inserts of
6.5 mm diameter (Corning Incorporated) as described pre-
viously (Liu and Gao 2017). Pictures of five random areas
in each insert were photographed by a microscopy and the
number of cells that had reached the underside of the inserts
was counted.

Knockdown of Twist1 in A549GR and H1975AR

shRNA plasmid for human Twist1 (TF308556) was obtained
from Origene (Rockville, MD, USA). Lipofectamine™ 3000
transfection reagent (Invitrogen, Carlsbad, CA, USA) was
used for transfection of Twistl-specific ShRNA sequences
expressed in pRFP-C-RS vector according to the manufac-
turer’s instructions. Briefly, 2 X 10° cells/well were seeded
in a 6-well plate and allowed to grow to 70% confluency.
Plasmid with Twist1-shRNA (0.5 pg) or scrambled control
plasmid was mixed with 2 uL. P3000™ reagent in 200 uL
Opti-MEM™ medium, which was mixed with another 200
puL Opti-MEM™ medium containing 2 puL. Lipofectamine™
reagent. The mixtures of the transfection reagents were incu-
bated for 15 min and overlaid on the cells for about 6 h,
into which 400 pL Opti-MEM™ medium was then added.
After transfection for 72 h, fresh RPMI medium contain-
ing 5% FBS was added and the cells were incubated for
an additional 48 h. Thereafter, the transfected A5S49GR
or H1975AR was selected by puromycin (4 pg/mL). The
knockdown of Twist1 expression after transfection was ver-
ified by fluorescent imaging, RT-PCR, and Western blot.
Twistl-shRNA transfected A549GR (A549GR-KO-T) and
H1975AR (H1975AR-KO-T) were subject to MTT assays
to determine their sensitives to gefitinib or AZD9291. The
sequence of shRNA for knockdown of Twistl is GCCGAC
GACAGCCTGAGCAACAGCGAGGA.

Xenograft animal model

The handling of animals was in accordance with the guide-
lines of Institutional Animal Care and Use Committee.
Female athymic mice, 7-8 weeks of age and 17.5+1.8 g
in weight (Charles River Laboratory, Wilmington, MA,
USA) received subcutaneous injections of 1.5 x 10% A549,
A549GR, or A549GR-KO-T cells in the lower right flank
(n=>5/group). Tumor volume was measured after cell injec-
tion. For the AZD9291 treatment experiment, mice-bear-
ing xenografts (n =4, with the tumor size of approximate
200 mm3) after A549, A549GR, or A549GR-KO-T implan-
tation were given oral gavage of AZD9291 (25 mg/kg) in 1%
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Polysorbate 80 continuously once daily for 14 consecutive
days (Cross et al. 2014). Tumor volume was measured twice
weekly. The major longitudinal diameter (length) and the
major transverse diameter (width) were determined. Tumor
volume was calculated based on caliper measurements by
the following formula: tumor volume =¥ (length X width?)
(Gao et al. 2015).

Statistical analysis

Prism 6.0 was used for calculation of the 50% inhibi-
tory concentrations (IC50s). Student’s ¢ test and one-way
ANOVA followed by a Fisher’s LSD test were applied to
determine the difference in the analytical results of cell
viabilities, luminescent caspase-Glo 3/7 assays, qRT-PCR,
wound healing assay, anchorage-independent growth assay,
transwell invasion assay, and tumor volumes among groups
when appropriate. Differences with p < 0.05 were considered
as statistically significant.

Results

The cytotoxicity of gefitinib or AZD9291 in A549,
A549GR, H1650, H1650GR, H1975, and H1975AR

As shown in Fig. 1a, the IC50s of gefitinib at 48 h in H1650
and H1650GR were 31.0+ 1.0 uM, and 50.0+3.0 uM,
respectively. On the other hand, the IC50s of AZD9291
at 48 h in A549 and A549GR were 7.0+ 1.0 uM and
12.7+0.8 uM, respectively (Fig. 1b), while the IC50s of
AZD9291 at 48 h in H1650 and H1650GR were 9.7 +0.7 uM
and 8.5+0.5 uM, respectively (Fig. 1¢). IC50 of AZD9291
significantly increased in A549GR compared with A549
(p <0.05), whereas there was no significant change of IC50
of AZD9291 in H1650GR compared with H1650. H1650GR
was not resistant to AZD9291 treatment, which was consist-
ent with the sensitivity of HI650GR to another irrevers-
ible EGFR inhibitor HKI-357 reported previously (Kwak
et al. 2005). Additionally, Fig. 1d showed that the IC50 of
AZD9291 at 48 hin H1975AR (10.3 +0.9 uM) significantly
increased compared with H1975 (5.5+0.6 uM) (p <0.05).

