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a b s t r a c t 

EGFR mutation-positive NSCLC tumors are highly heterogeneous, therefore, exploring an agent simultaneously 

targeting multiple EGFR mutations may be valuable for clinical practice. Compared with osimertinib, BEBT-109 

shows more sensitive and extensive antitumor activity in EGFR mutant NSCLC, while sparing wild-type EGFR 

cell lines. Meanwhile, unlike the metabolite of osimertinib AZ5104, the main metabolites of BEBT-109 are found 

lacking in activity against wild-type EGFR cell lines. Preclinical and clinical studies demonstrate a unique pharma- 

cokinetic profiles of BEBT-109 with rapid absorption and quick in vivo clearance without accumulation, which are 

conducive to minimizing the off-target toxicity of the covalent irreversible EGFR inhibitor. Oral administration of 

BEBT-109 induces tumor regression in EGFR exon 20 insertion xenografts, and even tumor disappearance in PC-9, 

HCC827 and H1975 xenograft models. Furthermore, in clinical trials, the objective responses were observed in 

NSCLC patients with EGFR T790M mutation in the first and second dosing cohorts. These findings demonstrate 

that BEBT-109, a potent pan-mutant-selective EGFR inhibitor with improved pharmacokinetic properties, might 

offer a promising new option for the treatment of multiple mutant-EGFR-driven NSCLC. 
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Non-small cell lung cancer (NSCLC) is one of the most prevalent ma-

ignant tumors, and the five-year relative survival rate for stage 4 NSCLC

s less than 5% after diagnosis [ 1 , 2 ]. More recently, immune checkpoint

nhibitor (ICI) therapy has significantly improved the five-year overall

urvival rate for patients without driver alterations [ 3 , 4 ]. However,

pproximately 10–15% of Caucasian and 30–40% of East Asian NSCLC

ases harbor EGFR activating mutations, for whom the treatment out-

ome of ICI therapy is poor [5–7] . In contrast, EGFR tyrosine kinase

nhibitors (EGFR TKIs) have consistently shown superior clinical out-

omes and currently represent the best treatment option for this subset

f patients. 

Exon 19 deletion (Del19) and exon 21 L858R point mutation which

re termed as classical mutation approximately account for 45% and

0% of EGFR mutations, respectively [ 8 , 9 ]. Compared with chemother-

py alone in patients with these common EGFR mutations, the first-

eneration reversible EGFR TKIs ( i.e. gefitinib, erlotinib) provide high

bjective response rate (ORR), prolonged progression-free survival

PFS) and improved quality of life [10–13] . Unfortunately, an acquired

esistance usually develops after 10–14 month treatment, caused by
∗ Corresponding author. 

E-mail address: cqian@bebettermed.com (C. Qian). 

ttps://doi.org/10.1016/j.tranon.2020.100961 

eceived 2 October 2020; Received in revised form 11 November 2020; Accepted 13

936-5233/© 2020 The Authors. Published by Elsevier Inc. This is an open access ar

 http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
 secondary T790M point mutation (the substitution of methionine

esidue for threonine790) at the gatekeeper position of EGFR in nearly

0% of NSCLC patients who initially respond to the first-generation

GFR-TKI treatment [ 14 , 15 ]. To overcome the T790M-driven acquired

esistance, the second-generation irreversible EGFR TKIs (dacomitinib

16] and afatinib [17] ) were developed to potentially provide therapeu-

ic options for T790M positive patients. However, their utilities in the

linical setting are limited by toxicities such as diarrhea and skin rashes

esulting from the high wild-type EGFR inhibitory potency [18] . Then,

everal third-generation irreversible covalent EGFR TKIs ( e.g. , rocile-

inib [19] , osimertinib [20] , olmutinib [21] , etc.) have emerged as next-

n-line therapeutics to treat EGFR T790M positive tumors. The third-

eneration EGFR TKIs have a significantly increased selectivity against

utant EGFR and fewer toxicities in comparison with earlier genera-

ions. Osimertinib gained accelerated approval by the US FDA in 2015

o treat patients with metastatic EGFR T790M mutation-positive NSCLC

hose disease had progressed on or after first-generation EGFR TKI ther-

py [22] . In April 2018, osimertinib received approval as the first-line

reatment of patients with metastatic NSCLC, whose tumors had EGFR

el19 or exon 21 L858R mutation [23] . However, osimertinib is still

ot free of the typical side effects related to the inhibition of wild-type
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A  
GFR, which is probably attributed to its pharmacokinetic properties

nd metabolites, especially AZ5104 [24] . 

Although excluded from most clinical trials, 10% to 15% of NSCLC

umors harbor uncommon mutations, including point mutations, dele-

ions and insertions within exons 18–25 of the EGFR gene [25] .

mong uncommon EGFR mutations in NSCLC, EGFR exon 20 insertion

exon20ins) mutations, accounting for 4–10% of all [26–28] , are the

hird most common type of mutations following L858R and Del19. Exon

0 insertions are highly variable in position and size, which consist of

n-frame insertions of 3 to 21 base pairs predominantly within the range

rom codons 762 to 774 [26] . In contrast to L858R and Del19 mutations,

xon 20 insertions are generally associated with resistance to EGFR TKIs.

ost NSCLC patients with EGFR exon 20 insertion mutations, except for

he rare A763_Y764insFQEA mutation, fail to respond to gefitinib, er-

otinib or afatinib, with a reported ORR below 8%, incurring short inter-

als of disease control in most patients [29–32] . In addition, although

ome of the ongoing clinical studies have shown preliminary promis-

ng activity against exon20ins mutations, there are, however, still no

pproved molecular targeted drugs for exon20ins NSCLC patients [33–

6] , which creates an urgent need for the development of more effective

herapeutics. 

