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EGFR19D/T790M/C797S 15.3
EGFR L858R/T790M/C797S 218.3
EGFR L858R/T790M 156.6
EGFR WT >1000

A novel indole derivative 12e was designed as a 

potential fourth generation EGFR19D/T790M/C797S 

inhibitor with IC50 value of 15.3 nM against 

EGFR19D/T790M/C797S and good selectivity over 

EGFR WT (IC50 > 1000 nM), L858R/T790M (IC50, 

156.6 nM) and L858R/T790M/C797S (IC50, 218.3 

nM) respectively. It also exhibited good growth 

inhibition activity in suppressing EGFR 

phosphorylation signaling pathway
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Lung cancer is the leading cause of cancer-related deaths in 
male or female worldwide, in which non-small cell lung cancer 
(NSCLC) accounts for 85% of lung cancer1. EGFR is a member 
of the ErbB receptor tyrosine family and plays a key role in cell 
proliferation, differentiation and apoptosis2. Meanwhile, EGFR 
mutations have an important impact on cell growth and other 
physiological processes. Thus, EGFR is a promising drug target 
in the treatment of NSCLC. First-generation EGFR inhibitors 
(Gefitinib and Erlotinib) show high inhibitory activity for the 
patients with sensitizing EGFR mutations, namely L858R 
mutation and exon 19 deletion3,4. However, acquired drug 
resistance occurs on patients who gain benefits from the first 
generation EGFR inhibitors. Approximately 60% of the acquired 
mutation is the EGFRT790M point mutation, which reduces the 
binding affinity towards drugs and reinforces interaction with 
ATP5. To overcome T790M resistance mutation, second-
generation EGFR inhibitors (Afatinib and Dacomitinib) have 
been developed by introducing a Michael acceptor to form a 
covalent bond with Cys797 residue6. Nevertheless, due to the 
lack of selectivity between WT EGFR and mutant EGFR, the 

second-generation EGFR inhibitors cause serious side effects7. 
The development of third-generation EGFR inhibitors (Olmutinib 
and AZD9291) with aminopyrimidine as a novel scaffold 
successfully avoid these problems8,9.

However, acquired resistance reappeared during the period of 
clinical treatment with the third-generation EGFR inhibitors such 
as AZD9291 and Olmutinib. At present, some studies have found 
that the tertiary EGFR exon 20 C797S mutation appeared to be 
the most common in a variety of drug resistance mechanisms. 
For example, Thress et al first exposed that C797S mutation was 
one of the causes of AZD9291 resistance10. Subsequently, Yu et 
al reported that a patient bearing EGFR19D/T790M mutations was 
detected C797S mutation after treated with AZD9291 for 9 
months11. Meanwhile, one study also revealed that C797S 
mutation appeared in patients treated with Olmutinib12. It was the 
C797S mutation that disrupted the covalent bond between 
inhibitors and Cys797 residue and caused the loss of inhibitor 
activity. 
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The efficacy of EGFR inhibitors is frequently affected by acquired resistance. 
EGFR19D/T790M/C797S mutation is one of the primary reasons for the emergence of resistance after 
treatment with the third-generation EGFR inhibitors such as AZD9291, CO1686 and Olmutinib. 
To overcome the resistance mutation 19D/T790M/C797S, we designed and prepared a series of 
indole derivatives with the terminal hydroxyl of alkyl chain to increase extra interaction with the 
Asp855 in the conservative DFG site. Activity evaluation, structure-activity relationship and 
docking analysis were also carried out. Among them, compound 12e displayed significant 
inhibitory activity against EGFR19D/T790M/C797S (IC50 =15.3 nM) and good selectivity over EGFR 
WT (IC50 > 1000 nM), L858R/T790M (IC50, 156.6 nM) and L858R/T790M/C797S (IC50, 218.3 
nM) respectively. Furthermore, 12e exhibited good growth inhibition activity, induced G1 phase 
cell cycle arrest and apoptosis in BaF3/EGFR19D/T790M/C797S cells by suppressing EGFR 
phosphorylation signaling pathway. In all, our study might provide a novel structural design 
method and lay the solid foundation for the development of the 4th generation 
EGFR19D/T790M/C797S inhibitors.