Caspase-3/7 activities in A549, A549GR, H1650,
and H1650GR treated by AZD9291

Based on IC50s of AZD9291 determined in our study and
concentration ranges of HKI-357 (0-10 uM) in H1650GR
used for Western blot analyses reported previously (Kwak
et al. 2005), AZD9291 at 0, 5, and 10 uM was used for
subsequent analyses of caspase-3/7 activities and West-
ern blot. Figure 2a shows that significantly increased
caspase-3/7 activities were observed in both H1650 and
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H1650GR treated by AZD9291 for 48 h compared with
their respective control in a dose-response manner. As for
A549 and A549GR, the only increased caspase-3/7 activities
were observed in A549 but not A5S49GR treated by 10 uM
AZD9291. These increased caspase-3/7 activities were veri-
fied by apoptosis bodies observed microscopically in A549,
H1650, and H1650GR but not A549GR treated by AZD9291
at 10 uM for 48 h (Fig. 2b).

Western blot analyses of EGFR signaling
pathways in A549, A549GR, H1650, and H1650GR
after gefitinib or AZD9291 treatment

To further investigate the mechanisms accounting for
acquired resistance of gefitinib overcome by AZD9291,
the expression levels of EGFR, p-EGFR (Tyr1068), Akt,
p-Akt (Serd73) Erk1/2, and p-Erk1/2 (Thr202/Tyr204) were
evaluated. As shown in Fig. 3, in gefitinib-treated A549 and
H1650, the expressions of EGFR, Akt, p-Akt, and Erk1/2
were significantly downregulated compared with the con-
trol in a dose-response manner, and p-EGFR and p-Erk1/2
were downregulated in H1650 compared with the control.
On the other hand, p-Erk1/2 was significantly upregulated in
gefitinib-treated A549. In gefitinib-treated A549GR, EGFR
was downregulated while p-Akt and p-Erk1/2 were signifi-
cantly upregulated compared with the control. In contrast, in
gefitinib-treated H1650GR, EGFR was significantly upregu-
lated, while p-EGFR and p-Akt were remarkably downregu-
lated compared with the control. In both gefitinib-treated
A549GR and H1650GR, Akt and Erk1/2 were downregu-
lated compared with the control.

In both AZD9291-treated A549 and H1650, the pro-
tein expressions of EGFR, Akt, p-Akt and Erk1/2 were
decreased, while p-Erk1/2 was significantly increased com-
pared with the control. Although p-EGFR and Akt were
found to dramatically decrease in AZD9291 treated-AS49GR

and HI650GR compared with the control, it is noticeable
that p-Akt and Erk1/2 were decreased remarkably only in
H1650GR compared with control, which may explain dif-
ferent sensitivities of A549GR and H1650GR to AZD9291.
Significantly increased p-Erk1/2 was observed in A549GR
compared with the control.

Gene analyses of H1650GR and H1975AR

The sequence analyses of PCR products of EGFR exon
19 and exon 20 demonstrated that there was a typical del
E746-A750 mutation in exon 19 but no T790M in exon 20 of
H1650GR (Fig. 4a, b), while there was no C797S but typical
T790M in H1975AR (Fig. 4c). The gqRT-PCR results showed
that there was no HER2 or MET amplification in HI650GR
or HI975AR compared to their parental cells (Fig. 4d).

The morphological changes

and anchorage-independent growth assay

of H1650GR and H1975AR compared with their
parental cells

Figure 5a shows that compared to H1650, H1650GR was
elongated to spindle shaped, which is similar to the mor-
phological shape change of A5S49GR compared to A549
(Liu and Gao 2017; Rho et al. 2009). On the other hand,
H1975AR was much bigger and more fibroblast-like cell
shape compared to H1975, which is consistent with the mor-
phological description of AZD9291-resistant H1975 estab-
lished by a previous study (Tang et al. 2016).

Further Western blot analyses (Fig. 5b) showed that clas-
sical EMT occurred in H1650GR compared with H1650,
which was demonstrated by significantly increased expres-
sion of vimentin but reduced expression of E-cadherin.
On the other hand, no significant change of E-cadherin or
vimentin was observed in HI975AR compared with H1975.

Fig.3 Western blot analy- Gef A549  H1650 A549GR H1650GR AZD A549 H1650 A549GR H1650GR
ses of protein expressions in e
A549, A549GR, H1650, and ok C
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gefitinib (Gef) at concentra- EGFR = == — s — gt o v S o]z J— S
tions of 30 uM and 60 uM or
AZD9291 (AZD) at concentra- y
tions of 5 uM and 10 uM for P-EGFR [qa.o "R v p-EGFR ™, Ll
48 h -~
Akt = - ————— Akt [ : ———
p-Akt == = - e —————— p-Akt -—— _—— - —
Ekl/2 == e eme————— Erk1/2 IS,
p-Erk1/2 - S T, . R,
Tubulin Tubulin [e—————— . - cw ==
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H1650GR and H1975AR compared to their parental cells,
which was consistent with the result of qRT-PCR (Fig. 4d).
In addition, the increased expressions of EGFR and p-Akt

