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Design, Synthesis and Evaluation of Azaacridine Derivatives as Dual-target EGFR

and Src Kinase I nhibitorsfor Antitumor Treatment

A series of azaacridine compounds were rationally designed and synthesized as EGFR
and Src dual inhibitors. The typical compound 13b could inhibit the invasion of tumor

cells and induce cancer cells apoptosisin the nano-molar range.
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Abstract

Overexpression of EGFR is often associated wittaaded stage disease and poor
prognosis. In certain cancers, Src works syneogiyi with EGFR to promote
proliferation, survival, invasion and metastasisvBlopment of dual-target drugs
against EGFR and Src is of therapeutic advantagestgthese cancers. Based on
molecular docking and our previous studies, weoratily designed a new series of
azaacridine derivatives as potent EGFR and Src dhfabitors. Most of the
synthesized azaacridines displayed good antipratifee activity against K562 and
A549 cells. The representative compoudth showed nM 1@, values against K562
and A549 cells, and inhibited EGFR at inhibitioteraf 33.53% at 1QM and Src at
inhibition rate of 72.12% at 1M. Furthermore, compound3b could inhibit the
expression of EGFR, p-EGFR, Src and p-Src. Moredair efficiently inhibited the
invasion of tumor cells and induced cancer cellspapsis. Our study suggested that
azaacridine scaffold can be developed as novelidangiet kinase inhibitors for

cancer therapy.



1. Introduction

EGFR (Epidermal Growth Factor Receptor, a class@brane receptor tyrosine
kinases) plays an indispensable role in cancerpreliferation, survival, adhesion,
migration, and differentiation [1-5]. Overexpressiof EGFR have been associated
with a variety of cancers [6-8]. Development of E&Ghibitors has become a main
focus in antitumor drug campaigns. At present,reesef EGFR inhibitors have been
developed, some of which have been approved oreshieto clinical phases, such as
Gefitinib [9], Erlotinib [10], Icotinib [11], and &patinib [12]. However, EGFR
signalling pathways involve a complicated netwofknterconnected circuits. When
only EGFR is targeted, redundancy and crosstalvdesi these pathways will cause
drug resistance [13, 14]. Consequently, a hugertefi@as been poured in the
exploration of escape pathways activated by EGRiggjrwhich will give more clues
for cancer therapy.

Src(sarcoma) is a type of non-receptor tyrosine kisaadich functions in diverse
cellular processes [15, 16]. It is an importanicantcer target [17], because of its key
roles in signalling pathways including apoptosi8][Imigration [19] and invasion
[20]. Researches showed that the disruption of EGRR Src interactions could
effectively overcome the resistance to EGFR inbisiin certain cancers [21, 22], for
example the combination of Lapatinib and Saradatiriould induce the
Lapatinib-resistant cells apoptosis [23]. Therefatevelopment of drugs targeted
both EGFR and Src might offer a better therapeadicantage. However, to the best
of our knowledge, there is no report on the ratialesign and synthesis of molecules
acted as both EGFR and Src dual kinase inhibiexpect that some drugs targeted
EGFR were later found to have Src kinase inhibitotivity [24, 25].

Our group has been involved for several years & dbsign and synthesis of
antitumor agents [26-47], including multi-targenh&se inhibitors [43-47]. Based on
our group previous research and molecular dockiaethads, we rationally designed a
new series of azaacridine derivatives, which carefieiently bind with the key
residues of EGFR and Src. Preliminanyvitro antiproliferative ability of synthetic
compounds against K562 (a human erythroleukemiclioel) and A549 (a human
lung carcinoma cell line) cells were studied, ahd structure—activity relationship
was disclosed. The mechanism of action of the sgmtative compounii3b was also
studied.



2. Resultsand discussion

2.1. Rationale: based on the previous lead and molecular docking method

In the previous paper [43], we reported that thedawe compound (Fig. 1)
containing anilinoacridine and phenyl-urea moietas inhibit the activity of Src,
however the inhibition activity need to be improvétle thought that the moderate
inhibition activity might be due to the formatiofh anly one hydrogen bond between
the acridine compound and the hinge region of $herefore, we converted the
scaffold of the acridine compound (the previousd)e azaacridine, which might
form more hydrogen bonds with the hinge region f. $ addition, we found that
azaacridine ring could also bind with the activie sif EGFR efficiently. Moreover,
amido and urea linkages were also introduced t@#aacridine ring to bind with the
DFG-out conformation of Src and the hydrophobic kgbcof EGFR, respectively.
Therefore, the azaacridine derivatives (Fig. 1) lmampotent dual-target EGFR and Src

kinase inhibitors.
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Fig. 1. Rational design from the acridine compound to azdiae derivatives.
Molecular docking confirmed that the azaacridinevddives had higher binding
affinity with EGFR and Src than the arcidine compauThe molecular docking study
of the representative compoutdb with EGFR and Src was showed in Fig. 2. For
EGFR, the azaacridine ring can form three hydrdgerds with Thr 766, Gln 767 and
Lys 721 in the hinge region area, and the amid&alje can get deep into the
hydrophobic pocket region to improve the bindingligb For Src, -NH group and
two nitro atoms in the azaacridine rieguld form three hydrogen bonds with Met

340, Met 341 and Lys 295. Meanwhile, as we expettedamido moiety formed two



hydrogen bonds with Glu310 and Asp 404 in the DReGamcket. In addition, three
n-n interaction bonds and one catianbond were also formed between compound
13b and Leu 273, Phe 405, Tyr 382, and Lys 295 respaygtiThe binding energy
(CDOCKER Energy and CDOCKER Interaction Energy) Hee@n calculated and
showed in Table 1. All the results revealed tha #raacridine derivatives we

rationally designed could be potential dual inlakstof EGFR and Src.
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Fig. 2. Molecular docking study oi3b with EGFR and Src. (AL3b with EGFR
(PDB code 1M17); (B13b with Src(PDB code 3G6H).