2019 Elsevier Ltd. All rights reserved.
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Thus, the development of EGFR C797S mutation inhibitor is 
an emergent issue, but so far, few researches have been done. 
Recently, some potential EGFR inhibitors for the 
EGFRL858R/T790M/C797S mutation have been reported with high 
inhibitory activity13,14,15,16. Meanwhile, Park et al found some 
inhibitors against EGFR19D/T790M/C797S mutation by virtual 
screening14. Since previous research found that 
19D/T790M/C797S mutation is more general phenomenon in 
patients after the use of third-generation drug AZD929117, we 
herein reported the development of a series of EGFR inhibitors 
against EGFR19D/T790M/C797S mutation based on Osimertinib 
(AZD9291) and compound 7 in Figure 2 reported with single-
digit nanomolar IC50 values against EGFRL858R/T790M/C797S 
mutation18, some compounds displayed significant inhibitory 
activity against EGFR19D/T790M/C797S and good selectivity over 
EGFR WT, L858R/T790M and L858R/T790M/C797S 
respectively. 

N

N
O

O

HN Cl

F

N
O

N

N
O

O

HN

H3CO
H3CO

1 (Gefitinib) 2 (Erlotinib)

N

N

O

HN ClH
N

O
N

F

O

N

N

O

HN ClH
N

F

O
N

3 (Afatinib) 4 (Dacomitinib)

5 (Olmutinib)

6 (AZD9291)

N

NHN
O

N

N

N
H

O N

First-generation

Second-generation

Third-generation

N

NHN

N

N

S

O

NH

O

Figure 1. Structures of representative first-, second-, and third-generation 
EGFR inhibitors

By analyzing the binding patterns of the small molecule 
inhibitors compound 7 and AZD9291 in Figure 2A, we found 
that two molecules exhibited similar binding modes. However, 
the additional hydrogen bond of compound 7 with the Asp855 
side chain of the DFG motif stabilizes the flexible linker chain 
into an orientation directed away from Cys797, so we inferred 
that the alkyl chain terminal hydroxyl group of compound 7 
extending to kinase phosphate binding site played a key role for 
the tertiary mutation inhibitory activity through a polar contact 
(H-O polar bond) with the Asp855 side chain in DFG motif. 
Therefore, with the help of molecular docking, the alkyl chain 
with terminal hydroxyl structural unit was introduced into the 
AZD9291 scaffold to increase interaction with the Asp855. So a 
series of indole derivatives were designed and prepared. 
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Figure 2. (A) Overlay poses between AZD9291 (yellow sticks, co complexed 
crystal conformation, PDB 4ZAU) and compound 7 docked with EGFR 
T790M (purple sticks, PDB 2JIU); (B) the structure of compound 7. 

Compound 8-12 were synthesized starting from 1H-indole 
derivatives as presented in Scheme 1. A commercially available 
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Scheme 1. aReagents and conditions: (a) (1)P(Ph)3CH2I, KHMDS, THF, 25 oC, 2h, (2) BH3 · THF, 0 oC, NaOH, H2O2, reflux, 1h; (b) (1) (2-
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oC, (2) 2,4-dichloropyrimidine, 55 oC, 1.5 h; (e) N,N,N’- trimethylethane -1,2-diamine , DMF, K2CO3, 110 oC, 3 h; (f) 10%Pd/C, H2, MeOH, 25 oC, 5 h; (g) 
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TsOH, 2-pentanol, 4-fluoro-2-methoxy-5- nitroaniline, 105 oC, 2.5 h; (h) N,N,N’- trimethylethane -1,2-diamine, DMAC, DIPEA, 85 oC, 3 h; (i) Fe, MeOH/DCM, 
AcOH, 55 oC, 4 h; (j) acryloyl chloride, DCM, DIPEA, 0 oC, 1.5 h. 

1H-indole derivatives were carried out with Friedel-Crafts 
alkylation reaction after 2,4-dichloropyrimidine addition to afford 
compound 9a-g. Subsequently, compound 10a-d&10f-g were 
synthesized by the nucleophilic substitution of 9a-d&f-g with 4-
fluoro-2-methoxy-5-nitroaniline. The nitro group of compound 
10a-d&10f-g was performed reduction catalyzed by Fe powder 
in glacial acetic acid condition to yield corresponding amine, 
which was used in the next step without further purification. 
Finally, the target compounds 12a-d&f-g were prepared by an 
acylation reaction with either acryloyl chloride or propionyl 
chloride. Compound 12e was also synthesized by the 
nucleophilic substitution of 9e with N1-(2-(dimethylamino)ethyl)-
3-methoxy-N1-methylbenzene-1,4-diamine.

