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ABSTRACT

Epidermal growth factor receptor (EGFR)-activating mutations are critical factors in EGFR-driven non-
small cell lung cancer (NSCLC) development, and molecular targeted therapies have focused on inhibiting 
these mutations. EGFR tyrosine kinase inhibitors (TKIs) have remarkable inhibitory effect for NSCLC 
with EGFR mutations. However, acquired resistance limited the clinical application of EGFR-TKIs, which 
highlights the need for discovery of novel inhibitors. In this study, we created Ba/F3 cells harboring EGFR 
L858R/T790M/G796R mutations, and then found magnolol effectively inhibited EGFR L858R/T790M/
C797S activation, which may be a potential strategy against osimertinib-resistant EGFR mutations.
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Introduction
Non-small cell lung cancer (NSCLC) accounting for 85% of lung 

cancer patients is one of the cancers with the highest mortality and 
incidence in the world [1]. Currently, medical approaches targeting 
oncogenic drivers have reformed the treatment of NSCLC [2,3]. Epi-
dermal growth factor receptor (EGFR) has received much attention, 
its activation or overexpression has been found in 38% of NSCLC pa-
tients [4]. NSCLC patients with EGFR-activating mutations that most-

ly occur in EGFR tyrosine kinase domain respond well to EGFR-TKIs 
[5]. The development of EGFR-TKIs brings great clinical benefits to 
the NSCLC patients with EGFR-sensitive mutations. First- and sec-
ond-generation EGFR-TKIs, such as gefitinib [6] and afatinib [7], were 
approved for the treatment of NSCLC patients with EGFR-sensitive 
mutations, such as deletion in exon 19 and L858R point mutation in 
exon 21[8]. Among NSCLC patients with EGFR-sensitive mutations, 
the mutation rate of these two mutations is 51% and 42% respec-
tively [8]. However, despite its substantial benefit and efficacy, NSCLC 
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patients inevitably develop acquired resistance within 9-13 months 
of treatment [6]. The most common acquired resistance has been dis-
closed to be a gatekeeper mutation, EGFR T790M mutation in exon 
20, which hinders the binding of the EGFR-TKI to the ATP-binding site 
of EGFR and enhances the ATP affinity of mutated EGFR [9]. 

EGFR T790M mutation, involving substitution of threonine at po-
sition 790 with methionine, has been detected in 50%-60% of resis-
tant case [10]. To address this complex situation, covalently binding 
irreversible third-generation EGFR-TKIs selectively targeting EGFR 
T790M mutation while sparing wild type EGFR have been developed 
and evaluated. Osimertinib (AZD9291), the first third-generation 
EGFR-TKIs approved by the US Food and Drug administrator (FDA), 
exhibits remarkable efficacy with controllable toxicities [11]. Taken 
a progression-free survival (PFS) of 17.8 months [10] and overall re-
sponse rate (ORR) of 62%-70% [11] into consideration, osimertinib 
displays better therapeutic effect than first- and second- generation 
EGFR-TKIs and chemotherapy for advanced NSCLC patients. Howev-
er, resistance to osimertinib, a serious obstacle, emerged within 10 
months [12]. EGFR C797S mutation in exon 20, in which cysteine at 
position 797 is substituted by serine, has been uncovered in 30% of 
osimertinib-resistant cases [13]. And C797 is the binding site of osim-
ertinib. Except for EGFR C797S mutation, tertiary EGFR G796R muta-
tion has been confirmed to confer resistance to osimertinib because 
of the steric hindrance created by the mutual presence of the side 
chains of EGFR G796R mutation and the osimertinib core [14]. The 
development of next-generation EGFR-TKIs to overcome osimertinib 
resistance has become the focus of multiple studies.

Among these, EAI045 [15], an EGFR allosteric inhibitor, has been 
discovered to be potent against EGFR C797S mutation. A combination 
of EAI045 and anti-EGFR antibody cetuximab has been found to be-
have stronger inhibitory effect on EGFR C797S mutation than that of 
EAI045 alone [16]. Despite that, either EAI045 or EAI045 combined 
with cetuximab has failed to inhibit EGFR G796R mutation [14]. 
Moreover, studies on inactivation of EGFR G796R mutation has been 
less reported. Magnolol, a natural phenolic lignan compound isolated 
from the root and stem bark of Magnolia officinalis with multiple bi-
ological activities, such as anti-cancer, antioxidant, anti-angiogenesis, 
anti-inflammatory and so on, which has been discovered to be used 
as Chinese folklore medicine and reported to possess the capability of 
preventing or inhibiting the growth of various cancer cells [17,18]. In 
this study, a massive chemical library was screened, and we identified 
magnolol to be a potential inhibitor of EGFR G796R mutation.

