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Upregulation of Bcl2 in NSCLC with
acquired resistance to EGFR-TKI
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Abstract. Lung cancer has the highest incidence and mortality
rate worldwide among all malignancy-associated mortalities, of
which non-small cell lung cancer accounts for 80% of all cases.
Resistance against epidermal growth factor receptor-tyrosine
kinase inhibitors (EGFR-TKIs) develops following 8-12 months
of disease progression, and is a critical issue. HCC827 cell lines
with resistance to EGFR-TKIs were successfully screened. The
half maximal inhibitory concentration values were 1,000-fold
higher than the values for the parental HCC827 cell line,
thereby demonstrating cross-resistance against the same
family of TKIs. The expression of B-cell lymphoma 2 (Bcl2)
was markedly increased in the resistant clones, as well as in
the patient biopsies. The phosphatase and tensin homolog phos-
phoinositide 3-kinase signaling axis is a potential mechanism
for acquiring resistance, and therefore targeting Bcl2 may be a
useful strategy for further investigations.

Introduction

Lung cancer remains the global leading cause of malig-
nancy-associated deaths, with the highest incidence and
mortality rate, causing 1.6 million deaths worldwide in
2012 (1). Non-small cell lung cancer (NSCLC) accounts for
>80% of the cases and is often diagnosed at advanced stages
of the disease. Platinum-based chemotherapy is the standard
first-line systemic treatment; however, it has limited efficacy
and significant toxicity (2-4). Over the previous decades,
epidermal growth factor receptor (EGFR) has become a
therapeutic target, as it triggers a signaling cascade that
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facilitates cell proliferation, survival and invasion. In partic-
ular, EGFR-tyrosine kinase inhibitors (TKIs) have emerged
as an alternative cancer treatment (2-4). Although compared
to chemotherapy the outcomes of studies involving random
populations are poor, TKIs elicit high response rates among
NSCLC patients with EGFR mutations (5,6). The Iressa
Pan-Asia Study reported that NSCLC patients with EGFR
mutations gained prolonged progression-free survival with
gefitinib treatment compared to chemotherapy (7). However,
the prognosis in patients with wild-type EGFR was improved
with chemotherapy (7). EGFR can be activated with ErbB
receptors, either via autocrine or paracrine ligand binding. This
induces EGFR tyrosine kinase activity, which subsequently
triggers downstream signaling pathways (4,8). Activating
mutations in EGFR are able to activate tyrosine kinase in
the absence of ligands. Therefore, the downstream oncogenic
signaling pathways are intrinsically upregulated (9-11).

The two most commonly observed mutations are exon
19 deletions and L858R missense substitutions at position
858, accounting for 60 and 35% of the total cases, respec-
tively (12,13). In the presence of these mutations, the sensitivity
of EGFR to EGFR-TKISs is increased and therefore these muta-
tions are beneficial. However, a variety of treatment responses
are observed and the sensitivity towards EGFR-TKIs dimin-
ished following 8-12 months of treatment (7,10). This effect
is primarily due to the gaining of resistance to EGFR-TKISs,
either via primary resistance (de novo) or acquired resis-
tance, following exposure to targeted agents (14). In the
majority of cases, acquired resistance is due to secondary
EGFR mutations (15). The most common mechanism is via
gaining EGFR T790M second-site mutation, which occurs
following EGFR-TKI treatment, and contributes to ~50% of
cases (16). The second most common mechanism involves
MET amplification, which accounts for ~20% of cases (17,18).
The remaining cases are due to mutations in phosphoinositide
3-kinase (PI3K) subunit o, Erb-B2 receptor tyrosine kinase
2 (ERBB2; HER?2), BRAF, signal transducer and activator of
transcription 3, AXL receptor tyrosine kinase and the ampli-
fication of CRK like proto-oncogene adaptor protein (19-25).

Previous studies have reported that a common Bcl2-like 11
(BIM) deletion polymorphism is associated with EGFR-TKI
resistance in NSCLC patients with EGFR mutations. The
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polymorphism results in alternative splicing, which leads to
expression of BIM isoforms that lack a crucial pro-apoptotic
Bcl2-homology domain 3 (BH3) (26). Failure to generate the
functional pro-apoptotic isoform results in a drug-resistant
phenotype, whereby a reduced response is observed following
treatment with EGFR-TKI in patients with BMI polymor-
phisms vs. patients without (27). It has also been reported that
BIM plays an essential role in EGFR-TKI-induced apoptosis,
which may be enhanced by BH3 mimetics (28-31). Therefore,
malfunction of BIM contributes considerably to the develop-
ment of drug resistance. Although the precise mechanism
remains to be elucidated, the MET oncogene is thought to be
involved in de novo and acquired resistance to EGFR-TKI in
NSCLC (32,33). Acquired resistance to EGFR-TKIs is a major
obstacle in the management of lung cancer; the present study
was initiated to investigate insights to tackle the issue.