Table 1. Molecular docking data of the acridine compound &3tul

Src EGFR

Energy (kcal/moD

-CDOCKER -Interaction -CDOCKER -Interaction
Acridine
16.96 58.43 18.16 51.34
compound
13b 50.32 62.84 32.27 63.20

Energy: CDOCKER Energy and CDOCKER Interaction Energy evealculated

using Discovery Studio.3.1/CDOCKER Model (EGFR: Pb@le 1M17; Src: PDB
code 3G6H).



2.2. Chemistry

Firstly, a plausible pathway for the synthesishad intermediate compouridwas
proposed in Scheme 1. The reduction reaction oblminzaldehydd with Fe and
NH4Cl was carried out in EtOHA®, which was further reacted with malononitrile to
obtain compoun@ in good yield. Hydrolysis o2 gave compoun@®. Cyclization of
compound3 with formamide got compound. As compound was important, the
reaction conditions were optimized, and the yieddched up to 85% (Table 1s).
Chlorination of compound by POC} obtained compoun8l in good yield (80%), the
structure of whichwas confirmed byH NMR, **C NMR, DEPT135H-'H COSY
and HSQC (Fig. 1s). .

Secondly, the side chains were synthesized. Ththasts of amide linkers was
illustrated in Scheme 1. Different substituentsbehzoic acid were treated with
SOCL to get compound$ (a-f), which were than reacted with 3-nitroaniline or
p-nitroaniline to obtain compounds (a-f) and 9 (a-f), respectively. Subsequent
reduction of7 (a-f) and9 (a-f) in the presence of Fe and MH led to the expected
amide derivatives8 (a-f) and 10 (a-f). The phenyl-urea linkedl (a-f) were
synthesized according to our early paper[43].

Lastly, the nucleophilic substitution reaction wasried out between compoubd
and the side chairts (a-f), 10 (a-f) and 11 (a-f) to obtain the desired compountis

(a-f), 13 (a-f), and14 (a-f) in moderate to good yields.
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Scheme 1. Synthetic pathway to prepare the target compodads-f), 13 (a-f), 14
(a-f). Reagents and conditions: (i) Fe, M reflux, 2 h; (ii) malononitrile, 85 °C,
3 h; (iii) conc. HSOy, r.t., 24 h; (iv) formamide, 160 °C 12 h; (v) PQAOO0 °C, 3 h;
(vi) SOChL, 80 °C, 2-3 h; (vii) 3-nitroaniline, Ci&l,, -20 °C, r.t., 2 h; (viii)
p-nitroaniline, CHCl,, -20 °C, r.t., 2 h; (ix) isopropanol, &, reflux, overnight.

2.3.Invitro cell growth inhibition assay

The antiproliferative activity of the desired azadine derivatives was tested
against K562 and A549 cells by MTT assay, the awiccompound and Imatinib
were used as the positive controls. As shown inerah most of the compounds
displayed good antiproliferative activity againsb8? with low micromolar 16
values, and both the position of the amide-/ura&eli in the phenyl ring and the
substituents affected the antiproliferative acyivéignificantly. As the synthesized
compounds were more sensitive to K562 cells thad9ABells, K562 cells were

selected to study the structure-activity relatiopgkig. 3).



Fig. 3. The structure of azaacridine derivatives.

Firstly, the substituents (R) played a significaike in the antiproliferative activity.
As showed in Table 2, the introduction of fluoriggoup can increase the
antiproliferative activity greatlyl@b : 0.72uM vs 12a : 3.11uM, 13b : 0.22uM vs
13a: 2.52uM, 14b : 3.14uM vs 14a : 5.08 uM), and compound3b exhibited the
most cytotoxic activity with an 165 value of 0.22uM, which was better than the
acridine compound and Imatinib. When the substitweas a chlorine group, the
cytotoxicity was also increased?¢ : 1.21uM vs 12a : 3.11uM, 13c : 0.41uM vs
13a: 2.52uM, 14c: 3.08uM vs 14a: 5.08uM), however, they were less potent than
fluorine substituted compounds (excddt : 3.08 uM). The tri-fluoromethyl group
was also a good choice. Compouddt (1.89uM), 13f (1.32uM) and 14f (3.35uM)
also displayed better antiproliferative activityathcompoundd2a (3.11 uM), 13a
(2.52uM) and14a (5.08uM), respectively.

Table 2. Anti-proliferation activities against K562 and 4#& cells of the designed
compoundd? (a—f) 13 (a-f) and14 (a-f).

@NH ©* @ Oy "@NH o' @NH

12(a-f) 13(a-f) 14(a-f) Acridine compound
ICs0(uM)
Entry Compound R
K562 Ab49
1 12a H 3.11+0.39 18.29+0.22

2 12b F 0.72+0.16 9.05+0.51




3 12c Cl 1.21+0.32 12.32+0.19
4 12d Me 4.90+0.12 >25

5 12e OMe 3.08+0.57 13.46+1.23
6 12f Chk 1.89+0.38 9.58+0.67

7 13a H 2.52+0.14 14.29+0.72
8 13b F 0.22+0.03 0.253+0.16
9 13c Cl 0.41+0.16 20.69+1.29
10 13d Me 3.62+0.24 24.77+1.08
11 13e OMe 2.16+0.01 14.07+0.67
12 13f Chk 1.32+0.01 12.25+0.03
13 1l4a H 5.08+0.11 18.01+1.27
14 14b F 3.14+0.06 6.82+1.42

15 14c Cl 3.08+0.29 17.93+0.79
16 14d Me 6. 97+0.37 >25

17 14e OMe 3.62+0.35 13.42+0.2

18 14f Chk 3.35+0.09 9.26+0.67

19  Acridinecompound 4.08+0.14 9.03+0.11

20 Imatinib - 0.53+0.01 4.56+0.23

The introduction of methoxyl group almost had nfeefon the antiproliferative
activity compared to the corresponding compounds wo substituentslpe : 3.08
uM vs 12a: 3.11uM, 13e: 2.16uM vs 13a: 2.52uM, 14e: 3.62uM vs 14a : 5.08
uM). However, when changing methoxyl to methyl grogmmpounds showed
decreasing inhibitory effeci2d : 4.90uM vs 12a: 3.11uM, 13d : 3.62uM vs 13a :
2.52uM, 14d : 6.97uM vs 14a : 5.08uM).