Materials and Methods
Reagents and Compounds

RPMI-1640 medium, penicillin-streptomycin (P/S) solution and 
puromycin were obtained from Solarbio (China). Fetal bovine serum 

(FBS) was purchased from Gibco (USA). All monoclonal antibodies 
were gained from Cell Signal Technology (USA). 3-(4,5-dimethylthi-
azol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetra-
zolium, inner salt (MTS) was obtained from Promega. The compounds 
used in the experiment were purchased from Bio Bio Pha (China) and 
Target Mol (USA).

Cell Culture

WEHI cells were cultured in RPMI-1640 medium supplemented 
with 10% FBS and 1% P/S. WHEI cell medium were collected and fil-
tered as the source of Interleukin-3 (IL-3). Ba/F3 cells were cultured 
in RPMI-1640 medium with 10% FBS, 1% P/S and 5% WEHI-condi-
tioned medium. All cells were grown in 5% CO2 and 37℃ humidified 
atmospheres.

Ba/F3-EGFR(L858R/T790M/G796R) Stable Cell Line

Electroporation method was used to establish Ba/F3 cells sta-
bly expressing EGFR-L858R/T790M/G796R mutation. Ba/F3-EG-
FR(L858R/T790M/G796R) cells were grown in RPMI-1640 medium 
supplemented with 10% FBS, 1% P/S, 10 ng/mL and 2 µg/mL puro-
mycin.

Flow Cytometry Analysis

Expression of EGFR molecule in Ba/F3-EGFR(L858R/T790M/
G796R) cells was first estimated by flow cytometry.

Cell Viability Assay

Cells were seeded in 96-well plates and cultured overnight. 24 
kinds of kinase inhibitors of 1 µM and various concentrations of mag-
nolol were added and the cells were incubated for 48 h. After that, 20 
µL of MTS was added and incubated for 3h. The absorbance was mea-
sured at 492 nm on a Multifunctional Microplate Reader (Flex Station 
3, Molecular Devices, USA).

Western Blotting (WB)

Cells were collected and lysed in lysis buffer (Solarbio, China). The 
protein sample was then subjected to SDS-PAGE and electro trans-
ferred to PVDF membranes (EMD Millipore Corporation). The mem-
branes blocked in 5% non-fat milk, and then were incubated with 
the antibodies. Proteins were visualized with a Fluor Chem E System 
(Protein Simple, USA).

Statistical Analysis

Experimental data were analyzed using Graphpad Prism Soft-
ware. Differences among multiple groups were analyzed using one-
way ANOVA. Experimental data were presented as mean ± standard 
deviation (SD). All the experiments were performed independently at 
least three times. Significant probability (P)-values are indicated as 
***P< 0.001, **P< 0.01 and *P< 0.05.
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Results
EGFR L858R/T790M/G796R Introduced into Ba/F3 Cells

We transfected Ba/F3 cells with EGFR L858R/T790M/G796R 
using electroporation. The proportions of EGFR-positive Ba/F3 cells 
were more than 90% following monoclone (Figure 1A) and EGFR pro-
teins were expressed in transfected Ba/F3 cells (Figure 1B). IL-3 is 
very important for survival of Ba/F3 cells. EGFR is introduced into 

Ba/F3 cells, which results in the growth of EGFR-driven Ba/F3 cells. 
Therefore, viability of Ba/F3 cells harboring EGFR is independent of 
IL-3. As shown in Figure 1C, the viability of Ba/F3 cells was markedly 
reduced by deprivation of IL-3. The growth of transfected Ba/F3 cells 
was not significant difference with or without IL-3. Therefore, trans-
fected Ba/F3 cells showed resistance to osimertinib (Figures 1D-1F). 
These results suggested that L858R/T790M/G796R mutant EGFR 
was stably expressed in transfected Ba/F3 cells.

Figure 1: Construction of a stable Ba/F3-EGFR(L858R/T790M/G796R) cell line and its drug resistance to osimertinib. 
(A)	 EGFR	expression	rate	of	Ba/F3-EGFR(L858R/T790M/G796R)	cells	were	detected	by	flow	cytometry.	
(B) Expression levels of EGFR protein in Ba/F3-EGFR(L858R/T790M/G796R) cells were detected by western blotting. 
(C) The growth and reproduction of Ba/F3-EGFR(L858R/T790M/G796R) cells were isolated from IL-3 by MTS assay. 
(D) (D-E) Results of drug resistance of Ba/F3-EGFR(L858R/T790M/G796R) cells to osimertinib. 
(E) (F) Quantitative analysis of expression levels of p-EGFR protein.

The Effect of Kinase Inhibitors on EGFR-Positive Cell Lines 
In Vitro

EGFR mutation mostly occurs in kinase domain. Therefore, we ex-
amined whether 24 kinds of kinase inhibitors repress the cell viability 

of Ba/F3-EGFR(L858R/T790M/G796R) cells via MTS assay. As shown 
in Figure 2, 24 kinds of kinase inhibitors were unable to restrain the 
viability of Ba/F3-EGFR(L858R/T790M/G796R) cells compared with 
the control group (Table 1).
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Table 1: In this table, the information of 24 kinds of kinase inhibitors is briefly introduced.