The exon 18 G719X mutations result in substitutions of other

esidues, primarily alanine (G719A), cysteine (G719C) and serine

G719S), for the glycine at position 719. The G719X mutations repre-

enting approximately 3% of all EGFR mutations may occur alone or

oexist with EGFR exon 20 S768I (1%) and exon 21 L861Q (1%) muta-

ion [37] . Unlike EGFR exon20ins mutations, G719X substitutions are a

utation of intermediate sensitivity to EGFR TKIs, to which the average

esponse rate of the first-generation inhibitor is 35.1% [38] . In 2018,

DA expanded the frontline indication for afatinib to include NSCLC

atients who harbor EGFR alterations in G719X, S768I, L861Q and the

omplex mutations based on the results of Lux-Lung studies [31] . 

Recent studies have showed that EGFR mutation-positive non-small-

ell lung cancer is highly heterogeneous at the cellular level, and the

eterogeneity of EGFR mutations within a single tumor specimen par-

ially leads to the resistance of EGFR-mutant NSCLC to EGFR TKIs [39] .

herefore, exploring an agent simultaneously targeting multiple clin-

cally relevant EGFR mutations may prolong the progression-free sur-

ival (PFS) in NSCLC patients. In this study, we report BEBT-109, a

ovel pan-mutant-selective EGFR inhibitor targeting both TKI-sensitive

utants (Del19, G719A, L861Q and S768I) and TKI-resistant mutants

T790M and exon20ins) with greater in vitro potency and in vivo anti-

umor efficacy, less wild-type EGFR activity and fewer off-target toxici-

ies compared with osimertinib. BEBT-109 received investigational new

rug (IND) application approval from NMPA in 2019, and is currently

n Phase I clinical trials in China. 

aterials and methods 

hemicals 

Osimertinib, BEBT-109 and its metabolites M5, M6 were synthesized

y Guangzhou BeBetter Medicine Technology Co., LTD. The final prod-

cts were characterized by nuclear magnetic resonance (NMR) and liq-

id chromatography–mass spectrometry (LC-MS). The purity of these

ompounds were analyzed by LC-MS methods and showed purity of at

east 96%. 

ff-target profiling 

BEBT-109 (10 μmol/L) was profiled for functional responses against

7 major physiologically important targets by Safety47 TM Panel (Dis-

overX) following standard manufacturer’s procedures ( n = 2). Those

ith a percent of response over 75% were further evaluated. 
2 
inase binding and PathHunter 𝛽-arrestin assay 

The competition binding assay was performed by KINOMEscan Pro-

ling Service (DiscoverX) [40] . Briefly, DNA-tagged kinases were pre-

ixed with immobilized ligand to generate affinity resins for the as-

ay. The percent inhibition of BEBT-109 was negatively correlated with

he amount of retained DNA-tag kinase in immobilized ligand which

as measured via quantitative PCR of the DNA tag. In this study, bind-

ng assays were used for the determination of binding constant (Kd) of

EBT-109 against EGFR, INSR and VEGFR2. BEBT-109 was also tested

n antagonist mode with the requested GPCR biosensor assays against

HRM1 and HTR2A [41] . In brief, DiscoverX PathHunter cell lines ex-

ressing the tagged-CHRM1 or -HTR2A in tissue culture flasks in the

orresponding cell culture medium were dispensed into 384-well mi-

roplate. The BEBT-109-treated cells were then measured by PathHunter

etection reagent using plate readers. BEBT-109 was handled with an

1-point 3-fold serial dilution starting from the top concentration of 1

r 10 μmol/L in each assay. 

ell culture 

Human EGFR mutant NSCLC cell lines (H1975, HCC827 and PC-9)

nd human EGFR wild-type cells (H460, Calu-6 and LOVO) were ob-

ained from Cell Culture Facility of Chinese Academy of Sciences. IL-

-dependent Ba/F3 cell line was purchased from Guangzhou Cellcook

iotech Co., Ltd.. H1975, HCC827, H460, LOVO and Ba/F3 cells were

ultured in RPMI-1640 (GIBCO) supplemented with 10% FBS (Biologi-

al Industries) and 1% penicillin-streptomycin (GIBCO). PC-9 cells were

rown in Dulbecco’s Modified Eagle Medium (GIBCO) supplemented

ith 10% FBS and 1% penicillin-streptomycin. All cells were main-

ained and propagated as monolayer cultures at 37 °C in a humidified

% CO 2 incubator. All human cell lines were routinely authenticated

y short-tandem repeat (STR) analysis and verified to be free of my-

oplasma contamination. 

onstructs and transfections 

The indicated site-directed and insertion mutations were constructed

y PCR-based methods with the pBABE vector containing full-length

ild-type EGFR (Addgene; Plasmid# 20737) as templet. The sequenced

GFR mutants were cloned into the pLEX-MCS lentiviral vector. The

irus production, collection and infection were carried out by transfect-

ng the pLEX constructs along with helper plasmids (psPAX2, pMD2.G)

nto 293T cells following the pLEX-MCS vector manufacturer’s instruc-

ion. Lentivirus transduced Ba/F3 cells were selected for 1 week with

 μg/ml puromycin in RPMI-1640 supplemented with 10% FBS and

nterleukin-3 and then in RPMI-1640 without IL-3 to obtain the EGFR

ignaling-addicted cells. Lentivirus-transduced H1975 cells were se-

ected for 2 weeks with 2 μg/ml puromycin in RPMI-1640. 

ell proliferation assay 

Cells were seeded onto 96-well white microplates (Corning #3610)

n their respective growth media at a density of 5000 cells per well and

reated with each test compound across an 8-dose range from 0.6 nmol/L

o 10 μmol/L on the same day for Ba/F3 cells and the following day for

he human NSCLC cells. After treatment with compounds for 72 h, cell

iability was measured by the CellTiter-Glo assay (Promega) according

o the manufacturer’s protocol. The relative cell viability was calculated

s a ratio of each value to that of the DMSO control. Experiments were

arried out at least twice and cell viability was calculated with GraphPad

rism V5.0 software. 

ell cycle analysis 

The H1975 cells (2 ×10 5 cells/well) were plated into 6-well plates.