Secondly, the position of the amide linker had saffiect on the antiproliferative
activity. Compared with the data in Table 2, commig(3 with amide bond linker at
para-position had higher cytotoxicity activity thaampoundsl2 generally. Thirdly,

the influence of linkers on the antiproliferatioctigity was also discussed. As amide



bond and urea are the most commonly used linkerapoundsl3 (a-f) and14 (a-f)
bearing amide and urea linkers at para-positiophienyl ring were synthesized. In
Table 2, compounds3 almost had better inhibitory effect than compouidiswhich
indicated the amide linker was better than theesponding urea linker. These results
above suggested that the substituents, the limkeita position in phenyl ring could

change the cytotoxic profile.

2.4. Inhibition assay

As the designed compounds had good antiprolifezatetivity, in vitro
EGFR and Src kinase inhibition capability was fr&tvaluated to see whether
their cytotoxicity was due to kinase inhibition. Asown inTable 3, almost all
the compounds displayed better Src inhibition d&@gtithan the acridine
compound, exceptidc and 14f, which showed comparable Src inhibition
activity with the acridinecompound at 1QM. In addition, compound.3b
inhibited 72.12% of Src activity atdM. At the same condition, 17 compounds
exhibited moderate activity against EGFR at [iM (Table 3), except that
compoundl3f had 95.41% and 52.38% inhibition rates against RGF10uM
and 1uM, respectively. As compounii3b displayed the lowest kg values
against both K562 and A549 cells, as well as goada®d moederate EGFR
inhibition capability, it was selected as a repneéave compound to do further
studies.

To further evaluate whether EGFR and Sr are thgetay we evaluated the
influences ofl3b on the expression levels of EGFR, p-EGFR, Src@afudc in
Ab549 cells. After a 48 h treatment will3b at four concentrations (0, 0.1, 0.5,
and 2.5 uM), A549 cells were harvested and lyseamdP/wt assay. As shown
in Fig. 4, compoundl3b inhibited the protein expression levels of EGFR,
p-EGFR, Src and p-Src in a dose-dependent manmamp@&red with the
control, the expression level of EGFR and p-EGFPReeenced a sharp decline
from 48.02% to 3.03% and 50.21% to 3.11% with tbecentration ofl3b

increased from 0.1uM to 2.5 uM, respectively. The same trend was also



observed in the expression of Src and p-Src. Therefit is reasonable to
conclude that inhibition of EGFR and Src is the mmaause for the high

antiproliferation activity of compounti3b.

Table 3. Inhibition test of 18 compounds against EGFR aral Sr

Inhibition rate (%)

Entry Compound R
EGFR Src
1 12a H 30.70 75.63
2 12b F 24.50 69.91
3 12c Cl 30.25 79.23
4 12d Me 52.99 72.03
5 12e OMe 31.85 86.86
6 12f Chk 16.31 72.88
7 13a H 12.56 66.31
8 13b F 33.15 75.42
9 13c Cl 30.93 77.54
10 13d Me 51.07 60.38
11 13e OMe 35.38 88.77
12 13f Chk 9541 76.69
13 1l4a H 32.01 73.09
14 14b F 55.36 79.87
15 14c Cl 42.11 59.11
16 14d Me 65.39 66.10
17 14e OMe 24.89 86.01
18 14f Ck 35.38 53.38
19 Acridine compound - 21.39 59.67
20 Imatinib - - 97.12




Moreover, DNA binding assay was also evaluateda@sline derivatives
generally have good DNA binding ability. UV-vis sfs@photometric titration
experiments indicated that the DNA binding abildaf 13b was very weak
compared with our synthesized DNA binding agen& B#PB], which indicated
that DNA binding was not the main reason for thapaaliferative activity of
compoundl3b (Fig. 2s). The spectrofluorimetric study was alsofgrmed to
further evaluate the DNA binding ability df3b, and the quenching constant
was 973.23 M(Fig. 2s), which was about 100-fold lower than tB&IA
binding agents with similar antiproliferative aatywpublished by our group[26,
31, 32, 36]. All the results indicated that DNA waset contribute to the
cytotoxicity, and EGFR and Src were the targetsarfiipoundl3b. Although
the kinases activities of synthesized compoundseweeaker than the
antiproliferative activity, the synergistic effectsf multi-target agents of

moderate activities might contribute to the cytatay [50].
A
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Fig. 4. Western blot analysis df3b. (A)The inhibition effects of compouniBb (0.1
UM, 0.5uM and 2.5 uM) on the expression of EGFR, p-EGHR a8d p-Src in A549
cells are depicted. Equal loading was testifiedtly detection off-actin. (B) The

percentages of protein expressions in the diffezententrations of compouridb.



2.5. Effects of compound 13b on invasion
As Src plays an important role in cancer invastbe, effects of compouni3b on

A549 cell invasion were assessed using transwshyss in which the number of
invading cells reflected the invasive capacitylw# tells. Results in Fig. 58howed
after treatment of compounti3b, the invasion of A549 cells was inhibited. As
depicted in Fig. 5B, compared with the control, poend13b at 0.1uM and 1uM
potently produced rates of inhibition of 52.50% a82181%, respectively. These

results demonstrated thEdb could efficiently inhibit the invasion of tumorltsee

S— ** P .01
[P}

]

£ 400 |

Z

£ 300 }

8 &k

S 20

%100 : &
= ﬁ

Control 0.1puM 1 uM

Fig. 5. Transwell assay o0i3b. (A) Images depicting the penetration of A549 <ell
through the filter membrane, 200M bar. (B) The number of A549 cells that
penetrated the membrane was quantified by ImagdrRi®©6.0 of Media Cybernetics
(MD, USA). Data are represented as the mean + SEWe different experiments:

**(p < 0.01) versus control.

2.6. Apoptosis induced by compound 13b
EGFR and Src inhibitors can induce cancer cell tgsif. Due tdl3b could inhibit
EGFR and Src activity and displayed good antipeddifive activity, it was selected to



test its impact on apoptosis. CompouiBb induced K562 cells apoptosis in a
concentration-dependent manner (Fig. 6). The eaplyptosis ratio increased from
4.68% to 18.82% with increasiniBb concentration from @M to 0.1 uM, when
compound13b was added in K562 cells for 48 h. As the concéimaof 13b
increased from 0.1M to 1 uM, more and more apoptotic cells progressed froen th
early stage to the late stage resulting in eitleatid or secondary necrosis. The results

indicated that compountBb could effectively induce K562 cells apoptosis.