Materials and methods

Cell lines and patient biopsies. HCC827 was obtained from
the American Type Culture Collection (Manassas, VA,
USA) and four resistant cell lines [gefitinib-cultured (GR)
1 and 2, erlotinib-cultured (ER) 1 and 2] were successfully
screened. The cells were screened via a gradual increase in
TKI dosage with a final concentration at 10 yM for 6 months.
Formalin-fixed, paraffin-embedded NSCLC patient samples
were obtained from the Sun Yat-sen University Cancer
Center between January 2012 and December 2013 (State
Key Laboratory of Oncology in South China, Collaborative
Innovation Center for Cancer Medicine, Guangzhou, China).
The age of the patients ranged from 43 to 71 years, with a
median age of 56.5 years. The male to female sex ratio was 3:7.
Ethical approval and written informed consent was obtained
(Sun Yat-sen University Cancer Center Institutional Review
Board; approval no. YP2013-06-06). No personal information
or detailed clinical histories were disclosed.

Cytotoxicity assay. Cytotoxicity was assessed by a colorimetric
assay using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide dissolved in dimethyl sulfoxide. Cells were plated
and treated with gefitinib, erlotinib and sorafenib for 48 h. Cell
proliferation inhibition was expressed as the percentage of
absorbance of control cultures and measured at 570 nm with
a microplate reader (VICTOR? Multilabel Reader; catalog
no. 1420; PerkinElmer, Inc., Waltham, MA, USA). The half
maximal inhibitory concentration (ICs,) was calculated using
GraphPad PRISM software version 4.0 (GraphPad Software,
Inc., La Jolla, CA, USA).

Western blot analysis. To investigate the signaling properties of
the cell lines, western blotting was performed with antibodies
against various targets. Total protein lysate was collected with
RIPA lysis buffer (Thermo Fisher Scientific, Inc., Waltham,
MA, USA) containing protease and phosphatase inhibitors
(Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and
quantified by BCA assay. Equal amounts of protein (25-40 ug)
were resolved on 10% SDS-PAGE gels and subsequently
transferred onto polyvinylidene difluoride (PVDF) membrane.
The PVDF membranes were blocked with 5% non-fat milk
in TBST for 30 min at room temperature and subsequently
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incubated overnight at 4°C with primary antibodies of
interest in 1:2,000 dilution as follows: ABCC4 (D2Q20), cat.
no. 12705S; ABCG2, cat. no. 4477S; Phospho-Akt (Ser473),
cat. no. 9271; Phospho-Akt (Thr308), cat. no. 9275S; Akt (pan)
(11E7), cat. no. 4685; EGFR E746-A750del, cat. no. 2085;
EGFR, cat. no. 2232; GAPDH, cat. no. 2118; Phospho-MET
(Tyr1234/1235) (3D7), cat. no. 3129 and pTEN (138G6), cat.
no. 9559 (Cell Signaling Technology, Inc., Danvers, MA,
USA); Bcl-2, cat. no. ab32124 (Abcam, Cambridge, UK),
MET (c-12), cat. no. sc-10 (Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA) and horseradish peroxidase-conjugated
goat anti-rabbit (cat. no. 166-2408) or goat anti-mouse (cat.
no. 172-1011) secondary antibodies in 1:5,000 dilution
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) for 2 h at
room temperature. The blots were developed with enhanced
chemiluminescence substrate (GE Healthcare Life Sciences,
Chalfont, UK) and by autoradiography.

Immunohistochemistry. Tumor specimens were collected,
processed and sectioned. Pathological changes were observed
by staining with haematoxylin and eosin. For Bcl2 immunos-
taining, sections were de-paraffinized and rehydrated through
a gradient of ethanol. The samples underwent antigen retrieval
by incubating in 10 mM of citrate buffer at 95°C for 20 minutes.
Slides were subsequently blocked with 3% bovine serum
albumin in TBST and incubated with monoclonal mouse anti-
human Bcl2 (Clone 124) (cat. no. M0887;1:50; DAKO; Agilent
Technologies, Inc., Santa Clara, CA) for 2 hours. After that,
samples were rinsed with phosphate-buffered saline and then
incubated with DAKO REAL Envision HRP antibodies (cat.
no. K5007; DAKO; Agilent Technologies, Inc., Santa Clara,
CA ) for 30 mins. The stain was finally visualized in brown
with 3,3-diaminobenzidine (DAB) as substrate following
counterstained with Mayer’s hematoxylin. After mounting,
images were captured under the microscope Axio Observer
Z1 (Carl Zeiss, Germany).