No T790M m

Gene expression (% of control)

o - B/ SN
No C797S
A /]
350 -
300 | H H1975 b
H H1975AR

HER2

MET Twistl CD24 CD44 CD133

analyses of H1650GR compared to H1650, and HI975AR compared
to H1975. Data are mean+ SD, n=3. Mean values of the same gene
containing different letters indicate a significant difference between
H1650GR and H1650 or between H1975AR and H1975 analyzed by
a Student’s ¢ test (p <0.05)

were observed in HI650GR compared with H1650, while
decreased expression of EGFR but increased expression of
p-Akt was observed in H1975AR compared with H1975
(Fig. 5b).
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Fig.5 Phenotypic characterizations of H1650, H1650GR, H1975,
and H1975AR. a Microscopic images (x40) of H1650, H1650GR,
H1975, and H1975AR. b Western blot analyses of EGFR, p-Akt,
and EMT biomarkers (E-cadherin, Vimentin, and Twistl) in H1650,
H1650GR, H1975, and H1975AR. ¢ Colony number and size of
H1650, H1650GR, H1975 and H1975AR in anchorage-independent
growth assay. d Microscopic images (X 40) of wound healing closures
of H1650 and H1650GR obtained at O to 48 h after pipette scratching.

To compare the tumorigenic potential of H1650 and
H1650GR or H1975 and H1975AR, anchorage-independent
growth assay was implemented. As shown in Fig. 5c, a sig-
nificant increase in colony number was found in H1975AR
compared to H1975. However, significantly decreased
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48 hrs

e The wound closure rates of HI650GR are significantly larger than
H1650 at 12, 24 and 48 h (p <0.05). f Microscopic images (X 200) of
cells on the bottom side of cell culture inserts in the transwell inva-
sion assay. g The number of cells counted on the bottom side of cell
culture inserts in the transwell invasion assay. Data are represented
as mean + SD, n=12. Different letters indicate a significant difference
between H1650GR and H1650 or between H1975AR and H1975 ana-
lyzed by a Student’s ¢ test (p <0.05)

colony number and colony size were observed in H1650GR
compared to H1650. qRT-PCR results showed that the gene
expressions of cancer stem cell (CSC) biomarkers CD24
and CD44 significantly increased but CD133 significantly
decreased in H1650GR compared to H1650, while CD24
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Fig.5 (continued)

and CD44 significantly decreased but CD133 significantly
increased in H1975AR compared to H1975 (Fig. 4d).

Characterizations of H1650 and H1650GR by wound
healing assay and transwell invasion assay

The differences in the migration and invasion abilities of
H1650 and H1650GR were further examined by wound heal-
ing assay and transwell invasion assay. Figure 5d, e shows
that the migration abilities of H1650GR were significantly
higher than H1650 at 12, 24, and 48 h (p <0.05). Figure 5f,

H1650GR

g shows that HI650GR (613 + 11) exhibited significantly
higher invasion abilities than H1650 (546 +15) (p <0.05).

The effects of Twist1 knockdown on sensitivities
of A549GR and H1975AR to gefitinib or AZD9291

Figure 6a—d shows that after shRNA transfection, RFP
in the Twistl-knockdown A549GR (A549GR-KO-T) or
H1975AR (H1975AR-KO-T) could be visible under the
fluorescent microscope using TRITC filter.

As shown in Fig. 6e, f, compared to A549GR
and A549GR transfected with scrambled con-
trol sequences (A549GR-KO-C), the sensitivity of
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Fig.6 Cytotoxic effects of gefitinib or AZD9291 on AS549GR,
AS549GR-KO-C, AS549GR-KO-T, HI975AR, HI1975AR-KO-C,
and H1975AR-KO-T. a Fluorescent microscopic image (X40) of
A549-KO-T using TRITC filter. b Bright field image (x40) of
A549-KO-T. ¢ Fluorescent microscopic image (x40) of H1975-KO-
T using TRITC filter. d Bright field image (xX40) of H1975-KO-
T. e Cytotoxic effects of gefitinib on A549GR, A549GR-KO-C,

A549GR-KO-T to gefitinib or AZD9291 has signifi-
cantly increased (p < 0.05). The IC50 of gefitinib in
A549GR and A549GR-KO-C was 51.0 + 1.0 uM and
50.6 + 1.6 uM, respectively, while the IC50 of gefi-
tinib in A5S49GR-KO-T was 35.1 +2.0 uM which is
close to IC50 of gefitinib in A549 (32.0+2.5 pM) as
reported in our previous study (Liu and Gao 2017).
Similarly, the IC50 of AZD9291 in A549GR and
A549GR-KO-C was 12.0+ 1.0 uM and 11.8 £ 0.7 uM,
respectively; while IC50 of AZD9291 in A549GR-
KO-T was 8.3 +£ 0.6 uM. In contrast, there were no
significant differences in sensitivity of H1975AR-
KO-T to AZD9291 compared to HI975AR and
H1975AR transfected with scrambled control
sequences (HI975AR-KO-C) (Fig. 6g).
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and A549GR-KO-T for 48 h. f Cytotoxic effects of AZD9291 on
A549GR, A549GR-KO-C, and A549GR-KO-T for 48 h. g Cytotoxic
effects of AZD9291 on H1975AR, H1975AR-KO-C, and H1975AR-
KO-T for 48 h. Data are expressed as the percentage by comparing to
vehicle controls determined by the MTT assay. Values are represented
as mean+SD, n=6