DMSO 0.01uM

] 0.22% 2.49% 0.17% 3.06%
4

4 S 2 5
10 10 0 10 107 10 107

0.1 uM
1 1.06% 27.11% 10.77% 45.15%

18.82% 4.19%

Ll B LA T Ty T LA T o
2 3 4 5 2 3 4 5
0 10 10 10 10 0 10 10 10 10

FITC FITC
Fig. 6. Apoptosis assay df3b. Analysis was carried out on a flow cytometer usang
Annexin V-FITC/Pl apoptosis staining kit accordintp the manufacturer’s

instructions.

3. Conclusion

To summarize, we designed and synthesized a nees sérazaacridine derivatives
as potent EGFR and Src dual inhibitors. The ressitewed that most of the
synthesized azaacridine compounds possessed gtiptblfierative activity against
K562 and A549 cells. The representatiBb could inhibit the activity of EGFR and
Src, inhibit the invasion of tumor cells and inducenor cell apoptosis. Further



optimization of this structure for improved the &se inhibition activity and

antiproliferative activity is ongoing.

4. Experimental section

4.1. Chemistry

Generally, the procedure for the synthesiS wfas as follows. Nitrobenzaldehyde
(10 mmol) was added to EtOH/E (25 mL/5 mL) at room temperature, followed by
Fe (3.0 equiv) and NI (1.0 equiv). The resultant mixture was heatecdeftux and
stirred for 2 h. And then, the hot liquid was #fited rapidly through celite. The
appropriate malononitrile (1.0 equiv) and EtOH (dD) were added to the filtrate and
stirred at 80 °C for 4 h. Then, the mixture wasleddo room temperature and the
formed precipitates were filtered off. Washed thecppitates with diethyl ether, we
obtained the pure compourd At room temperature, compouradd(10 mmol) was
dissolved in conc. $$0, (8 mL) and then stirred for 24 h. The liquid wasiged into
ice water (80 mL), and NaOH (2 mol/L, aq) as thatradizer was used to deal with
the redundant conc.,80,. Filtered the precipitates, the filter cake wasked with
water and dried under vacuum to obt&iiyield, 95%). Cyclization of compourl
(20 mmol) with formamide (10 mL) at 160 °C for 12ihder air, we got compourd
through filteration and washing with MeOH (15 mly)dld, 85%). POGI (5 mL) was
added to compoundl (10 mmol) and stirred at 80 °C for 3 h. Cooled sbution and
poured into ice water (100 mL), we titrated withQd (2 mol/L, aq) in the mixture
solution till pH = 8. Filtered the precipitatesgthilter cake was washed with water
and dried under vacuum to obtain the compadaimdhigh yield (80%).

Generally, the procedure for the synthesis 1814 (a-f) was as follows.
Compounds8 (a-f) (0.41 mmol) and compoun8l (0.4 mmol) were dissolved in
isopropanol (10 mL) in the presence ogNEt(1 mL). The mixture was stirred for
overnight at 80 °C. The raw products were filteodil washed with diethyl ether to
obtain the desired pure compourids(a-f) in moderate to good yields. Those crude

products were purified by column chromatography vitH,Cl, and MeOH (50:1



v/v). The same processes were used to get the aord(d8 (a-f) and compound4
(a-f).

4.1.1. N-(3-((5,10-dihydropyrimido[4,5-b]quinolin-4-yl)amo)phenyl)-benzamide
(12a). Yellow solid; yield, 83.7%; mp, 218.2-219.0 °G4 NMR (400 MHz,
DMSO-dg) 6 10.19 (s, 1H), 9.76 (s, 1H), 8.25 (s, 1H), 7.76LAm, 4H), 7.29 (dJ =

4 Hz, 2H), 7.16-7.12 (m, 2H), 7.04 (s, 1H), 6.92 @H), 6.60 (d,) = 8 Hz, 2H), 5.76
(s, 1H), 4.11 (s, 2H)**C NMR (100 MHz, DMSOdg) § 159.67, 158.65, 157.53,
156.87, 149.37, 140.13, 137.40, 137.27, 129.81,5129129.25, 128.17, 123.08,
120.35, 19.28, 117.59, 113.42, 110.34, 109.94,0)906.77, 27.74. HRMS (ESI)
m/z calculated for [M+H]: 394.1668; found: 394.1656.

4.1.2. N-(3-((5,10-dihydropyrimido[4,5-b]quinolin-4-yl)amo)phenyl)-3-fluoroben
-amide (2b). Yellow solid; yield, 86.7%; mp, 232.7-233.2 °& NMR (400 MHz,
DMSO- dg) § 10.18 (s, 1H), 9.94 (s, 1H), 8.25 (s, 1H), 7.92 Jd= 8 Hz, 2H),
7.57-7.49 (m, 2H), 7.16-7.11 (m, 3H), 6.96-6.92 @hl), 6.91 (d,J = 8 Hz, 1H),
5.07(s, 1H), 4.11 (s, 2H}*C NMR (100 MHz, DMSO<ds) 6 164.67, 158.86, 157.53,
156.69, 149.47, 139.92, 137.79, 133.65, 131.65,8P30129.51, 129.33, 128.12,
127.88, 126.93, 123.08, 119.28, 115.89, 110.53,.9409108.94, 106.71, 27.48.
HRMS (ESI)m/z calculated for [M+H]: 412.1574; found: 412.1560.