fter adhering to the well, the cells were treated with 1 nmol/L of BEBT-
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09 and osimertinib for 24 h and then fixed with 75% ethanol at − 20 °C

vernight. The fixed cells were washed by PBS and stained with 1 ml

NA staining solution (Multi Sciences, Hang Zhou, China) at room tem-

erature in the dark for 30 min. Stained cells were immediately analyzed

y flow cytometer (Millipore, MA, USA) and the data was analyzed with

lowjo software. 

estern blotting 

Cells were treated with each compound for 6 h and harvested

ith RIPA buffer supplemented with 1 mmol/L PMSF and protease

nhibitor cocktail (Sigma-Aldrich). The lysates were resolved on 8%

olyacrylamide gels and transferred to polyvinylidene difluoride mem-

ranes (PVDF, immobilon). After blocking in 5% BSA-TBST, mem-

ranes were probed with EGFR (BD Biosciences), phosphor-EGFR

Tyr1068, R&D Systems), ERK (Cell Signaling Technology), phospho-

RK (Thr202/Tyr204, Cell Signaling Technology), AKT (Cell Signal-

ng Technology), phospho-AKT (Ser473, Cell Signaling Technology) and

nti-GAPDH (Cell Signaling Technology) followed by secondary anti-

ody (IRDye 680 RD Goat anti-Rabbit or IRDye 800 CW Goat anti-

ouse). Signals were detected by ODYSSAY Clx (LAKTI-COR) according

o the instrument guidelines. 

etabolite analysis 

BEBT-109 (5 μmol/L) was incubated with human liver microsomes

BD gentlest) at 37 °C for 60 min. At different time points (0 min and

0 mins), 135 μl ACN was added to each sample to stop incubation. All

amples were vortexed for 20 s and spun at 15,000 rpm for 10 min, and

he supernatant was then taken for LC-UV-LTQ analysis. Identification

f BEBT-109 metabolite profiles was conducted by Thermo LTQ with ESI

 + ). The proportion of total area was determined by analyzing the UV

races at 288 nm to assess the relative quantity of BEBT-109 metabolites.

aco-2 permeability assay 

The human colorectal carcinoma cell line caco-2 monolayers in both

he apical-to-basolateral (a →b) and the basolateral-to-apical (b →a) di-

ections mimic the permeability of drug across intestinal barrier in vivo .

he apparent permeability (Papp) values for BEBT-109 and osimer-

inib were determined in a standardized in vitro assay by Shanghai

hempartner Co., Ltd.. Metoprolol, atenolol and erythromycin at the

oncentration of 10 μmol/L were used as positive control markers for

igh, low passive permeability and a higher efflux ratio, respectively.

riefly, caco-2 cells forming monolayers on microporous polycarbonate

embranes were used in the investigation. The inhibitors to be tested

ere added to either the apical or the basolateral side of the mem-

rane and the concentrations on the other side were measured by liquid

hromatography-tandem mass spectroscopy (LC-MS/MS) after 90 min.

rug permeability was calculated based on the following equation: 

app = ( VA ∕ ( Area × time ) ) × ( 
[
drug 

]
accepter ∕ 

(([
drug 

]
initial , donor 

)
× Dilu

here VA is the volume in the acceptor well, area is the surface area of

he membrane and time is the total transport time in seconds. 

n vivo pharmacokinetics/pharmacodynamics studies 

7- or 8-week-old H1975 tumor-bearing specific-pathogen-free (SPF)

ALB/c nude mice from Beijing Vital River Laboratory Animal Tech-

ology Co., Ltd. were randomly divided into different groups (3

ice/group) when the tumor volumes reached 260–865 mm 

3 for oral

60 mg/kg) administration. Temporal-concentration curve was mea-

ured from the collected analytical data of the concentrations of BEBT-

09 in plasma, tumor tissues and brain tissues 0.5, 1, 2, 4, 8 and 24 h

fter drug administration by LC-MS/MS assay. PKSolver (version 2.0)

as used to analyze the pharmacokinetic parameters. The tumor tissues
3 
actor 
)
, 

ere cut into two parts for assaying EGFR L858R T790M phosphoryla-

ion by immunoblotting analysis. 

For mouse models of brain metastasis, approximately 3 ×10 5 H1975

ells were implanted into the brains of immunodeficient BALB/c nude

ice purchased from Beijing Vital River Lab. The microsyringe was used

or microliter injection. As the tumors grew, six tumor-bearing mice

ere randomly divided into two groups ( n = 3/group), and the plasma,

rain tumor and tumor-free tissue were harvested one or two hours after

n oral dose of BEBT-109 at 60 mg/kg. The samples were then placed

n liquid nitrogen, and transferred to the − 80 °C refrigerator before LC-

S/MS determination. 

mmunohistochemistry 

The tumor tissues were fixed in 4% formalin for 24 h at room temper-

ture, then dehydrated and embedded in paraffin. The 4- 𝜇m-thick sec-

ions were deparaffinized, rehydrated and covered with primary Ki67

Proteintech Inc) and phosphor-EGFR (Cell Signaling Technologies) an-

ibody at 4 °C overnight. Then, the samples were incubated with HRP-

onjugated secondary antibody for one hour and DAB staining for detec-

ion. Finally, the positively stained cells were evaluated by digital image

nalysis with Image J software. 

enograft studies 

All mouse studies were performed in compliance with the agree-

ent of the Institutional Animal Care and Use Committee of Guangzhou

eBetter Medicine Technology Co., Ltd. guidelines. Approximately 2–

 ×10 6 cells/ml cells were subcutaneously inoculated into the right

rmpits of 7- to 8-week-old female BALB/c nude mouse (Beijing Vital

iver Laboratory Animal Technology Co., Ltd. or Guangdong Medical

ab Animal Center) in a total volume of 0.1 ml PBS/mouse for tumor

evelopment. In particular, PC-9 cells were suspended within 50% ma-

rigel (Biocoat). Mice were randomly assigned to the different treatment

roups ( n = 8/group). When the tumor volumes reached around 200–

00 mm 

3 , the mice were treated with the test compounds. Tumor size

ere measured by a bilateral caliper, and the tumor volumes were cal-

ulated with the formula V = (length ×width 2 )/2. 