Considering the possibility for polar interactions with Asp855 
in phosphate-binding site, we first obtained compounds bearing 
the hydroxyethyl group in different positions at the indole 
moiety. 12b (IC50 = 80.5 nM) with hydroxyethyl in R1-postion 
showed better inhibitory activity against EGFR19D/T790M/C797S 
mutation than 12a (IC50 = 663.4 nM) with hydroxyethyl in R2-
postion. Then, we tested the effects of length of the terminal 
hydroxyl alkyl group on inhibitory activity. 12c (IC50 = 72.5 nM) 
with 1'-hydroxypropyl had slight advantage over 1'-hydroxyethyl 
12b.

In the solvent-exposed region, the binding mode in Figure 2A 
revealed that hydrophilic tail was oriented to solvent-exposed 
region. Therefore, we introduced a hydrophilic group 
ethylenediamine in an attempt to increase inhibitory activity. 12d 
(EGFR19D/T790M/C797S IC50 = 73.0 nM) displayed about same 
inhibitory activity comparable to 12c (IC50 = 72.5 nM), which 
suggested that the structure modification of solvent region had 
little effect on the molecular level activity. 

Furthermore, in order to explore whether the substituent on 
indole benzene ring had any effects on the bioactivity, 12f with F 
substitution in R3-postion was synthesized. As a result, 12f 
displayed similar bioactivities to that of 12c in EGFR wild-type 
and mutations. For EGFR19D/T790M/C797S mutation, 12f (IC50 = 40.4 
nM) showed 2 times more potent in contrast to 12c (IC50 = 72.5 
nM), in fact the substitution effect on indole benzene ring was 
not obvious.

To our delighted, we obtained 12g with a high inhibitory 
activity against EGFRL858R/T790M (IC50 = 2.2 nM) and 
EGFR19D/T790M/C797S (IC50 = 17.9 nM) and high selectivity over 
EGFR wild-type and EGFRL858R/T790M/C797S mutation. 12g with 
Michael receptor on R4-position represented typical third 
generation EGFR inhibitor. To verify the effects of substituents 
acrylamide, we could compare 12c with propionamide on R2-
position 12g, its inhibitory activity against EGFRL858R/T790M and 
EGFR19D/T790M/C797S was both weaker than 12g, especially the 
inhibitory activity against EGFRL858R/T790M (2.2 nM vs 126.8 nM), 
which demonstrated that acrylamide was the key Michael 
receptor for a third generation EGFR inhibitor and not too critical 
for EGFR19D/T790M/C797S. 

To prove this inference above, compound 12e (Figure S1) with 
R4=H was obtained at last. The results were exactly as expected, 
12e showed the best inhibitory activity (IC50 = 15.3 nM) against 
EGFR19D/T790M/C797S and excellent selectivity over EGFR wild-
type and other mutations. We could conclude that 12e was a 
promising fourth generation drug lead compound for 
EGFR19D/T790M/C797S.

. 

Table 1. Determination of Inhibitory Activities against EGFR Wild-Type (WT), L858R/T790M (LR/TM), L858R/T790M/C797S (LR/TM/CS) and 
19D/T790M/C797S (19D/TM/CS)a. 

EGFR IC50[nM]

Compound
WT LR/TM LR/TM/CS 19D/TM/CS

12a

N

NHN
N
H

F

O

N
H

O

OH

> 1000 208.0 ± 16.2 >1000 663.4 ± 154.5

12b

N

NHN
N

OH
F

O

N
H

O > 1000 170.1 ± 9.5 > 1000 80.5 ± 21.6

12c
N

NHN
N

OH
F

O

N
H

O

> 1000 126.8 ± 10.5 422.3 ± 211.5 72.5 ± 2.4



12d

N

NHN
N

OH
N

O

N
H

N

O
> 1000 169.3 ± 16.5 638.4 ± 129.4 73.0 ± 14.9

12e

N

NHN
N

OH
N

O

N

> 1000 156.6 ± 2.8 218.3 ± 29.8 15.3 ± 1.4

12f

N

NHN
N

OH
F

O

N
H

F

O > 1000 142.0 ± 3.1 332.2 ± 194.6 40.4 ± 4.5

12g
N

NHN
N

OH
F

O

N
H

O

282.5 ± 54.5 2.2 ± 0.5 >1000 17.9 ± 2.7

Brigatinib 48.3 ± 8.7  1.5 ± 0.4 2.5 ± 0.2 1.5 ± 0.1

AZD9291 332.6 ± 185.3 7.2 ± 3.3 167.1 ± 40.0 /

aKinase activity assays were examined by using the ELISA-based EGFR-TK assay. Data are averages of at least two independent determinations and reported as 
the means ± SDs.