Immunofluorescence staining. Cells were plated on a sterilized
cover glass and fixed with 4% paraformaldehyde. The cells were
permeabilized with 0.1% Triton X-100 and were subsequently
incubated for 2 h at room temperature with antibody against
EGFR E746-A750del (cat. no. 2085; Cell Signaling Technology,
Inc.) at a dilution ratio of 1:100. EGFR exon 19-deletion
staining was visualized with appropriate conjugated secondary
antibodies (Alexa Fluor® 488; Thermo Fisher Scientific, Inc.).
Cell nuclei were visualized with DAPI stain. Finally, the cover
glasses were mounted on slides by anti-fade prolonged gold
media (Invitrogen; Thermo Fisher Scientific, Inc.).

Quantitative (q)PCR. The RNA levels of Bcl2 in cells with
resistance to EGFR-TKI were validated by qPCR using a Bcl2
Tagman Gene Expression Assay (cat. no. Hs00608023_ml;
Thermo Fisher Scientific, Inc.). The reverse transcription PCR
reaction was performed using 7500 Software v2.0.6 and 7500
Real-time PCR system (Applied Biosystems; Thermo Fisher
Scientific, Inc.) with the following thermocycler protocol:
50°C for 2 min, 95°C for 10 min, and then a two-step cycle of
95°C for 15 sec and 60°C for 60 sec, for 40 cycles. The RNA
expressions of Bcl2 were normalized to the parental HCC827
for each sample by the 2244 method (34).
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Figure 1. Representative dose-response curves of HCC827 and four EGFR-TKI resistant cell lines (GR1, GR2, ER1 and ER?2) at 48 h following incubation with:
(A) Gefitinib, (B) erlotinib and (C) sorafenib. (D) Average ICs, values of growth curves. Triplicate wells were conducted for each drug concentration and the
assay were repeated in =3 independent experiments with the error bars indicating standard deviation. ICy,, half maximal inhibitory concentration; EGFR-TKI,
epidermal growth factor receptor-tyrosine kinase inhibitor; ER, erlotinib-cultured; GR, gefitinib-cultured.

Statistical analysis. Analyses were performed using PRISM
software version 4.0 (GraphPad Software, Inc., La Jolla, CA).
Unpaired t-test with Welch Correction was used unless speci-
fied. The significance of the Bcl2 RNA levels between resistant
cell lines and parental HCC827 was determined by one-way
ANOVA followed by Tukey's Honest Significant difference
post-hoc test. P<0.05 was considered to indicate a statistically
significant difference.

Results

Sensitivity of the resistant cell lines to TKIs. The
EGFR-mutant HCC827 is the only NSCLC cell line sensitive
to EGFR-TKIs, with ICs, values of ~5 nM. The cells were
treated with gefitinib, erlotinib and sorafenib for 48 h. The
IC,, values of the resistant cell lines, treated with gefitinib
and erlotinib, increased 1,000-fold from 1.6 nM-1.0 mM
(Fig. 1A and B). The ICs, values of the cell lines treated with
gefitinib were 1.6 nM, 282.8,238.9 and 579.7 yuM and 1.0 mM
for HCC827, GR1, GR2, ER1 and ER2, respectively. The ICj,
values of the cell lines treated with erlotinib were 3.8 nM,
11.6,8.7,62.3 and 50.8 uM for HCC827, GR1, GR2, ER1 and
ER2, respectively. The sensitivity of the cell lines towards
sorafenib, a specific multikinase inhibitor for vascular endo-
thelial growth factor receptors and platelet-derived growth

factor receptors, was also investigated. No statistically
significant differences were observed between the parental
HCCB827 cell line and the resistant clones, with ICs, values
~5-10 uM (Fig. 1C). The origin of the resistant clones was
verified by the presence of exon 19 deletion (E746-750) in
the resistant clones via immunofluorescence. This confirmed
that the screened resistant clones (GR1, GR2, ER1 and ER2)
originated from the parental HCC827 cell line. The speci-
ficity of the antibody was verified by parallel testing with
H358 (EGFR wild type) by western blotting (Fig. 2).