Number Compounds Chemical formula

1 Pyrotinib C32H31ClN6O3

2 Flumatinib C30H33F3N8O4S

3 Fruquintinib C21H19N3O5

4 Ceritinib C28H36N5O3ClS

5 Apatinib C25H27N5O4S

6 Dacomitinib C24H25ClFN5O2

7 Axitinib C22H18N4OS

8 Dasatinib C22H26ClN7O2S

9 Alectinib C30H34N4O2

10 Imatinib C29H27D4N7O

11 Nilotinib C28H22F3N7O

12 Ibrutinib C17H13N5O

13 Trametinib C26H23FIN5O4

14 Lenvatinib C21H19ClN4O4

15 Sunitinb C22H27FN4O2

16 Ruxolitinib C17H18N6

17 Barixitinb

18 Crizotinib C21H22Cl2FN5O

19 Osimertinib C28H27D6N7O2

20 Gefitinib C22H24ClFN4O3

21 Lapatinib C29H26ClFN4O4S

22 Erlotinib C22H23N3O4

23 Icotinib C22H21N3O4

24 Anlotinib C23H22FN3O3

Figure 2: Cell viability of Ba/F3-EGFR(L858R/T790M/G796R) cells treated with 24 kinds of kinase inhibitors (1µM). The treatment time was 48 h. 
(A-C) Ba/F3-EGFR(L858R/T790M/G796R) cells were treated with 24 kinds of kinase inhibitors (1µM) for 48 h and the cell viability was detected 
by MTS assay.
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The Effect of Kinase Inhibitors on EGFR Phosphorylation 
in EGFR-Positive Cell Line

Based on the mentioned results, we continued to verify the effect 
of 24 kinds of kinase inhibitors on p-EGFR protein expression in Ba/

F3-EGFR(L858R/T790M/G796R) cells by western blotting method. 
The experiment results were shown in Figure 3, kinase inhibitors 
were incapable of downregulating the expression level of p-EGFR 
protein.

Figure 3: Effect of 24 kinds of kinase inhibitors on p-EGFR in Ba/F3-EGFR(L858R/T790M/G796R) cells. The treatment time was 4 h. (A-C) Ba/
F3-EGFR(L858R/T790M/G796R) cells were treated with 24 kinds of kinase inhibitors (1 µM), respectively. Expression level of EGFR and p-EGFR 
protein were detected by western blotting.

Magnolol Inhibited the Growth of Ba/F3-EGFR(L858R/
T790M/G796R) Cells In Vitro

The chemical structure of magnolol is shown in Fig 4A. We then 

treated Ba/F3 cells expressing triple-mutant EGFR with magnolol. 
As shown in Figure 4B, magnolol effectively inhibited viability of tri-
ple-mutant EGFR cells in dose-dependent manner.
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Figure 4: Chemical structure, and cell viability of Ba/F3-EGFR(L858R/T790M/G796R) cells treated with magnolol. 
(A) The chemical structure of magnolol.
(B) Ba/F3-EGFR(L858R/T790M/G796R) cells were treated with various concentrations of magnolol for 48 h.

Discussion
NSCLC has become one of the most lethal diseases with high 

mortality and morbidity, which has been threatening human life and 
health [19]. EGFR is a typical drug target for NSCLC and its muta-
tions have been uncovered in 10-30% of NSCLC patients [5], which 
have conferred sensitivity to EGFR-TKIs [20]. Despite the wide clin-
ical use of EGFR-TKIs, drug resistance inevitably developed [21]. 
The appearance of tertiary EGFR mutations has limited the applica-
tion of third-generation EGFR-TKIs, mainly osimertinib [22,23]. EG-
FR-L858R/T790M/G796R [14], a rare triple EGFR mutation, has been 
verified as one of the significant reasons mediating osimertinib resis-
tance. It is worth noting that neither EAI045 combined with cetux-
imab [24] nor EAI045 [25] is up to suppress the triple EGFR G796R 
mutation. The development of new generation of EGFR-TKIs and nov-
el combination strategies against tertiary EGFR G796R mutation have 
been played attention to and warranted. Considering the adverse side 
effects of chemotherapeutics, natural products with low side effects, 
easy accessibility, high efficiency and cost effectiveness have been 
deeply concerned [26]. In this study, we established Ba/F3 cells stably 
expressing EGFR-L858R/T790M/G796R mutation and got to know 
that magnolol [27], a natural phenolic lignan compound, was quali-
fied to hinder the cell growth of Ba/F3-EGFR(L858R/T790M/G796R) 
cells, which has been preliminarily presumed as a powerful candidate 
for the next generation of EGFR-TKIs.
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