Characterizations of A549GR, A549GR-KO-C,
and A549GR-KO-T in Western blot analyses,
anchorage-independent growth assay, wound
healing assay, and transwell invasion assay

Figure 7a shows that the expression of Twistl in A549GR-
KO-T significantly decreased compared with A5S49GR or
A549GR-KO-C, and Twist1 expression in HI975AR-KO-T
also significantly decreased compared with H1975AR and
H1975AR-KO-C, which were further validated by qRT-
PCR result (data not shown). More importantly, AS49GR-
KO-T showed reversed EMT with increased expression of
E-cadherin but decreased expression of vimentin compared
with A549GR and A549GR-KO-C. On the other hand, such
apparent changes of EMT markers were not observed in
H1975AR-KO-T compared with H975AR and H1975AR-
KO-C. Additionally, p-Akt was significantly decreased in
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Fig.7 Characterizations of A549GR, A549GR-KO-C, A549GR-KO-
T, HI975AR, H1975AR-KO-C, and HI975AR-KO-T. a Western blot
analyses of EGFR, p-Akt, EMT biomarkers including E-cadherin,
Vimentin, and Twistl in A549GR, A549GR-KO-C, A549GR-KO-T,
H1975AR, H1975AR-KO-C, and H1975AR-KO-T. b Microscopic
images (X40) of A549GR, A549GR-KO-C, and A549GR-KO-T. ¢
Colony number and size of A549GR, A5S49GR-KO-C, and A549-KO-
T in anchorage-independent growth assay. d The wound closure rates

A549-KO-T compared with A549GR and A549GR-KO-C,
but not in H1975AR-KO-T compared with H975AR and
H1975AR-KO-C.

As shown in Fig. 7b, A549GR-KO-T has undergone a
reversed EMT process by losing the spindled-like mor-
phologies observed in A549GR and A549GR-KO-C. In
contrast, there were no significant morphological changes
observed in HI975AR-KO-T compared with HI975AR and
H1975AR-KO-C.

As shown in Fig. 7c, significant decreases in colony
number and colony size (um?) were found in A549GR-
KO-T compared to A549GR and A549GR-KO-C (p <0.05,
colony number: 70 +8 in A549GR, 66 +6 in A5S49GR-
KO-C, and 55 + 6 in A549GR-KO-T; colony size: 818 + 68
in A549GR, 853 + 84 in A549GR-KO-C, and 675 +58 in
A549GR-KO-T). No significant differences in migration
abilities were found among A549GR, A549GR-KO-C,
and A549GR-KO-T in the wound healing assay (Fig. 7d).
However, A549GR-KO-T (583 + 11) exhibited a signifi-
cantly decreased invasion ability compared with A5S49GR

AS549GR A549-KO-C  A549GR-KO-T

of A549GR, A549GR-KO-C, and A549-KO-T at 12, 24, and 48 h. e
Microscopic images (X 200) of cells and the number of cells counted
on the bottom side of cell culture inserts in the transwell invasion

0

assay. Values bearing the letter “a” indicate no significant differences
compared with A549GR, those labeled “b” denote a significant dif-
ference when compared with A549GR, and “c” denotes a significant
difference when A549GR-KO-T was compared with A549GR-KO-C

(641 +10) and A549GR-KO-C (650+11) in transwell inva-
sion assay (Fig. 7e).

Tumor growth without/with treatment
with AZD9291 in the xenograft nude mouse model

Figure 8a shows that significantly delayed tumor growth was
observed in mice injected with A549GR-KO-T compared
with those injected with A549 or A549GR (p <0.05). It is
noticeable that tumor growth of A549 was significantly faster
than A549GR between 21 and 35 days after cell injections.
Significantly delayed tumor growth was also observed in
mice with A549GR-KO-T xenograft gavaged by AZD9291
(A549GR-KO-T-AZD) compared to those with A549 xeno-
graft gavaged by AZD9291 (A549-AZD) or A549GR xeno-
graft gavaged by AZD9291 (A549GR-AZD) (Fig. 8b). The
tumor growth in A549GR-AZD was significantly faster than
A549-AZD between 7 and 14 days, suggesting that A549
was more sensitive to AZD9291 treatment than A549GR
in vivo. In addition, no differences of the body weight and
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Fig.8 Tumor growths in xenograft nude mice implanted with A549,
A549GR, and A549GR-KO-T. a Tumor growth curves of xenograft
nude mice after cell injections. b Tumor growth curves of xenograft
nude mice gavaged by AZD9291 (25 mg/kg/day for 14 days). Values

0

bearing the letter “a” indicate no significant differences compared

behavior were observed in the mice implanted with A549,
AS549GR, and A549GR-KO-T treated by AZD9291 or vehi-
cle control (data not shown).