linical study 

The clinical study was a Phase I, multicenter, single-arm, open-label,

ose-escalation study that determined the safety, tolerability, phar-

acokinetics (PK), and efficacy of BEBT-109 in locally advanced or

etastatic non-small cell lung cancer patients with EGFR T790M mu-

ation after treatment with at least one EGFR-TKI. Before enrolling in a

linical trial, all patients should provide written informed consent and

he clinical study (CTR20192575) was approved by appropriate insti-

utional review boards at each participating sites (for the 2 patients

isclosed in this article, the trial protocol is reviewed by Ethics Com-

ittee of Hunan Cancer Hospital and The Affiliated Cancer Hospital of

iangya School of Medicine). 6 dose cohorts were designed for the first-

n-human dose escalation study. In order to enroll as many as patients to

 dose that may be clinically beneficial, if no drug-related grade 2 non-

ematological toxicity or grade 3 hematological toxicity were observed,

nly one patient is included in the starting and second dose group. Effi-

acy was assessed by RECIST 1.1. Blood samples were collected on Day

 and Day 28 at 0 (before dosing), 1, 1.5, 2, 3, 5, 8, 12, and 24 h after

reatment of BEBT-109 to obtain pharmacokinetic data. 

tatistical analysis 

Data are represented as average ± SEM. Comparisons between two

roups were conducted by use of two-tailed student‘s t-test. Statisti-

al significance of multiple comparisons was determined by two-way

NOVA (tumor volume) and long-rank tests (survival curve) with a P

alue less than 0.05. 
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Fig. 1. BEBT-109 structure and its selectivity profile. A, Chemical structure of BEBT-109. B, EGFR binding assay was performed to determine the selectivity and 

potency of BEBT-109 ( n = 2). C , In vitro pharmacologic profiling assay was used to assess the potential off-target effects of BEBT-109 (10 𝜇mol/L) against major 

targets. Graph represents mean percent response + SEM. Values less than 75% (indicated by dashed lines) were considered nonsignificant zone ( n = 2). D, Kinase 

affinities of BEBT-109 against CHRM1, INSR, VEGFR2 and HTR2A were determined by kinase binding and PathHunter 𝛽-arrestin assay ( n = 2). 
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EBT-109 is a mutant-specific EGFR tyrosine kinase inhibitor 

We designed and discovered a novel class of irreversible inhibitors

f EGFR tyrosine kinase mutants with an acrylamide moiety that ir-

eversibly binds to the EGFR kinase domain by targeting the Cys797

esidue in the ATP binding pocket. Among these compounds, BEBT-109

s one extremely potent and mutant-specific EGFR inhibitor ( Fig. 1 A).

o determine its selectivity and potency, EGFR binding assay was per-

ormed by use of recombinant wild-type EGFR and mutant EGFR L858R

790M kinases. BEBT-109 showed an apparent binding affinity with

 binding constant (Kd) of 0.05 nmol/L against EGFR L858R T790M,

hich was nearly 90 times more potent than its binding to wild-type

GFR with a Kd of 4.45 nmol/L ( Fig. 1 B). 

To investigate the undesirable off-target activity of BEBT-109, its

bility to interact with a variety of proteins were evaluated in vitro
4 
y use of commercial Safety47 Panel (DiscoverX). BEBT-109 showed

inimal potential off-target effects in only 4 of 78 assays at a dose of

0 μmol/L, namely insulin receptor (INSR), muscarinic acetylcholine re-

eptor M1 (CHRM1), 5-hydroxytryptamine receptor 2A (HTR2A) and

ascular endothelial growth Factor 2 (VEGFR2) ( Fig. 1 C). The kinase ac-

ivities of BEBT-109 against these four proteins were further determined.

he IC 50 or Kd values of CHRM1, HTR2A, INSR, and VEGFR2 were

065 nmol/L, 1313 nmol/L, 192 nmol/L, and 656 nmol/L, respectively

 Fig. 1 D), which were much higher than that of EGFR L858R T790M

 Fig. 1 B). These results indicated low off-target, apparent specificity of

EBT-109 against mutant EGFR, suggesting a safety index suitable for

urther development. 

EBT-109 selectively suppresses EGFR TKI-sensitive mutants in vitro 

To evaluate the cellular potency of BEBT-109, we compared it

ith osimertinib in cell viability and EGFR phosphorylation assays
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Fig. 2. BEBT-109 selectively suppresses EGFR TKI-sensitive mutants in vitro. 

A-D, In comparison with osimertinib, BEBT-109 exhibited greater potency in 

reducing the viability of cells harboring TKI-sensitive mutants(Del19, G719A 

and L861Q) ( A and B ) ( n = 3), while having less activity against EGFR wild- 

type H460 cells and EGFR-deficiency Ba/F3 cells ( C and D ) ( n = 2), as assessed 

by use of CellTiter-GLO assay after 3 days of treatment. E, IC 50 values of BEBT- 

109 and osimertinib for EGFR wild-type cells ( n = 2), EGFR-deficient Ba/F3 cells 

( n = 2) and mutant EGFR-expressing cells ( n = 3). F, PC-9 cells (Del19) and Ba/F3 

cells expressing EGFR G719A were treated with the indicated concentrations of 

BEBT-109 and osimertinib for 6 h. Phosphorylation of EGFR and its downstream 

signaling substrates were evaluated by western blotting with the indicated an- 
y use of a number of human NSCLC cell lines or murine Ba/F3

ells ectopic expressing EGFR G719A, L861Q and S719I mutants.

t was found that BEBT-109 showed stronger anti-proliferation ac-

ivity against EGFR TKI-sensitive mutant cell lines, including PC-

 (Del19), HCC827 (Del19), Ba/F3-EGFR-G719A, Ba/F3-EGFR-L861Q

nd Ba/F3-EGFR-S768I with mean IC 50 values ranging from 1.7 to

1.7 nmol/L ( Fig. 2 A, B and E). In particular, the potencies against

he G719A and L861Q mutants were 11.7 folds and 5.6 folds

igher than those of osimertinib, respectively ( Fig. 2 B and E). In

he meantime, BEBT-109 and osimertinib have very weak potency

gainst EGFR wild-type cell lines (H460, Calu-6 and LOVO) and

GFR-deficient Ba/F3 cells, with mean IC 50 values over 1000 nmol/L

 Fig. 2 C-E). 