4.1.3. 3-chloro-N-(3-((5,10-dihydropyrimido[4,5-hjmpolin-4-yl)amino)phenyl)benza
-mide(12c). Yellow solid; yield, 87.3%; mp, 239.4@5 °C;*H NMR (400 MHz,
DMSO-dg) 6 10.20 (s, 1H), 10.06 (s, 1H), 8.26 (s, 1H), 7.96Lt), 7.88 (dJJ = 8 Hz,
1H), 7.65 (d,J = 8 Hz, 1H), 7.55 (ddJ; = J, = 8 Hz, 1H), 7.16-7.12 (m, 4H),
6.94-6.92 (m, 4H), 5.12 (s, 1H), 4.12 (s, 2 NMR (100 MHz, DMSO-dg) ¢
164.28, 158.67, 157.53, 156.86, 149.48, 139.79,4037134.15, 132.65, 130.82,
129.51, 128.12, 127.82, 126.93, 123.08, 119.28,8115110.53, 109.94, 108.94,
106.69, 27.74. HRMS (ESHVz calculated for [M+H]: 428.1278; found: 428.1257.

4.1.4. N-(3-((5,10-dihydropyrimido[4,5-b]quinolirid)amino)phenyl)-3-methylbenz



-amide(2d). Yellow solid; yield, 83.1%; mp, 212.6-213.2 & NMR (400 MHz,
DMSO-ds) 5 10.218 (s, 1H), 10.01 (s, 1H), 8.25 (s, 1H), 7.7B8m, 3H), 7.57 (s]

= 8 Hz, 1H), 7.42 (dJ = 8 Hz, 1H), 7.14-7.09 (m, 3H), 6.97-6.87 (m, 2634 (m,
2H), 5.10 (s, 1H), 4.11 (s, 2H)*C NMR (100 MHz, DMSO-ds) 6 164.28, 158.67,
157.53, 156.86, 149.48, 139.97, 139.71, 137.42,65633131.65, 130.85, 129.56,
128.28, 127.88, 126.93, 123.18, 119.43, 115.81,6910109.94, 108.94, 106.56,
27.74, 19.07. HRMS (ESHvz calculated for [M+H]: 408.1824; found: 408.1813.

4.1.5. N-(3-((5,10-dihydropyrimido[4,5-b]quinolirrd)amino)phenyl)3-methoxyben-
zamide(2e). Yellow solid; yield, 80.3%; mp, 216.2-216.9 °& NMR (400 MHz,
DMSO-ds) 6 10.21 (s, 1H), 9.93 (s, 1H), 8.26 (s, 1H), 7.50 Jd&= 8 Hz, 1H),
7.44-7.40 (m, 2H), 7.16-7.10 (m, 3H), 7.08 (s, 16198-6.90 (m, 3H), 6.85 (d, =
8Hz, 1H), 6.31 (dJ =8 Hz, 1H), 5.11 (s, 1H), 4.11 (s, 2H), 3.83 ();3"*C NMR
(100 MHz, DMSOe€g) 6 159.65, 158.67, 157.53, 156.87, 149.42, 140.17,4037
137.25, 129.96, 129.51, 129.27, 128.13, 123.08,3520119.28, 117.59, 115.81,
113.37, 110.34, 109.94, 109.02, 106.77, 55.84 2'HRMS (ESI)m/z calculated for
[M+H] *: 424.1773: found: 424.1760.

4.1.6. N-(3-((5,10-dihydropyrimido[4,5-b]quinolirid)amino)phenyl)-3-(trifluorome
-thyl)benzamidel2f). Yellow solid; yield, 78.3%: mp, 242.8-243.6 *&&{ NMR (400
MHz, DMSO-ds) 6 10.21 (s, 1H), 10.17 (s, 1H), 8.21 (s, 1H), 7.65 3M), 7.60 (d,)

= 8 Hz, 1H), 7.54 (dJ = 8 Hz, 1H), 7.50 (dJ = 8 Hz, 1H), 7.43-7.41 (m, 2H),
7.33-7.31 (m, 2H), 7.15 (d] = 8 Hz, 2H), 4.11 (s, 2H)*C NMR (100 MHz,
DMSO-0s) 0 164.64, 164.59, 158.61, 157.50, 156.79, 150.5%].474 137.87,
136.10 ,132.30, 130.25, 129.43, 128.07, 125.32,8124123.06, 122.35, 122.06,
121.24, 119.20, 115.79, 109.82, 27.72. HRMS (E&W calculated for [M+H]:
462.1542; found: 462.1520.

4.1.7. N-(4-((5,10-dihydropyrimido[4,5-b]quinolirrd)amino)phenyl)benzamide
(13a). Yellow solid; yield, 88.3%; mp, 201.4-202.6 °G4 NMR (400 MHz,



DMSO-dg) 6 10.21 (s, 1H), 9.96 (s, 1H), 8.26 (s, 1H), 7.78, (HE8 Hz,J, = 4 Hz,
2H), 7.56-7.47 (d) = 8 Hz, 1H), 7.41-7.35 (m, 3H), 7.16-7.12 (m, 26193-6.92 (m,
2H), 6.54 (d,J = 8 Hz, 2H), 6.37 (s, 1H) 5.01 (s, 1H), 4.11 (8);2**C NMR (100
MHz, DMSOdg) d 158.67, 158.42, 157.15, 149.13, 141.53, 140.80,1%4 1400.00,
136.43, 135.45, 134.65, 129.25, 127.29. 125.60,8822422.36, 18.99, 118.60, 12.95,
110.99, 106.05, 27.62. HRMS (EStyz calculated for [M+H]: 394.1668; found:
394.1650.