Discussion

In this study, we demonstrated that AZD9291 could over-
come acquired resistance of gefitinib in HI650GR without
T790M. In contrast, AZD9291 could not overcome acquired
resistance of gefitinib in A5S49GR with KRAS mutation.
The decreased luminescence values of A549GR treated by
10 uM AZD9291 might be due to the smaller cell number
associated with the inhibited proliferation compared with
the control as observed microscopically.

In a previous study, gefitinib-resistant PC9 (PC9-G)
was established with a significantly increased IC50 of
7.21 +1.72 uM compared with IC50 of 0.37 +0.033 uM in
parental PC9 (Park et al. 2017). It was also found that the
sensitivity of PC9-G to AZD9291 was similar to that of PC9
(IC50: 12.3+1.4 nM vs. 11.2+3.2 nM) (Park et al. 2017).
Although PC9-G also harbors the same E746-A750 deletion
in EGFR exon 19 as H1650, T790M was detected in EGFR
exon 20 of PC9-G, which was considered as the reason why
PC9-G and PC9 were almost equally sensitive to AZD9291,
a third generation EGFR-TKI, especially effective for treat-
ment of advanced NSCLC patients with T790M (Park et al.
2017). However, in our study no T790M was detected in
H1650GR, suggesting that there exist other molecular
mechanisms responsible for the capacities of AZD9291 to
overcome the acquired resistance of gefitinib in NSCLC cell
lines such as HI650GR without T790M.

Western blot analyses demonstrated that EGFR expres-
sion in HI650GR was significantly higher than H1650.
Moreover, the expression of EGFR was reduced in H1650
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with A549, those labeled “b” denote a significant difference when
compared with A549, and “c” denotes a significant difference when
A549GR-KO-T was compared with A549GR. Values are represented
as mean + SD

but significantly increased in HI650GR by the treatment of
60 uM gefitinib, suggesting that overexpression of EGFR
might be another mechanism of gefitinib resistance in
H1650GR in addition to EMT. However, 10 uM AZD9291
treatment could effectively overcome the acquired resistance
of gefitinib in H1650GR by significantly downregulating the
expression of EGFR.

As for A549GR, the refractory p-Akt expression of
AS549GR treated by AZD9291 signified the simultaneous
presence of more than one mechanism of acquired resistance
besides EMT in A549GR compared with A549 as described
in our previous and other researchers’ studies (Jacobsen et al.
2017; Liu and Gao 2017). The primary resistance of A549
to EGFR-TKIs could be attributed to its inherent KRAS
mutation (Marchetti et al. 2009; Massarelli et al. 2007)
which was also report to cooperate with Twistl to promote
EMT (Ansieau et al. 2008). Additionally, the clinical study
showed that there was a co-existence of functional KRAS
mutations and PI3K/Akt activation in tumors (Polosukhina
et al. 2017). The results of the present study indicated that
the oncogenic cooperation of KRAS mutation and p-Akt
activation may also play an important role in the acquired
resistance of EGFR-TKIs, the exact mechanisms of which
remain to be investigated.

The persistent activation of p-Akt was also reported in the
established gefitinib-resistant NSCLC cell lines with EGFR
mutations (Koizumi et al. 2005; Kwak et al. 2005). The pri-
mary resistance of H1650 to gefitinib was attributed to the
sustained activation of p-Akt compared with gefitinib-sensi-
tive NSCLC cell lines HCC827 and PC-9 (Choi et al. 2010).
However, in our study AZD9291 significantly suppressed the
expression of p-Akt in HI650GR compared with A549GR,
which was supposed to be another important mechanism for
AZD9291 to overcome acquired resistance of gefitinib in
H1650GR besides downregulating EGFR.
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C797S mutation is regarded as a principle mechanism of
acquired resistance for AZD9291 (Thress et al. 2015). How-
ever, in the present study no C797S mutation or HER2/MET
amplification (Liu and Gao 2017) was detected in HI975AR,
suggesting that other molecular mechanisms may exist for
AZD9291 resistance. On the other hand, the decreased
expression of EGFR and increased expression of p-Akt were
observed in HI975AR compared to H1975, which was con-
sistent with the resistant mechanisms of another previously
established AZD9291-resistant H1975 (Tang et al. 2016).
Lung cancer with decreased EGFR expression was reported
to be sensitive to the BIM BH3 mimetic drug, navitoclax
(ABT-263) (Niederst et al. 2015; Xia et al. 2017), and the
upregulated BIM, as a pro-apoptotic member of Bcl-2 fam-
ily, was required for apoptosis induced by EGFR-TKIs
(Huang and Fu 2015; Xia et al. 2017). ABT-263 was also
reported to be effective in overcoming the acquired resist-
ance of AZD9291 in AZD9291-resistant H1975 by inhibi-
tion of Bcl2 and activation of caspase (Tang et al. 2016).
This is consistent with the finding reported by another study
that pan-Bcl2 inhibitor ABT-737 was effective in overcom-
ing the resistance of AZD9291 in doxycycline inducible
Twistl overexpressing H1975 (Yochum et al. 2019).