Upregulation of Bcl2 in EGFR-TKI resistant NSCLC cell
line and associated signaling pathway. Strong expression of
Bcl2 was observed in resistant clones, with the exception of
ER2. Bcl2 was not detected in the parental cell line HCC827.
The associated signaling pathways were investigated via
western blotting. PTEN, phosphorylated (p)-MET and MET
were downregulated in the resistant clones, with the excep-
tion of ER2. ER2 had similar levels of expression of PTEN,
phosphorylated (p)-MET and MET proteins compared with
HCCS827. Phosphorylated and un-phosphorylated forms of
Akt were more strongly expressed in the resistant clones
than HCCB827, as a consequence of the reduced PTEN
expression in the resistant clones. Furthermore, there
were no differences in expression of the drug resistant
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Figure 2. (A) Immunofluorescence staining of EGFR in HCC827 and four EGFR-TKI resistant cell lines (GR1, GR2, ER1 and ER2) with antibody against
EGFR exon 19 deletion (E746-A750del; green) and DAPI (blue). The presence of EGFR (E746-A750del) was detected in all samples. (B) EGFR exon 19
deletion (E746-A750del) was detected by immunoblotting in HCC827, all four resistant cell lines (GR1, GR2, ER1 and ER2) and H358. Specificity of the
antibody against E746-A750del was validated with H358, which served as a negative control. EGFR-TKI, epidermal growth factor receptor-tyrosine kinase
inhibitor; EGFR, epidermal growth factor receptor; ER, erlotinib-cultured; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GR, gefitinib-cultured.
Scale bar, 50 ym.
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Figure 3. (A) Detection of protein expression by immunoblotting. A marked Bcl2 upregulation was observed in EGFR-TKI resistant cell lines (GR1, GR2,
ER1 and ER2). (B) Bcl2 RNA expression level was quantified by qPCR and normalized to GAPDH expression with the error bars representing standard
deviation. The significance of the Bcl2 RNA levels between resistant cell lines and parental HCC827 was determined by one-way ANOVA with P=0.0176,
followed by Tukey's HSD post-hoc test. "P<0.05, HCC827 vs. GR2. RNA levels of Bcl2 in resistant cell lines were 70-1,000-fold higher vs. HCC827. (C) Using
parental HCC827 as the standard, the Bcl2 RNA levels were upregulated by 951-, 1,483-, 531- and 71-folds for GR1, GR2, ER1 and ER2, respectively. The
Bcl2 level in ER2 increased by a relatively less extent compared with the other resistant clones. ABCC4, ATP-binding cassette subfamily C member 4;
ABCG2, ATP-binding cassette transporter G2; EGFR-TKI, epidermal growth factor receptor-tyrosine kinase inhibitor; ER, erlotinib-cultured; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; GR, gefitinib-cultured; p, phosphorylated; PTEN, phosphatase and tensin homolog; qPCR, quantitative PCR.
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NSCLC with acquired resistance to EGFR-TKI
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Figure 4. Immunohistochemical staining of NSCLC patient biopsies, illustrating Bcl2 expression in samples with and without resistance to EGFR-TKI. Bcl2
was strongly detected in samples with acquired resistance to EGFR-TKI, whereas it was weakly expressed in non-resistant samples. (A) Patient biopsies before
and after resistance was acquired. (B) NSCLC, patient biopsies without resistance to EGFR-TKI. Samples 1 and 2, patient biopsies with acquired resistance.
EGFR-TKI, epidermal growth factor receptor-tyrosine kinase inhibitor; NSCLC, non-small cell lung cancer.

pumps, ATP-binding cassette transporter G2 (ABCG2) and
ATP-binding cassette subfamily C member 4 (ABCC4), in
the resistant clones compared with HCC827 (Fig. 3A).

The level of Bcl2 RNA expression was examined to vali-
date the upregulation of Bcl2 in resistant clones (Fig. 3B). It
was observed that the levels of RNA expression of Bcl2 in
resistant clones were 70-1,500-fold higher compared to the
parental HCC827 cell line. The highest level of expression

(1,483 fold) was observed in GR2, whilst the lowest level
(71 fold) was observed in ER2 (Fig. 3B). This is a potential
explanation for the observation that ER2 did not resemble
the other three clones as demonstrated by the western blots
(Fig. 3A).