4.1.8. N-(4-((5,10-dihydropyrimido[4,5-b]quinolirrd)amino)phenyl)-3-fluorobenza
-mide(13b). Yellow solid; yield, 89.1%; mp, 213.3-214.4 °&4 NMR (400 MHz,
DMSO-dg)  10.21 (s, 1H), 9.96 (s, 1H), 8.26(s, 1H), 7.79-1M7 2H), 7.74 (d)) =
8.0Hz, 1H), 7.60-7.54 (m, 1H), 7.41-7.35 (m, 3H)L627.12 (m, 2H), 6.92 (dl = 8
Hz, 2H), 6.52 (dJ = 8 Hz, 1H), 5.01 (s, 1H), 4.12(s, 2HJC NMR (100 MHz,
DMSO-dg) 6 158.42, 157.15, 156.86, 150.13, 141.53, 140.89,164 140.03, 136.45,
135.44, 134.63, 129.29, 127.25, 125.60, 122.86,3B22118.99, 118.62, 112.95,
110.99, 106.00, 27.65. HRMS (EStyz calculated for [M+H]: 412.1574; found:
412.1549.

4.1.9. 3-chloro-N-(4-((5,10-dihydropyrimido[4,5-hjmolin-4-yl)amino)phenyl)-benz
-amide(l3c). Yellow solid; yield, 90.6%; mp, 220.1-221.3 °&f NMR (400 MHz,
DMSO-dg) 6 10.21 (s, 1H), 9.96 (s, 1H), 8.26 (s, 1H), 7.78)(d,8 Hz, 1H), 7.76 (d,

J = 8 Hz, 1H), 7.56 (dJ = 8 Hz, 1H), 7.39 (dJ =8 Hz, 1H), 7.38-7.35 (m, 2H),
7.16-7.12(m, 2H), 6.92 (d,= 8 Hz, 2H), 6.54 (d) = 8 Hz, 2H), 5.01 (s, 1H), 4.12 (s,
2H); 3¢ NMR (100 MHz, DMSOdg) 0 163.61, 158.67, 15.53, 156.86, 145.94,
137.83, 137.40, 133.66, 131.43, 130.79, 129.50,3P28128.12, 127.71, 126.74,
123.07, 122.75, 119.27, 115.81, 114.18, 109.93/2HRMS (ESI)m/z calculated
for [M+H]": 428.1278; found: 428.1256.

4.1.10. N-(4-((5,10-dihydropyrimido[4,5-b]quinoldyl)amino)phenyl)-3-methylben
-zamide(3d). Yellow solid; yield, 80.5%; mp, 214.8-215.6 °t& NMR (400 MHz,



DMSO-ds) § 10.21 (s, 1H), 9.90 (s, 1H), 8.26 (s, 1H), 7.92 Jd&& 8 Hz, 2H),
7.53-7.48 (m, 2H), 7.38(d, = 8 Hz, 2H), 7.16-7.10 (m, 2H), 6.93-6.90 (m, 2BlK5
(d, J = 8 Hz, 2H), 5.23 (s, 1H), 4.09 (s, 2H), 2.09 38); *C NMR (100 MHz,
DMSO-ds) 6 164.61, 158.54, 157.51, 156.79, 139.07, 138.08,363 136.85, 136.09,
134.39, 132.31, 129.42, 128.22, 125.25, 123.06,3022122.06, 121.24, 119.20,
115.82, 109.87, 27.72, 19.04. HRMS (E8&iz calculated for [M+H]: 408.1824;
found: 408.1809.

4.1.11. N-(4-((5,20-dihydropyrimido[4,5-b]quinol#yl)amino)phenyl)-3-methoxy-b
-enzamide{3e). Yellow solid; yield, 78.6%; mp, 228.8-229.6 °t&t NMR (400 MHz,
DMSO-dg) 6 10.21 (s, 1H), 9.87 (s, 1H), 8.27 (s, 1H), 7.51J(d,8 Hz, 1H), 7.46 (s,
J =8 Hz, 1H), 7.42 (d) = 8 Hz, 1H), 7.37 (d) = 8 Hz, 2H), 7.17-7.11 (m, 3H), 6.94
(d,J = 8 Hz, 2H), 6.55 (dJ = 8 Hz, 2H), 4.13 (s, 2H), 3.84 (s, 3HJC NMR (100
MHz, DMSO-dg) 6 158.67, 157.53, 156.86, 153.13, 141.53, 140.86,453 135.44,
134.63, 128.27, 126.29, 125.20, 122.69, 121.86,2918117.90, 112.95, 110.96,
106.95, 104.03, 56.62, 27.52. HRMS (E8&l)z calculated for [M+H]: 424.1773;
found: 424.1765.

4.1.12. N-(4-((5,10-dihydropyrimido[4,5-b]quinoldyl)amino)phenyl)-3-(trifluoro-
methyl)benzamidd@f). Yellow solid; yield, 70.5%; mp, 240.6-241.9 °&4 NMR
(400 MHz, DMSOdg) 5 10.18 (s, 1H), 9.94 (s, 1H), 8.25 (s, 1H), 7.92)¢, 8 Hz,
2H), 7.57-7.49 (m, 2H), 7.16-7.11 (m, 3H), 6.966(M, 3H), 6.31 (dJ = 8 Hz, 2H),
5.07 (s, 1H), 4.11 (s, 2H}*C NMR (100 MHz, DMSOQdg) 6 164.79, 164.49, 158.54,
157.51, 156.82, 142.13, 139.07, 138.06, 137.35,8636136.09, 134.39, 129.42,
128.22, 125.25, 123.06, 122.30, 122.06, 121.24,.2019115.87, 109.82, 27.72.
HRMS (ESI)m/z calculated for [M+H]: 462.1542; found: 462.1528.

4.1.13. 1-(4-((5,20-dihydropyrimido[4,5-b]quinol#yl)amino)phenyl)-3-phenylurea
(14a). Yellow solid; vyield, 67.5%; mp, 251.6-252.8 °G4 NMR (400 MHz,
DMSO-tg) ¢ 10.58 (s, 1H), 10.27 (s, 1H), 9.34 (s, 1H), 8.201¢8), 7.55-7.51 (m,



3H), 7.48-7.39 (m, 3H), 7.26-7.21 (m, 3H), 7.1917(In, 2H), 7.07-7.01 (m, 2H),
4.10 (s, 2H);**C NMR (100 MHz, DMSOdg) 6 158.35, 157.12, 156.13, 149.23,
140.17, 139.37, 136.00, 134.32, 129.26, 128.68,2128126.14, 122.35, 121.38,
119.32, 118.58, 115.27, 111.83, 108.03, 28.00. HR(ESI) m/z calculated for

[M+H] *: 409.1777; found 409.1753.