The efficacy of BEBT-109 against the phosphorylation of EGFR was

urther examined by immunoblot analysis of lysates from PC-9 cells

earing Del19 mutation and Ba/F3 cells ectopic expressing EGFR G719A

utants. As shown in Fig. 2 F, both BEBT-109 and osimertinib inhibited

he phosphorylation of EGFR and its downstream signaling substrates

phospho-AKT and phospho-ERK) in a dose-dependent manner. In line

ith the cell viability data, BEBT-109 more potently inhibited phosphor-

GFR than osimertinib. Collectively, those data suggested that BEBT-

09 had better potency and selectivity than osimertinib in growth in-

ibition of tumor cells harboring EGFR TKI-sensitive mutants (Del19,

719A, L861Q and S768I). 

EBT-109 selectively inhibits EGFR TKI-resistant mutants in vitro 

Since the T790M secondary mutation has emerged as a cause for

reatment failure in NSCLC patients who initially respond to first-

eneration EGFR TKIs, we next evaluated the potency of BEBT-109

gainst the acquired T790M resistance with H1975 cell. The CellTiter-

lo assay showed that BEBT-109 was more effective against EGFR

858R T790M mutation compared with osimertinib ( Fig. 3 A and C),

ith mean IC 50 values of 1.0 nmol/L and 3.9 nmol/L for BEBT-109 and

simertinib, respectively. 

Furthermore, we evaluated the efficacy of BEBT-109 against EGFR

xon 20 insertions, which are generally associated with resistance to

urrent EGFR TKIs. The full-length EGFR with the top five prevalent

orms of exon 20 insertion (A763_Y764insFQEA, A767_V769dupASV,

770_N771insSVD, N771_H773dup and P772_H773dup) [36] was in-

ividually introduced into H1975 and Ba/F3 cell lines, which were

sed to evaluate the anti-proliferation role of BEBT-109. The average

C 50 values were found ranging from 7.8 nmol/L to 73.1 nmol/L in

xon20ins-expressing H1975 cells and from 10.5 nmol/L to 32.1 nmol/L

n exon20ins-expressing Ba/F3 cells, respectively, which were approx-

mately 4 to 5 folds more sensitive than osimertinib ( Fig. 3 B and C,

upplementary Fig. S1A and B). The efficacy of BEBT-109 in suppress-

ng cell growth was further validated by crystal violet staining ( Fig. 3 D).

e next examined the effect of BEBT-109 on cell-cycle progression in

1975 cells. 1 nmol/L BEBT-109 induced accumulation of cells in the

0/G1 phase, however, 1 nmol/L osimertinib did not change the cell

ycle profile ( Fig. 3 E). 

The differences in efficacy between BEBT-109 and osimertinib in

ell growth against T790M mutation and EGFR exon 20 insertion mu-

ations were reproduced in western blotting experiments in H1975 cell

ine and EGFR A767_V769dupASV mutant expressing H1975 and Ba/F3

ells. It was found that BEBT-109 more effectively suppressed EGFR and

ts downstream signaling pathway phosphorylation in a dose-dependent

anner and caused considerable inhibition at 10 nmol/L, making BEBT-

09 approximately 10 times more potent than osimertinib ( Fig. 3 F

nd G). So far, our experiments have demonstrated a profound anti-

roliferation efficacy of BEBT-109 against both EGFR TKI-sensitive mu-

ants and TKI-resistant mutants in vitro . 
tibodies. 

5 



F. Fan, M. Zhou, X. Ye et al. Translational Oncology 14 (2021) 100961 

Fig. 3. Inhibition of cell growth and EGFR phosphorylation in cells expressing EGFR TKI-resistant mutants by BEBT-109. A and B, H1975 (L858R T790M) (A) 

and exon20ins-expressing H1975 and exon20ins-expressing Ba/F3 cells (B) were treated with serially diluted BEBT-109 and osimertinib for 72 h. Cell viability was 

measured using the CellTiter-Glo assay ( n = 3). C, IC 50 values of BEBT-109 and osimertinib against various exon20ins mutations of H1975 and Ba/F3 cells, and 

EGFR-deficient Ba/F3 cells ( n = 3). D, A total of 1000 H1975 cells were treated with DMSO, 1 nmol/L BEBT-109 or 1 nmol/L osimertinib for 1 weeks. The plates 

were stained with crystal violet and visually examined. E, BEBT-109 causes G1 arrest at 1 nmol/L. H1975 cells were exposed to 1 nmol/L BEBT-109 and osimertinib 

for 24 h ( n = 3), ∗ ∗ p < 0.01 vs control group. F and G, Inhibition of EGFR phosphorylation and its downstream signaling pathway in H1975 cells (F) and H1975 and 

Ba/F3 cells with ectopic expressing EGFR-A767_V769dupASV (G) treated with BEBT-109 or osimertinib for 6 h was evaluated using western blotting. 