To further clarify the structure-activity relationship, molecular 
docking was adopted to explain the binding modes of compound 
12a, 12b and 12c. We inferred that the difference of the activities 
between 12a and 12b may be attributed to the fact that 1'-
hydroxyethyl substitution could lead to a better orientation 
towards Asp855. Indeed, a polar contact (H-O polar bond) 
between the terminal hydroxyl group of 12b with the Asp855 
side chain could be seen, which could not be seen in 7'- 
hydroxyethyl 12a. In addition, 12c with 1'-hydroxypropyl formed 
an additional hydrogen bond with Lys745 led it to a slight 
advantage over 1'-hydroxyethyl 12b (Figure 3A), thus 12c 
showed the best activity among them. 

Moreover, both 12c and 12g could form hydrogen bond 
interaction with Asp855 and Lys745 side chain through the 
terminal hydroxyl alkyl group. However, 12g with Michael 
receptor on R2-position formed a covalent bond with Cys797 
(Figure 3B), which could explain its high inhibitory activity 
against EGFRL858R/T790M (IC50 = 2.2 nM). Compared with 12g, 12c 
with propionamide on R2-position could not form a covalent 
bond with Cys797 result in a weaker inhibitory activity against 
EGFRL858R/T790M (IC50 = 126.8 nM), As for the tertiary EGFR 

exon 20 C797S mutation, a tertiary Cys797 to Ser797 point 
mutation disturbed the corresponding covalent bond formation, 
thus the activity difference between 12c and 12g was not as 
significant as that in EGFRL858R/T790M, which demonstrated that 
acrylamide was the key Michael receptor for a third generation 
EGFR inhibitor and not too critical for EGFR19D/T790M/C797S. 
Furthermore, the representative compound 12e with R4=H bound 
in ATP-binding cleft of the EGFRT790M/C797S mutants, maintaining 
the hydrogen bonds with Met793 by the structure of 
aminopyrimidine. Besides, the terminal hydroxyl group formed 
two hydrogen bonds with Asp855 and Lys745 respectively while 
the hydrophilic group ethylenediamine formed salt bridge 
interaction with Asp800 (Figure 3C). In brief, compared with 
solvent region and Michael receptor group, we thought that the 
introduction of the alkyl chain with terminal hydroxyl structural 
unit was considerable for the improvement of activity against 
19D/TM/CS, which could explain the reason that the compounds 
12g with key Michael receptor still showed strong activities 
against 19D/TM/CS. That is, when an appropriate alkyl chain 
with terminal hydroxyl structural unit was added to the AZD9291 
scaffold, the indole derivatives (such as 12e) could form a 



hydrogen bond with the Asp855 in the conservative DFG site to 
enhance the inhibitory activity against EGFRL858R/T790M/C797S, 
which coincided with our original design idea.

Figure 3. (A) The docked binding modes of 12c in EGFRT790M/C797S mutant 
(blue sticks, PDB 5ZTO); (B) The overlaid docked binding modes of 12g in 
EGFRL858R/T790M mutant (white sticks, PDB 5Y25) and EGFRT790M/C797S mutant 
(pink sticks, PDB 5ZTO) (C) The docked binding modes of 12e in 
EGFRT790M/C797S mutant (green sticks, PDB 5ZTO). 

The antiproliferative activities of 12e were investigated against 
a panel of cancer cells including EGFR-overexpressing A431 

cells, EGFR-L858R/T790M mutant H1975 cells and 
BaF3/EGFR19D/T790M/C797S cells. It was shown that 12e potently 
inhibited the proliferation of BaF3 cells harboring the 
EGFR19D/T790M/C797S mutant with IC50 value at 8.51 μM (Figure 4, 
Table 2) which was comparable with Brigatinib. 12e also 
inhibited the growth of A431 and H1975 cells with an IC50  
values of 20.48 and 16.18 μM, respectively.