4.1.14. 1-(4-((5,10-dihydropyrimido[4,5-b]quinol#yl)amino)phenyl)-3-(3-fluoro-
phenyl)ureal4b). Yellow solid; yield, 77.5%; mp, 261.6-262.7 °@&4 NMR (400
MHz, DMSO-ds) 6 10.58 (s, 1H), 10.27 (s, 1H), 9.49 (s, 1H), 8.681H), 8.40 (s,
1H), 7.60 (dJ = 8 Hz, 2H), 7.51 (dJ = 8 Hz, 1H), 7.39 (dJ =8 Hz, 1H), 7.34-7.28
(m, 3H), 7.12(dJ) = 8 Hz, 1H), 7.06 (dJ = 8 Hz, 2H), 7.01 (d) = 8 Hz, 2H), 4.11 (s,
2H); 3c NMR (100 MHz, DMSOdg) ¢ 161.71, 158.67, 157.53, 156.86, 152.95,
150.21, 141.99, 141.61, 140.39, 139.06, 130.75,9828126.61, 124.54, 124.33,
119.72, 116.23, 115.02, 114.31, 108.73, 108.52,3609.05.08, 27.61. HRMS (ESI)
m/z calculated for [M+H]: 427.1683; found: 427.1661.

4.1.15. 1-(3-chlorophenyl)-3-(4-((5,10-dihydropyrda[4,5-b]quinolin-4-yl)amino)-
phenyl)ureal4c). Yellow solid; yield, 87.6%; mp, 269.8-270.6 °@G4 NMR (400
MHz, DMSO-ds) § 10.27 (s, 1H), 9.88 (s, 1H), 9.52 (s, 1H), 8.67L&), 8.39 (s, 1H),
7.69 (s, 1H), 7.65 (d] = 8 Hz, 1H), 7.60 (dJ =8 Hz, 2H), 7.38 (s, 1H), 7.31-7.28 (m,
4H), 7.00 (dJ = 8 Hz, 2H), 6.97-6.94 (m, 2H), 6.92-6.84 (m, 2H&)11 (s, 2H)C
NMR (100 MHz, DMSOds) ¢ 158.80, 156.99, 155.59, 150.50, 141.00, 140.16,
136.44, 130.25, 128.97, 126.05, 125.67, 124.86,3623122.16, 119.73, 118.64,
116.62, 115.20, 114.47, 27.43. HRMS (EBiy calculated for [M+H]: 423.1387,;
found: 423.1367.

4.1.16. 1-(4-((5,10-dihydropyrimido[4,5-b]quinolfyl)amino)phenyl)-3-(m-tolyl)-
urea(l4d). Yellow solid; yield, 75.5%; mp, 255.2-256.4 °4 NMR (400 MHz,
DMSO-dg) 6 9.32 (s, 1H), 9.14 (s, 1H), 8.71 (s, 1H), 8.221(3), 7.65-7.56 (m, 3H),
7.47 (d,J = 8 Hz, 2H), 7.29 (dJ =8 Hz, 1H), 7.26-7.23 (m, 2H), 7.06 @=8 Hz,



2H), 7.02 (d,J = 8 Hz, 2H), 4.21 (s, 2H), 2.02 (s, 3HC NMR (100 MHz,
DMSO-ds) 6 158.35, 157.12, 155.20, 152.95, 150.10, 141.74,5B4 140.35, 135.75,
133.70, 130.87, 128.93, 126.60, 124.60, 124.36,9921119.71, 117.87, 116.94,
116.23, 115.03,27.28, 20.58. HRMS (E®Wjz calculated for [M+H]: 423.1933;
found: 423.1899.

4.1.17. 1-(4-((5,10-dihydropyrimido[4,5-b]quinol#yl)amino)phenyl)-3-(3-methoxy
-phenyl)urea 14€). Yellow solid; yield, 76.5%; mp, 265.7-266.7 °& NMR (400
MHz, DMSO-ds) 5 9.32 (s, 1H), 9.14 (s, 1H), 8.71 (s, 1H), 8.231(4), 7.64 (dJ = 8
Hz, 1H), 7.62-7.56 (m, 2H), 7.45 (dd, =8 Hz,J,=4 Hz 2H), 7.29(d, = 8 Hz, 1H),
7.25(dd,J; =8 Hz,J,=4 Hz 2H), 7.16-7.12 (m, 2H), 6.93-6.91 (m, 2H1L4(s, 2H),
3.73 (s, 3H);13C NMR (100 MHz, DMSOdg) 6 158.35, 157.12, 155.86, 153.12,
140.15, 139.64, 134.75, 128.38, 126.65, 125.99,9025124.05, 122.77, 122.34,
121.79, 120.47, 119.89, 115.14, 113.79, 106.951%627.25. HRMS (ESI)nz
calculated for [M+H]: 439.1882; found: 439.1875.

4.1.18. 1-(4-((5,10-dihydropyrimido[4,5-b]quinol#+yl)amino)phenyl)-3-(3(trifluoro
-methyl)phenyl)ureddf). Yellow solid; yield, 70.5%; mp, 275.4-276.8 °& NMR
(400 MHz, DMSO#g) 6 10.21 (s, 1H), 9.74 (s, 1H), 9.67 (s, 1H), 8.811(), 8.47 (s,
1H), 7.65 (dJ = 8 Hz, 2H), 7.60 (d) =8 Hz, 1H), 7.53 (dJ = 8 Hz, 1H), 7.50(dJ =

8 Hz, 1H), 7.42 (dJ =8 Hz, 2H), 7.32 (dJ = 8 Hz, 2H), 7.16-7.14 (m, 2H), 6.93-6.91
(m, 2H), 4.18 (s, 2H)**C NMR (100 MHz, DMSOds) § 164.23, 158.42, 157.15,
156.13, 148.23, 141.53, 140.89, 136.45, 135.44,6B34129.27, 127.29, 125.60,
122.89, 122.36, 118.99, 118.60, 112.95, 112.03,680627.62. HRMS (ESIjn/z
calculated for [M+H]: 476.1572; found: 476.1552.