To our surprise, HI650GR showed a significantly
decreased in vitro tumorigenic potential in anchorage-
independent growth assay compared with H1650. Further
gRT-PCR analyses showed that significant alterations of
CSC biomarkers, increased CD24 but decreased CD133,
were observed in HI650GR compared with H1650, which
is opposite to decreased CD24 but increased CD133 in
A549GR with significantly enhanced tumorigenic potential
in vitro compared with A549 as reported in our previous
study (Liu and Gao 2017). Interestingly, in a previous study
an established erlotinib-resistant H1650 (H1650ER) showed
a significantly increased in vitro tumorigenic potential in
anchorage-independent growth assay compare with H1650
(Ghosh et al. 2012). However, it is also noticeable that the
expression of CD133 in H1650ER was much higher than that
in H1650 (Ghosh et al. 2012). Combined with the increased
CD133 in H1975AR compared to H1975 as shown in the
present study, these results may indicate that the expres-
sion of CD133 had a positive correlation with in vitro tum-
origenic potential in anchorage-independent growth assay.
More importantly, the comparison of in vitro tumorigenic
potential of HI650ER and H1650GR suggests that the treat-
ment of gefitinib may generate much less CSCs than erlo-
tinib in some NSCLC patients with EGFR exon 19 activating
mutation and the residue HI650GR would be more easily
controlled by subsequent treatment of AZD9291. On the
other hand, our study showed that H1I650GR still had sig-
nificantly higher migration and invasion abilities than H1650
in vitro, which might be associated with EMT changes in
H1650GR compared with H1650.

Our previous study showed that A549GR has an
increased expression of Twistl compared with A549 (Liu
and Gao 2017). Moreover, downregulation of Twistl has
been identified as an important pathway for reducing drug
resistance by recent studies (Jin et al. 2012). In the pre-
sent study knockdown of Twistl by shRNA significantly
increased the sensitivities of AS49GR-KO-T to gefitinib or
AZD9291 compared to A549GR and A549GR-KO-C. At the
same time, it was found that knockdown of Twist1 reversed
the expression of EMT biomarkers such as vimentin and
E-cadherin in A5S49GR-KO-T compared to A549GR and
A549GR-KO-C, which provides a possible explanation for
why decreased Twistl could reduce the EGFR-TKI acquired
resistance. Interestingly, p-Akt was significantly downregu-
lated in A549GR-KO-T compared to A549GR and A549GR-
KO-C in the present study, suggesting that Twsitl can have
a significant effect on activation of Akt signaling pathway
which was also reported to play an important role in the
direct induction of EMT and have a positive correlation with
Twistl expression in different types of cancers (de Freitas
Silva et al. 2012; Way et al. 2014; Xu et al. 2015).

A previous study (Rho et al. 2009) showed that the
acquired resistance of gefitinib in A549GR with persistent
activation of p-Akt was attributed to EMT which could be
induced by TGF-P1 treatment. This supposition was further
demonstrated by another study (Xue et al. 2012) revealing
that there was a cross-talk between PI3K/Akt and TGF-f3
signaling axes mediated by Twistl phosphorylation which
upregulated TGF-p2 leading to hyperactivation of P13 K/
Akt and increased lung metastasis. It may further explain
why knockdown of Twist1 in our study could lead to reduced
drug resistance, reversed EMT, and decreased p-Akt in
A549GR. It was also demonstrated (Burns et al. 2013)
that Twistl cooperated with mutant KRAS to induce lung
adenocarcinoma in transgenic mouse models and silenc-
ing of Twistl in KRAS mutant NSCLC cell lines (such as
A549) led to dramatic growth inhibition as well as KRAS-
induced senescence or even apoptosis. Since KRAS is one
of the most frequently mutated oncogenes in NSCLC with
an occurrence of about 30% in lung adenocarcinomas, it
becomes an appealing therapeutic target for NSCLC treat-
ment (Tomasini et al. 2016). However, no targeted ther-
apy has yet been approved for treatment of KRAS mutant
NSCLC, which is still under investigation in the preclini-
cal studies (Caiola et al. 2018; Lito et al. 2016). Therefore,
development of Twist1 inhibitors for pharmaceutical appli-
cations may represent an alternative therapeutic strategy not
only to treat KRAS-driven tumor malignancies including
NSCLC (Yochum et al. 2017) but also to overcome drug
resistance relevant to EMT and p-Akt activation.