The mechanism of cell death was evaluated by two-
dimensional cell sorting by staining DNA with PI and staining 
phosphatidylserine (PS) with a fluorescent annexin V derivative. 
We evaluated the effects of compound 12e after 24 h treatments 
in BaF3/EGFR19D/T790M/C797S cells. As shown in Figure 5, 
compound 12e induced apoptosis of BaF3/EGFR19D/T790M/C797S 
cells in a concentration-dependent manner. It induced 24.18% 
early-stage apoptosis and 14.53% late-stage apoptosis at 10 μM 
concentration, and 74.01% early-stage apoptosis and 23.81% 
late-stage apoptosis at 50 μM concentration. The percentage of 
apoptosis in the 12e-treated group was higher than that in the 
control group.

Table 2. Antiproliferative Activities of 12e against Cells with Different Mutant EGFRa

Figure 4. The in vitro cell inhibitory efficacy of 12e against A431(A), H1975(B), and BaF3/EGFR19D/T790M/C797S (C) were tested by CCK-8 assay.

IC50, μM.
Comp.

A431 H1975 BaF3/EGFR19D/TM/CS
A431 / H1975 A431 / BaF3/EGFR19D/TM/CS

12e 20.48 ± 1.15 16.18 ± 0.82 8.51 ± 0.78 1.27 2.41

Brigatinib 1.51 ± 0.35  0.74 ± 0.11 5.47 ± 0.56 2.04 0.28

A B

C



Figure 5. Apoptotic effect of 12e on BaF3/EGFR19D/T790M/C797S cells after treatment for 24 h. The lower left quadrant represents live cells, the lower right is for 
early/primary apoptotic cells, the upper right is for late/secondary apoptotic cells, and the upper left represents cells damaged during the procedure.

To demonstrate the effect of compound 12e on the cell cycle, 
we used flow cytometry for analysis. BaF3/EGFR19D/T790M/C797S 
cells were treated with compound 12e (1, 10, and 20 μM) and 
brigatinib (1 μM). As shown in Figure 6A, the percentage of cells 
in the G1, S and G2 phase was obtained with flow cytometry, and 
then summarized in Figure 6B. Compound 12e caused 
accumulation of cells in the G1 phase of the cell cycle in a dose-
dependent manner. The percentage of G1 phase cells from 
39.62% to 53.37% from absence to the presence of 20 μM 12e.

Figure 6. Effect of 12e on cell cycle progression in BaF3/EGFR19D/T790M/C797S 
cells. (A) Cells were treated with different concentrations of 12e and 
brigatinib for 24 h, then the cell cycle distribution was analyzed by flow 
cytometry. (B) Graph reporting percentile cell-cycle phase distributions. G1, 
S and G2 phase distributions were determined by FlowJo analysis.

We evaluated 12e of its ability to interfere with EGFR and 
downstream signaling. To this end, BaF3/EGFR19D/T790M/C797S 
cells were treated with different doses of 12e and analyzed the 
phosphorylation of EGFR and downstream molecules Akt and 
ERK. As shown in Figure 7, 12e significantly induced reduction 
of phosphorylated EGFR and ERK in a dose-dependent manner, 
and phosphorylated Akt signal decreased slightly.

Figure 7. (A) BaF3 cells that overexpressed EGFR19D/T790M/C797S were treated 
with the indicated concentrations of 12e, and brigatinib for 3 h and stimulated 
by EGF for 10 min. Cell lysates were harvested for Western blot analysis for 
EGFR, Akt and ERK phosphorylation. (B) Protein bands were quantified 
using ImageJ and GraphPad Prism software.

In conclusion, to overcome this resistance mutation 
19D/T790M/C797S, a series of indole derivatives bearing alkyl 
chains with the terminal hydroxyl group which formed the 
hydrogen bond with Asp855 and intended to increase the binding 
affinities of the AZD9291 were synthesized and evaluated as 
potent EGFR19D/T790M/C797S inhibitors. The results were exactly as 
expected through structure-activity relationship and docking 
analysis. The representative compound 12e strongly inhibited the 
kinase activity of EGFR19D/T790M/C797S with IC50 value of 15.3 nM 
and exhibited highly selectivity over EGFRWT and 
EGFRL858R/T790M/C797S. Meanwhile, 12e could significantly 
suppress the EGFR phosphorylation and its downstream 
signaling molecules Akt and ERK, induce the apoptosis, arrest 
cell cycle at G1, and inhibit proliferation with IC50 values of 8.5 
μM in BaF3/EGFR19D/T790M/C797S cells in a concentration-
dependent manner. Our study provided a novel structural design 
concept which is promising for the development of the fourth-
generation EGFR19D/T790M/C797S inhibitors.
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