6 
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Fig. 4. Metabolite of BEBT-109 (M5) inhibits cell growths and EGFR phosphorylation against EGFR-mutant NSCLC. A, Proposed BEBT-109 metabolic pathways show 

the formation of metabolites (M1-M9). B-D, Cell growth inhibition of BEBT-109 metabolic substance M5 in cell lines expressing EGFR TKI-sensitive mutants ( n = 3) 

(B) , EGFR TKI-resistant mutants ( n = 3) (C) and wild type EGFR ( n = 2) (D). E and F, Effects of EGFR phosphorylation and its downstream signaling pathways by 

BEBT-109 metabolic substances (M5) in cells expressing EGFR TKI-sensitive (E) and TKI-resistant (F) mutants. 
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etabolites of BEBT-109 show potent anti-proliferation activity and no 

ff-target effects 

BEBT-109 was incubated with mouse and human liver microsomes

o identify its metabolites by LC-UV combined LTQ linear ion trap

ass spectrometer analysis. Nine metabolites (M1-M9, Supplementary

ig. S2A) were identified as products presumptively through oxidation,

emethylation, reduction or dealkylation pathways ( Fig. 4 A). BEBT-

09 displayed a similar panel of metabolites across species, and M5

demethylation) and M6 (oxidation) are two dominant ones (Supple-

entary Fig. S2A-B). 

M5 and/or M6 metabolites exhibited high potency against cell lines

ith EGFR TKI-sensitive mutations (Del19, G719A, L861Q and S768I)
7 
nd TKI-resistant mutations (T790M and exon 20 insertion mutations),

hile having much less activity versus EGFR wild-type or EGFR-deficient

Ba/F3) cell line ( Fig. 4 B-D, Supplementary Fig. S2C and D). In line with

he cell viability data, M5 metabolites showed a dose-dependent inhibi-

ion of EGFR and its downstream signaling substrates phosphorylation

gainst TKI-sensitive mutant- and TKI-resistant mutant-expressing cell

ines in vitro ( Fig. 4 E and F). 

harmacokinetic and pharmacodynamic properties of BEBT-109 

To evaluate pharmacokinetic (PK) and pharmacodynamic (PD) prop-

rties of BEBT-109, we first carried out a caco-2 permeability assay to

redict human oral absorption of BEBT-109. In this assay, BEBT-109
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Fig. 5. Pharmacokinetic and pharmacodynamic properties of 

BEBT-109. A, Permeability of BEBT-109 and osimertinib across 

caco-2 cell monolayers ( n = 2). B and C, BEBT-109 pharmacoki- 

netics in plasma, tumor and brain in H1975 xenograft model 

following oral administration of BEBT-109 at 60 mg/kg ( n = 3). 

D, Western blot analysis of EGFR and its downstream sig- 

naling substrates phosphorylation in three tumor samples ob- 

tained from tumor-bearing nude mice treated with 60 mg/kg 

BEBT-109 orally. E and F, Immunohistochemistry staining of 

phosphor-EGFR (E) and Ki67 (F) in control H1975 tumors (0 h) 

and BEBT-109-treated tumors (24 h) ( n = 4). ∗ ∗ p < 0.01 vs con- 

trol group. Scale bars = 100 μm. G, Distribution to mouse brain 

tumor of BEBT-109 in H1975 cell xenograft intracranial trans- 

plantation mice ( n = 3). 
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t  
howed an apparent permeability 7.6 folds higher than osimertinib and

he efflux of BEBT-109 was also relatively lower, indicating a favorable

ral absorption in human ( Fig. 5 A). 

After oral dosing of BEBT-109 at 60 mg/kg in H1975 xenograft

ouse model, the plasma, brain and tumor tissues were harvested in

arious time points. LC-MS/MS assay revealed that the time of maxi-

um concentration observed (T max ) and the half-life (T 1/2 ) of BEBT-109

ere around 1.0 hour and 3.44 h in tumor after oral administration, re-

pectively. The AUC and the maximum concentration observed (C max ) of

EBT-109 in tumors were 28,270 ng/g •h, and 4120 ng/g, respectively

 Fig. 5 B and C). The pharmacokinetic studies indicated a rapid absorp-

ion, a high C max and moderate clearance properties of BEBT-109 in tu-

or tissues. Furthermore, western blot analysis demonstrated that the

hosphorylation of EGFR and its downstream signaling substrates in

umors was almost totally abolished 1 hour after BEBT-109 treatment

 Fig. 5 D). Although the T 1/2 of BEBT-109 was approximately 3.44 h

n tumors ( Fig. 5 C), phosphor-EGFR signal remained to be completely

locked even 24 h after treatment ( Fig. 5 D), which indicates BEBT-109
8 
xhibits persistent target inhibition after the drug clearance. IHC analy-

is further confirmed that phosphor-EGFR expression and the number of

roliferating cells also significantly decreased in the BEBT-109-treated

ice compared with that in the vehicle-treated mice for 24 h after treat-

ent ( Fig. 5 E and F). 

Micromolar concentrations were detected in brain tissues after oral

ose, which indicated BEBT-109 could cross the blood-brain barrier

 Fig. 5 B and C). To mimic brain metastasis of lung cancers, we then

arried out experiments in the human H1975 intracranial brain tumor

ice model. The concentrations of BEBT-109 in brain tumors, tumor-

ree brains and plasma were measured 1 hour (T max ) and 2 h after oral

dministration of BEBT-109 at 60 mg/kg. As shown in Fig. 5 G, the mean

oncentrations of BEBT-109 in plasma, tumor-free brains and brain tu-

ors 1 hour after administration were 2696.7 ng/ ml, 927.0 ng/g and

061.7 ng/g, respectively. The ratios of brain tumors/plasma and brain

umors/tumor-free brains were 1.23 times and 5.46 times, respectively.

imilar data were acquired from samples two hours after BEBT-109

reatment. The distribution of BEBT-109 of higher concentration in brain
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umors suggested that BEBT-109 would be beneficial to treat primary

nd metastatic brain tumors with EGFR mutation. 