On the other hand, knockdown of Twistl in HI975AR-
KO-T did not reduce the acquired resistance of AZD9291
compared with H1975AR. Considering that EMT was
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not the characteristic change in HI975AR compared with
H1975, it is plausible that reducing EGFR-TKI resistance
via inhibiting the expression of Twist] is only effective for
those resistant cell lines with apparent EMT changes com-
pared with their parental cell lines. Since H1975 is mesen-
chymal at basal state (Pallier et al. 2012), the mechanisms
of acquired resistance to AZD9291 in HI975AR were not
dependent on Twistl-mediated EMT process observed in
our study. A previous study (Yochum et al. 2019) showed
that Twist1 overexpression in H1975 could lead to suppres-
sion of BIM expression, which is a member of Bcl-2 family
that promoted apoptosis (O’Connor et al. 1998) and was
required for EGFR-TKI-induced apoptosis (Yochum et al.
2019). However, results from the same study (Yochum et al.
2019) showed that Twistl knockdown did not enhance the
sensitivity of H1975 to AZD9291 even in the presence of
Bcl2 inhibitor ABT-737, which may provide additional
explanations to findings in our study that Twist] knockdown
in HI975AR-KO-T did not reduce the acquired resistance of
AZD9291. On the other hand, different from H1975, both
A549 and H1650 are epithelial at basal state where Twist1
acts as a negative regulator of epithelial marker E-cadherin
(Khan et al. 2013). EMT driven by upregulated Twistl
conferred acquired resistance of gefitinib in A549GR or
H1650GR as observed in our previous (Liu and Gao 2017)
and the current studies. Similarly, a previous study (Hwang
et al. 2017) reported that dramatically increased Twistl
expression endowed acquired resistance of gefitinib to
another epithelial NSCLC cell line HCC827 (HCC827GR)
with an apparent EMT change. The study (Hwang et al.
2017) also showed that p-Akt was not diminished by gefi-
tinib in HCC827GR as compared with HCC827, suggesting
persistent Akt activation as a possible mechanism of EGFR-
TKI acquired resistance in NSCLC. These results indicated
that the importance of Twistl inhibition in overcoming the
acquired resistance might very well be proportional to the
degree of EMT progression accompanied by the dramatically
upregulated Twist1. This hypothesis is further evidenced by
our observation that transfection of H1650GR with Twist1
shRNA plasmid directly killed HI650GR which showed a
more significantly distinctive profiles of EMT biomarkers
including E-cadherin, vimentin, and Twistl than H1650
even compared with EMT changes of A549 to A549GR.

In our animal study, it was observed that AS49GR-KO-T
xenograft resulted in a significantly delayed tumor growth
compared with A549GR and A549 xenograft in nude mice.
The anchorage-independent growth assay and transwell
invasion assay in vitro revealed that A459GR-KO-T showed
a significantly decreased tumorigenic potential and invasion
ability compared with A5S49GR, which could explain the
significantly delayed tumor growth of A549GR-KO-T xeno-
graft compared with A549GR xenograft observed in vivo.
In addition, it was observed in our study that the proliferate
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rate of A549GR was much lower that of A549 in vitro (data
not shown), which may be due to the existence of quiescent
and slow-cycling stem cell populations in the A549GR and
other types of drug-resistant cancer cells reported by us and
other previous studies (El Khoury et al. 2016; Liu and Gao
2017; Moore and Lyle 2011). This may explain the phenom-
enon observed in our animal study that AS49GR xenograft
grew slower than A549-control xenograft after cell injec-
tion. Although AZD9291 is a third generation of EGFR-TKI
showing an effective therapy for lung patients with EGFR-
sensitive and resistant mutations, it was shown by our animal
study, at least, to decelerate the speed of tumor growth of
A549-AZD xenograft compared with A549GR-AZD xeno-
graft treated by the maximum gavage dosing of AZD9291
(25 mg/kg/day) reported previously (Cross et al. 2014).
The observed much slower growth rate of A549GR-KO-T
xenograft and significantly higher sensitivity of A549GR-
KO-T to AZD9291 than A549GR may contribute to the
significantly delayed tumor growth of A549GR-KO-T-AZD
xenograft compared to both A549-AZD and A549GR-AZD
xenografts.