4.2. Molecular docking

The molecular modeling of compountBb was performed with Discovery
Studio.3.1/CDOCKER protocol (Accelrys Software Jndhe dimensional structure
of EGFR (PDB ID: 1M17) and Src (PDB ID: 3G6H) waswahloaded from Protein



Data Bank (PDB). The following process was usecatoy out molecular docking: (1)
deleting the water crystallization involved in ot kinase structure; (2) optimizing
protein structure and ligands; (3) defining receptod ligand, finding the candidate
binding site; (4) deleting small molecular dockiimg candidate binding site; (5)
docking designed compounds into the candidate hindite on the target protein

kinase; (6) molecular modeling based on the aboe&idg data.

4.3. Cell Antiproliferation Assay

Cell antiproliferation assay based on MTT were @enied with 2 cancer cell lines.
Briefly, 100 uL of K562 cell solution with the concentration ofT0° cells mL* was
seeded to each well of a 96-well plate and incub&de 12 h at 37 °C in a 5% GO
incubator. The test compound solution was addeeatdh well for the treatment of
maintained cells in triplicate per concentrationg ancubated at 37 °C in a 5% ¢O
incubator for 48 h. After this treatment, §1Q MTT solution (5 mg mC') was then
added to each well and incubated for 4 h at 37 T& formazan precipitate was
dissolved in 10QuL DMSO and the absorbance at 490 nm was determiset)
Multimode Detector DTX880 (Beckman Coulter).

A549 cells were seeded in 96-well plates at a demdi5-7 x 16 cells per well
with incubation overnight in a 5% GOncubator at 37 °C, the growth medium in
each well was then exchanged with 0.1 mL of frestdioom containing graded
concentrations of compounds to be tested or egME® and incubated continuously
for 48 h. Then 1Q.L MTT solution (5 mg m[) was added to each well, and the cells
were incubated for additional 4 h. The MTT - forrmazrystals were dissolved in 100
uL of DMSO, the absorbance of each well was measwaedt90 nm using
anautomatic ELISA reader system (TECAN, CHE). Esigj@ and Doxorubicin was

used as positive controls.

4.4. Kinase Inhibition Assays

In vitro kinase assays were carried out by Medicilon Ctl,ib Shanghai, China.

Kinases inhibitory activities of synthetic composndgainst EGFR and Src. The



general procedures were as follows: mix enzymestsaie, ATP and compounds in a
buffer solution (pH = 7.0) of 50 mM HEPES/NaOH, 26 NaN;, 0.01% BSA, 0.1
mM Mortho-vanadate, 5 mM Mggll mM DTT in an OptiPlate-384. The assay plate
was incubated at room temperature for 15 min amdpoainds in 10 uM dissolved in
2.5% DMSO. Then the mixture were added by StregiavXL665 and TK antibody
europium cryptate (1:100) solution 1@ (50 mM HEPES/NaOH pH = 7.0, 0.1%
BSA, 0.8 M KF, 20 mM EDTA). The Instrument (Perkimer) to detect the signal at
room temperature. The luminescence was read asienviThe signal was correlated
with the amount of ATP remaining in the reactior avas inversely correlated with

the kinase activity.

4.5. Western Blot Analysis

K562 cells were treated with vehicle or differemincentration oft3b for 48 h,
whole cell proteins were extracted by RIPA lysidascribed. The concentrations of
the cell lysates were measured by the DC Proteisadit | from Bio-Rad
(California, USA). Equal amounts of protein werebjsgted to 10% SDS
polyacrylamide gel electrophoresis followed by sf@nring to PVDF membranes, and
were subsequently analyzed with EGFR, p- EGFRa8dcp-Src antibodies from Cell
Signalling (MA, USA). Specific protein signals frotheir respective horseradish
peroxidase linked secondary antibodies were dete@rd measured by the
Luminescence Image Analyzer Tanon 5200 (Shanghanal. The density of the
bands were measured by Image Quant software (MaleDynamics, Sunnyvale, CA,

USA), and then expressed as the percentage ottisaty of the3-actin band.

4.6. Céll invasion assay

Cell invasion assay was performed as described [6¢&sion inserts with &m
pore membranes from Corning (New York, USA) werated with fibronectin from
Sigma-Aldrich (Missouri, USA) as described [52]. 45cells were pretreated with
different concentration af3b for 6 h, respectively. The pretreated cells wereded

on the inserts to reach confluence in 12 h, and tou#ture for another 24 h with drug



treatment. After fixed with 4% formaldehyde, nowading cells on the upper side of
the membranes were removed by cotton swab. Thealimyaells were stained with
0.08% trypan blue for 15 min as described [53] amete photographed by a
bright-field light microscope. Cell numbers of firandom views were counted by

Image-Pro-Plus 6.0 of Media Cybernetics (MD, USA).

4.7. Cell Apoptosis Assays

A total of 1 x 18 cells mL* K562 cells were plated in a six-well plate andhteel
with 13b for 48 h at 37 °C. After incubation, the cells wéravested and washed
with ice-cold PBS. The cell cycle progression wamlgzed using an apoptosis
analysis kit (Beyotime), and the apoptosis ratics vpeerformed with an annexin

V-FITC Apoptosis Detection Kit (keygentec).
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NMR spectra and high resolution mass spectromdti2d 4 (a-f) )associated with

this article can be found in the online version.
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A series of azaacridine derivatives were rationally designed and synthesized.
Azaacridine compounds acted as potent EGFR and Src dual inhibitors.
Compound 13b could inhibit the activity of EGFR and Src.

Compound 13b inhibited the migration of A549 cells.

Compound 13b could effectively induce cancer cells apoptosis.