EBT-109 selectively inhibits mutant NSCLC in vivo 

To investigate the in vivo antitumor efficacy of BEBT-109, vari-

us mutant EGFR xenograft models representing clinical NSCLC set-

ing were generated in nude mice. In H1975 (L858R T790M) tumor

enograft model, once the tumor volume reached about 200 mm 

3 , the

ice were treated with BEBT-109 (7.5, 15, 30 and 60 mg/kg), osimer-

inib (25 mg/kg) or vehicle daily for four consecutive weeks. Once-daily

osing of BEBT-109 induced dose-dependent growth inhibition with

ood tolerance indicated by the modest body weight loss ( Fig. 6 A, Sup-

lementary Fig. S3A). Similar to the treatment of osimertinib at the max-

mum tolerated doses (MTD) of 25 mg/kg, 30 and 60 mg/kg, BEBT-109

dministration induced complete H1975 tumor regression that allowed

ost mice survival beyond 30 days post treatment ( Fig. 6 A and B). At

n MTD dose, both BEBT-109 (60 mg/kg) and osimertinib (25 mg/kg) in

ice bearing HCC827 (Del19) or PC-9 (Del19) xenografts induced com-

lete tumor regression ( Fig. 6 C and E) and host mice survival ( Fig. 6 D

nd F). 

For the EGFR exon 20 insertion mutation model, the mice with EGFR

767_V769dupASV expressing H1975 xenograft tumors were treated

ith BEBT-109 (10, 20, and 40 mg/kg, bid), osimertinib (20 mg/kg, qd,

hich was MTD in this model) or vehicle daily for 12 days. The treat-

ent with BEBT-109 induced significant dose-dependent tumor growth

nhibition in H1975 EGFR-A767_V769dupASV xenografts ( Fig. 6 G).

ith the dose of MTD (40 mg/kg, bid), BEBT-109 treatment showed

etter antitumor efficacy than osimertinib(20 mg/kg, qd). We further

onfirmed the antitumor efficacy of BEBT-109 against exon 20 inser-

ion mutations by use of the EGFR A767_V769dupASV-driven Ba/F3

umor model. Oral administration of BEBT-109 at an MTD dose of

0 mg/kg (bid) for 14 days led to statistically significant inhibition of

umor growth. However, sustained tumor regression was not observed

fter osimertinib treatment at an MTD dose ( Fig. 6 H). Neither drug

aused significant body weight loss (Supplementary Fig. S3B-E). These

xperiments therefore indicated that BEBT-109 has a profound growth-

uppressive effect against tumors harboring EGFR TKI-sensitive and TKI-

esistant mutations. 

EBT-109 demonstrates potent antitumor activity in EGFR T790M-mutant 

SCLC patients 

BEBT-109 is currently in a Phase I clinical trial (CTR20192575) in

ocally advanced or metastatic non-small cell lung cancer patients with

GFR T790M mutation after treatment with at least one EGFR-TKI. Here,

e describes preliminary clinical activity results for two patients who

eceived BEBT-109 in the first and second cohorts. The first patient

arbors the R831H/L858R/T790M EGFR mutation after showing dis-

ase progression upon treatment with icotinib or pemetrexed and car-

oplatin. Administration of BEBT-109 led to tumor shrinkage of 33.7%

t the lowest dose(20 mg/day) for 17 weeks( Fig. 7 A). The second pa-

ient with EGFR Del19 T790M mutant lung adenocarcinoma had pro-

ressed following 11-month treatment of AZD3759. Once-daily dosing

f BEBT-109 at 40 mg/kg exhibited a tumor reduction of 50.3% after

4-week treatment( Fig. 7 B). Preliminary clinical pharmacokinetic pro-

le from the patient in the 20 mg/kg group at day 1 and day 28 indicates

EBT-109 is rapidly absorbed and has quick in vivo clearance without

ccumulation ( Fig. 7 C). 

iscussion 

Precision medicine is evolving rapidly and achieving breakthroughs

ith the occurrence and application of new mutational detection tech-

iques such as next-generation sequencing (NGS) technologies, which

ave revolutionized the treatment of EGFR mutation-positive NSCLC.
9 
any patients with EGFR mutation-positive NSCLC have been signifi-

antly benefited from the availability of several EGFR-targeted agents.

ost of the current EGFR-targeted TKIs approved by FDA mainly tar-

et Del19 and L858R mutations or an acquired T790M mutation. How-

ver, a wider implementation of NGS for diagnostic purposes has demon-

trated that EGFR uncommon mutations are more prevalent than pre-

iously thought [42] . Meanwhile, given the intratumoral EGFR muta-

ional heterogeneity, genetic alterations co-occur at a high frequency

n EGFR mutation-positive NSCLC. Therefore, ideal TKIs should have a

road inhibitory profile to mitigate the heterogeneity of tumors and the

isk of rapid expansion of resistant subclones [39] . 

The efficacy osimertinib in a first-line setting excelled over standard-

rst line treatment in patients with EGFR-mutant NSCLC regardless of

790M mutation status [43–45] . Although recent research has also re-

ealed that osimertinib shows some benefits for patients with EGFR exon

0 insertion, G719X and L861Q mutations [ 36 , 46 ], its clinical activities

gainst these mutants still can’t meet clinical needs due to its relatively

oor targeted activity. In this paper, we discovered a compound that has

xcellect activities in multiple EGFR mutants while sparing wide-type

GFR. As shown in Fig. 6 I, BEBT-109 showed potent inhibitory effects

gainst EGFR TKI-sensitive mutants (Del19, L858R, G719A, L861Q and

768I) and TKI-resistant mutants (T790M and exon20ins). In particu-

ar, the anti-proliferation activities of BEBT-109 against G719A, L861Q,

790M and exon20ins mutations are 11.7 times, 5.6 times, 3.9 times and

.1 times higher than those of osimertinib, respectively, which makes

t potentially a promising candidate for a pan-mutant-selective EGFR

nhibitor. 

It has been reported that AZ5104, an active metabolite of osimer-

inib, showed great potency against Del19 (2 nmol/L in PC-9) and

790M (2 nmol/L in H1975), and had low selectivity in wild-type EGFR

33 nmol/L in LOVO) cell lines [20] . Two major metabolites of BEBT-

09 (M5 and M6) exhibited high potency in a number of EGFR-mutant

ell lines, while having weak activity toward EGFR wild-type (LOVO)

r EGFR-deficiency (Ba/F3) cell lines. These data suggest that BEBT-

09 has higher metabolic tolerability than osimertinib against wild-type

GFR cells, which potentially provides a wider therapeutic index in the

linical application. 