In addition to p-Akt and Twistl inhibitions, the most
straightforward strategy for overcoming other non-T790M
mediated resistance mechanisms is a combination of an
EGFR-TKI and molecular targeted therapeutics that inhibit
the resistance mechanisms (Suda et al. 2017b). Other
non-T790M-mediated resistance mechanisms include pre-
existence of MET (Ou et al. 2016) or HER2 gene amplifica-
tion (Takezawa et al. 2012), activations of alternative bypass
pathways such as IGF-1R (insulin like growth factor 1 recep-
tor) or NF-kB (nuclear factor kappa light chain enhancer of
activated B cells) (Suda et al. 2017a, b), survival signaling
from fibroblasts (Suda et al. 2017a), poor vascularization
mediated resistance caused by poor drug penetration plus
hypoxia (Suda et al. 2017a), and phenotypic changes like
small cell lung cancer (SCLC) transformation (Watanabe
et al. 2013) and EMT (Suda et al. 2017b). SCLC transfor-
mation in NSCLC patients as a mechanism of acquired
resistance was commonly treated with SCLC regimens with
cytotoxic chemotherapy (Watanabe et al. 2013). MET-TKIs
such as crizotinib combined with EGFR-TKIs showed dra-
matic responses in NSCLC patients with acquired resist-
ance to EGFR-TKIs via MET gene amplification (Ou et al.
2016). However, no MET amplification was observed in
three established resistant cell lines from our studies. Acti-
vations of alternative pathways such as IGF-1R or NF-kB
are considered as reversible drug-tolerant state (Suda et al.
2017a), and inhibitions of these pathways were shown to
eliminate persisting drug-tolerant cells or prevent acquired
resistance to EGFR-TKISs in preclinical studies (Lantermann
et al. 2015; Sharma et al. 2010) but without clinical verifica-
tions (Suda et al. 2017a). To overcome EGFR-TKI acquired
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resistance associated with poor vascularization, the combi-
nation of bevacizumab (an antiangiogenic monoclonal anti-
body targeting vascular endothelial growth factor (VEGF))
with EGFR-TKI erlotinib has shown dramatic improvement
of progression-free survival (PFS) compared to erlotinib
alone (16.0 months versus 9.7 months) in clinical settings
(Seto et al. 2014).

To overcome acquired resistance of gefitinib or erlotinib,
besides aforementioned therapeutic strategies, the anti-
EGFR antibody drugs such as cetuximab combined with
irreversible EGFR-TKIs such as afatinib demonstrated robust
clinical activity in NSCLC patients with or without T790M
(Janjigian et al. 2014). The combination of AZD9291 with
another anti-EGFR antibody drug necitumumab is also
undergoing clinical trials currently (Suda et al. 2017b).
Therefore, whether the anti-EGFR antibody drugs com-
bined with EGFR-TKIs would have a synergistic effect on
overcoming the acquired resistance of EGFR-TKIs is worth-
while to be investigated in our future studies. Recently, the
importance of microRNAs (miRNAs) in the EMT and/or
EGFR-TKI resistance and their potential for clinical appli-
cations have been recognized (Brozovic 2017; Han et al.
2015; Ricciuti et al. 2015). For example, a recent study
showed that the introduction of miRNA-200c significantly
suppressed the cell viability of gefitinib-resistant HCC4006
(HCC4006-GR) with reversed EMT characters demonstrated
by significant downregulation of vimentin and upregulation
of E-cadherin (Sato et al. 2017). However, the cell viability
of parental HCC4006 was not affected by introduction of
miRNA-200c (Sato et al. 2017). Additionally, previous stud-
ies demonstrated that miRNAs could significantly repress
Twistl translation (Nairismégi et al. 2013) or suppress cell
growth and cell invasiveness in various NSCLC cell lines via
inhibiting IGF-1R or NF-kB signaling pathway (Han et al.
2015). Since many genes like Twistl may not be druggable
using small molecule inhibitors or monoclonal antibodies,
the effect of miRNA-based therapy on overcoming acquired
resistance of EGFR-TKIs warrants further investigations in
the future.

Conclusions

The present study found that AZD9291 could effectively
overcome the acquired resistance of gefitinib in H1650GR
without T790M by inhibiting p-Akt and EGFR. On the
other hand, the cross resistance to AZD9291 was found
in A549GR which showed a convergent activation of
p-Akt refractory to AZD9291 treatment. Further CSC
marker analyses showed that H1650GR has a significantly
decreased expression of CD133 compared with H1650,
which may explain why H1650GR showed a significantly

decreased tumorigenic potential in anchorage-independ-
ent growth assays. The acquired resistance of A549GR
was significantly reduced by knockdown of Twistl with
shRNA which showed significantly increased sensitivities
to gefitinib or AZD9291. Further mechanism investiga-
tion showed that knockdown of Twsitl in A549GR not
only reversed EMT but also downregulated p-Akt. The
in vivo study also demonstrated that knockdown of Twistl
in A549GR resulted in significantly delayed tumor growth
and increased sensitization to AZD9291 compared with
A549 and A549GR. However, the same strategy of Twsitl
knockdown is not effective for overcoming acquired resist-
ance of AZD9291 in H1975AR without C797S mutation,
of which the resistant mechanism is not through EMT but
through decreased expression of EGFR. Taken together,
our finding demonstrated that the mechanisms of acquired
resistance in different NSCLC cell lines treated by even
the same EGFR-TKI might be quite different, which pro-
vide a rationale for adopting different therapeutic strate-
gies for those NSCLC patients with acquired EGFR-TKI
resistance based on oncogenic mutation heterogeneity.
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