Upregulation of Bcl2 in patient biopsies in relation to TKI
resistance. Small scale IHC staining was conducted on the
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NSCLC patient samples. Low levels of Bcl2 expression were
detected in samples collected prior to resistance development,
whereas strong levels were detected subsequent to acquiring
resistance (Fig. 4A). The staining of independent samples
indicated that Bcl2 was weakly expressed in non-resistant
samples, but that it was markedly detected in resistant NSCLC
samples (Fig. 4B). Together, these results provided preliminary
clinical evidence to the in vitro observation that upregulation
of Bcl2 was identified to be associated with TKI resistance.

Discussion

Lung carcinomais an important human health issue, with respect
to its high incidence and mortality rate (1). Platinum-based
chemotherapy is the conventional standard treatment regime,
but it has several drawbacks including limited efficacy and
significant toxicity. The emergence of EGFR-TKIs signifies
a remarkable breakthrough in the development of NSCLC
therapeutics, particularly for patients with EGFR mutations.
However, patients who initially respond to EGFR-TKIs develop
resistance following varying periods of time on account of
heterogeneous responses to TKIs (14,15). Secondary mutations
are closely associated with the development of drug resistance.
Great interest has been generated in overcoming this impedi-
ment in the management of lung cancer (35,36).

BIM deletion polymorphisms were reported to be one of
the molecular mechanisms contributing to intrinsic EGFR-TKI
resistance (26). BIM is a proapoptotic member of the Bcl2
family, encoding gene products with a BH3 domain, including
BIMg, , BIM,; and BIMg, which are essential elements for
inducing apoptosis, activating proapoptotic and antagonizing
antiapoptotic proteins (37-39). The deletion polymorphism
switches BIM splicing from exon 4 to exon 3, which gener-
ates BIM isoforms that lack the BH3 domain, resulting in a
diminished ability to trigger cell death (27).

In the present study, four HCC827 resistant cell lines were
screened successfully by inducing mild selection pressure;
GR1 and GR2 were screened with gefitinib, while ER1 and
ER?2 were screened with erlotinib. The resistant cell lines were
shown to be highly insensitive to EGFR-TKIs, with the ICs,
values against EGFR-TKIs 1,000-fold higher than the parental
HCC827 cell line. The results indicated a cross-resistance
across the same TKI family, as GR and ER cell lines demon-
strated high tolerance to erlotinib. Furthermore, the gaining of
acquired resistance did not alter the sensitivity of cells against
TKIs of other families e.g., sorafenib.

The resistance mechanism of the parental and resistant cell
lines was investigated by examining their signaling pathways.
The results illustrated a marked upregulation of Bcl2 in resistant
clones, which has not been previously reported in EGFR-TKI
acquired resistance. RNA expression of the resistant cell
lines further confirmed that Bcl2 was markedly upregulated.
Furthermore, the resistance was not due to ATP-binding
cassette (ABC) multidrug transporters, as the western blots
showed no effects on ABCG2 and ABCC4 proteins. These
proteins were detected in patients undergoing chemotherapy,
and shown to confer resistance against cytotoxic compounds
applied in cancer therapy by blocking the drugs from reaching
intracellular targets (40-42). This further confirmed the role of
aberrant BIM function on acquired resistance to EGFR-TKI.
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MET amplification also contributes to the development
of acquired resistance to EGFR-TKI by activating PI3K/Akt
signaling through ERBB3 (32). It was reported that MET,
EGFR, ERBB2 and ERBB3 were all phosphorylated in
parental cell lines and the proteins were reduced upon gefi-
tinib treatment. Downregulation of the ERBB3/PI3K/Akt
signaling axis leads to the induction of apoptosis. By contrast,
high levels of phosphorylation remained in the resistant cells
in the presence of gefitinib, which caused little or no apoptotic
effect (32,43). Based on the results, phosphorylation of MET
was reduced in GR1, GR2 and ERI1, whilst phosphorylation
of Akt was increased. Meanwhile, PTEN expression was
decreased in accordance with the level of Akt phosphory-
lation. The hypothesis that Bcl-2 is a contributing factor to
the EGFR-TKI-acquired resistant was further supported by
immunohistochemical staining of Bcl2 on patient biopsies.
This implied that MET amplification may not be a poten-
tial mechanism of acquired resistance, PTEN and Bcl2 are
more likely to be contributing factors of acquired resistance,
meaning that the resistance mechanism is potentially
pathway-specific.

In conclusion, EGFR-TKI acquired resistance is a major
obstacle in lung cancer therapy. The results of the present
study provide evidence that upregulation of Bcl2 may be a
latent driver for resistance exploitation. This warrants further
investigation in targeting Bcl2 as a strategy in treating NSCLC
with acquired resistance.
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