For covalent binding irreversible drugs, the prolonged duration of

rug action on the target uncouples the pharmacodynamics from the

harmacokinetics of exposure, as target inhibition persists after the

rug has been cleared. Therefore, a covalent drug is preferably cleared

apidly to minimize off-target interactions, which could conceivably re-

uce non-mechanism-based off-target toxicities [47–49] . In view of this,

n order to minimize the off-target toxicity of the covalent EGFR in-

ibitor, BEBT-109 was designed to have more rapid absorption (short

 max and high C max ) and quicker in vivo clearance (short T 1/2 ) without

ccumulation (reduced AUC). 

In in vitro caco-2 assay, BEBT-109 showed a relatively lower efflux

nd an apparent permeability 7.6 folds higher than osimertinib, which

ay allow a more rapid (T max ) and higher absorption (C max ) of this

ompound after oral dosing in human. 

According to the results from the PK/PD study in the H1975

enograft model and the preliminary clinical pharmacokinetic analysis,

EBT-109 had moderate clearance after oral dosing. However, the inhi-

ition of EGFR and its downstream oncoprotein (AKT and ERK) phos-

horylation in the tumors remained blocked even 24 h after BEBT-109

reatment. Our data suggest, as EGFR covalent irreversible inhibitor,

he prolonged duration of BEBT-109 action on the target uncouples the

harmacodynamics from the pharmacokinetics of exposure, but may

bate wild-type EGFR inhibition of exposure and off-target toxicities. 

In addition to demonstrating potent antitumor efficacy in preclinical

ouse xenograft models, the confirmed response described in this article

howed proof-of-principle clinical activity in a patient with T790M ac-

uired resistance. Because the plasma concentration of BEBT-109 at the

owest dose was within the effective range, it is possible that BEBT-109

ill achieve a good clinical response in the higher-dose group. Mean-
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Fig. 6. In vivo antitumor efficacy of BEBT-109 in subcutaneous xenograft models of EGFR mutant lung cancer. A and B, H1975 (L858R T790M) xenografts following 

28-day treatment ( n = 8) of osimertinib (25 mg/kg) and various doses of BEBT-109. 30 mg/kg and 60 mg/kg BEBT-109 showed the same tumor growth inhibition 

ability ( A ) and host mice survival ( B ) as 25 mg/kg osimertinib. C-F, HCC827 (Del19) and PC-9 (Del19) xenografts following 20- or 40-day treatments ( n = 8) at 

25 mg/kg osimertinib and 60 mg/kg BEBT-109, respectively. BEBT-109 showed the same tumor growth inhibition ability (C, E) and host mice survival (D, F) as 

osimertinib. G, H1975 (L858R T790M) with EGFR-A767_V769dupASV xenografts following 12 days of daily treatment ( n = 8) osimertinib and various doses of 

BEBT-109. BEBT-109 (40 mg/kg bid) showed more potent activity of tumor growth inhibition compared with osimertinib (20 mg/kg qd, MTD in this model). H, 

EGFR-A767_V769dupASV-driven Ba/F3 xenografts following 14 days of daily treatment ( n = 8) osimertinib and BEBT-109. BEBT-109 (40 mg/kg bid) showed better 

tumor growth inhibition ability than that of osimertinib (20 mg/kg qd). Data in A, C , and E represent mean tumor volume ± SEM. ∗ ∗ ∗ ∗ p < 0.0001, n = 8, Two-way 

ANOVA for A on day 14, C and E; ∗ ∗ ∗ p < 0.001, ∗ ∗ ∗ ∗ p < 0.0001, n = 8, Log-rank test for B, D and F. I, EGFR mutations within exon 18–23 of the tyrosine kinase domain 

of the gene. Common, uncommon and an acquired resistance EGFR mutations are represented by red, black and blue font respectively. BEBT-109 shows potent 

inhibitory effect against EGFR TKI-sensitive mutants (Del19, G719A, L861Q and S768I) and TKI-resistant mutants (T790M and exon20ins). 
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Fig. 7. Tumor response assessments and preliminary pharmacokinetic profile of BEBT-109 in patients with NSCLC harboring EGFR T790M mutation in a first-in- 

human dose-escalation study. A , Computed tomographic scan images of metastatic region in left supraclavicular lymph nodes from patient with NSCLC harboring 

EGFR L858R T790M R831H mutation before and after BEBT-109 treatment in phase I clinical trial. The patient was previously treated with Icotinib and followed by 

6 cycles of pemetrexed plus carboplatin. Patient was administered BEBT-109 at a dose of 20 mg once per day, and tumor shrinkage of 33.7% was observed. Lesions 

are outlined by a red line. B , Computed tomographic scan images of left upper lobe from patient with NSCLC harboring EGFR Del19 T790M mutation before and 

after BEBT-109 treatment in phase I clinical trial. The patient was previously treated with AZD3759. Patient was administered BEBT-109 40 mg/kg/day, and tumor 

shrinkage of 50.3% was observed. Lesions are denoted by a red line. C , Preliminary pharmacokinetic profiles from the patient in the 20 mg/day group at day 1 and 

day 28. 
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hile, we plan to perform a Phase 2 study of BEBT-109 in NSCLC pa-

ients with exon 20 insertion and other rare mutations in EGFR. 

In summary, our novel compound BEBT-109, a potent pan-mutant-

elective EGFR inhibitor, optimized with fewer wide-type EGFR ac-

ivities from its metabolites and fewer off-target toxicities by improv-

ng pharmacokinetic properties of covalent irreversible inhibitors might

emonstrate unique therapeutic properties in clinical trials and offer

ew options for the treatment of multiple EGFR-mutant-driven NSCLC. 
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