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Abstract This study was aimed to design the first dual-target small-molecule inhibitor co-targeting

poly (ADP-ribose) polymerase-1 (PARP1) and bromodomain containing protein 4 (BRD4), which had

important cross relation in the global network of breast cancer, reflecting the synthetic lethal effect. A

series of new BRD4 and PARP1 dual-target inhibitors were discovered and synthesized by fragment-

based combinatorial screening and activity assays that together led to the chemical optimization. Among

these compounds, 19d was selected and exhibited micromole enzymatic potencies against BRD4 and
bromodomain and extra-terminal domain; BRCA1/2, breast cancer susceptibility gene 1/2; BRD4, bromodomain
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tion; SAR, structureeactivity relationship; shRNA, short hairpin RNA; SOP, standard operation process; TCGA,

th inhibition; TLC, thin-layer chromatography; TNBC, triple-negative breast cancer; TR-FRET, time-resolved

28 85503817 (Jie Liu), þ86 28 85164063 (Bo Liu), þ86 28 85503817 (Liang Ouyang).

.cn (Jie Liu), liubo2400@163.com (Bo Liu), ouyangliang@scu.edu.cn (Liang Ouyang).

s to this work.

te of Materia Medica,Chinese Academy of Medical Sciences and Chinese Pharmaceutical Association

al Association and Institute of Materia Medica, Chinese Academy of Medical Sciences. Production and hosting

rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:liujie2011@scu.edu.cn
mailto:liubo2400@163.com
mailto:ouyangliang@scu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsb.2020.06.003&domain=pdf
https://doi.org/10.1016/j.apsb.2020.06.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.elsevier.com/locate/apsb
http://www.sciencedirect.com
https://doi.org/10.1016/j.apsb.2020.06.003
https://doi.org/10.1016/j.apsb.2020.06.003


Dual PARP1�BRD4 inhibitor 157
derivatives
Figure 1 Mo
PARP1, respectively. Compound 19d was further shown to efficiently modulate the expression of BRD4

and PARP1. Subsequently, compound 19d was found to induce breast cancer cell apoptosis and stimulate

cell cycle arrest at G1 phase. Following pharmacokinetic studies, compound 19d showed its antitumor

activity in breast cancer susceptibility gene 1/2 (BRCA1/2) wild-type MDA-MB-468 and MCF-7 xeno-

graft models without apparent toxicity and loss of body weight. These results together demonstrated that

a highly potent dual-targeted inhibitor was successfully synthesized and indicated that co-targeting of

BRD4 and PARP1 based on the concept of synthetic lethality would be a promising therapeutic strategy

for breast cancer.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Breast cancer (BC) is a complex multigene disease and developed
from the genetic defect or acquired DNA damage, and involves
multiple cross-talks pathway, such as triple-negative breast cancer
(TNBC) is more likely to carry BRCA1/2 mutations, with high
metastasis, recurrence rates and shorter overall survival rates1�4.
According to the statistics of international cancer research institute,
breast cancer has become the highest incidence of cancer among
women in the world5. Currently, the main treatment for BC patients
is chemotherapy with small-molecule drugs in addition to radio-
therapy and surgery6�8. As shown in Fig. 1, such as neratinib,
human epidermal growth factor receptor 2 (HER2) and epidermal
growth factor receptor (EGFR) inhibitor; lapatinib, EGFR and re-
ceptor tyrosine-protein kinase ERBB-2 inhibitor; fulvestrant, es-
trogen receptor (ER) antagonist; exemestane, aromatase inhibitor;
ribociclib and abemaciclib, cyclin-dependent kinase 4/6 (CDK4/6)
inhibitors9�13. These targeted therapy drugs have improved cancer
treatment for many people in a certain period of time. However, to
make further progress with genetically targeted cancer therapy, our
lecular drugs for breast cancer tre
ability has been limited. Although partial responses to targeted
therapies in selected patient populations are common, converting
those partial responses to durable complete responses will require
combination regimens that have been challenging to define14,15.
Until 2009, the first human clinical trial of poly (ADP-ribose)
polymerase-1 (PARP1) inhibitor Olaparib confirmed the synthetic
lethal effect of PARP1 inhibitor in the treatment of BRCA1/2-
deficient breast cancer16. In the next 10 years, U.S. Food and Drug
Administration (FDA) approved the antitumor drugs based on the
concept of synthetic lethal for the treatment of ovarian cancer and
breast cancer, as well as a lot of clinical research on pancreatic
cancer and prostate cancer. PARP1 inhibitors (Fig. 1) have become
the first clinically designed drugs base on synthesize lethal, and
show great potential17�19. Drug design method based on the
concept of synthetic lethality may have broad potential to drive the
discovery of the next wave of genetic cancer targets and ultimately
the introduction of effective medicines that are still needed for most
cancers20�22.

Synthetic lethality, initially described in drosophila as reces-
sive lethality, is classically defined as the setting in which
atment and four approved PARP-1 inhibitors.
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inactivation of either of two genes individually has little effect on
cell viability but loss of function of both genes simultaneously
leads to cell death23,24. In cancer, the concept of synthetic lethality
has been extended to pairs of genes, in which inactivation of one
by deletion or mutation and pharmacological inhibition of the
other leads to death of cancer cells, whereas normal cells (which
lack the fixed genetic alteration) are spared the effect of the
drug25,26. Notably, PARP inhibitors based on this concept of
synthetic lethality are related to DNA repair pathway and mainly
used as drugs in cancer patients with BRCA1/2 mutations. Me-
chanically, BRCA1/2 play an important role in homologous
recombination (HR) repair. For some tumor cells, BRCA1 and
BRCA2 gene mutation, resulting in the cells can not complete
DNA repair well. At this time, if a DNA repair inhibitor is applied
to tumor cells, it will produce a synthetic lethal effect to kill tumor
cells27�29. Although this strategy is very effective, BRCA1/2
mutations account for only 2%e3% of all breast cancers30. To
some extent, this situation limited the wider application of the
strategy. Therefore, therapeutic strategies to sensitize BRCA1/2
wild-type tumors to PARP inhibitors remain to be fully
explored31,32. The development of strategies to increase the
duration of response of PARP inhibitor and expand the utility of
PARP inhibitor to other HR deficient tumors is critical33,34.

Large-scale gene-knockout (using short hairpin RNA
(shRNA)-based approaches) studies across many genetic contexts
are now being used to map synthetic lethal interactions in human
cancer cells35,36. A recent study found that BRD4 shRNA
significantly elevated homologous recombination defects (HRD)
scores in human THP-1 cells and in murine MLL-AF9/NrasG12D

acute myeloid leukemia cells37. In the next in-depth study, the
researcher found that BRD4 inhibitors could induce HRD by
down regulating the expression of DNA double-stand break (DSB)
resection protein C-terminal binding protein interacting protein
(CtIP)38. Another study also found that knockdown of BRD4
expression by shRNA to the human, which contributed to decrease
the expression of TOPBP1 and WEE1. Both TOPBP1 and WEE1
played critical role in DNA replication and DNA damage
signaling39. In addition, there were also literature reported that
BRD4 mediated the formation of oncogenic gene rearrangements
and was critical for nonhomologous end-joining (NHEJ) repair of
activation-induced cytidine deaminase and I-SceI-induced DNA
breaks40,41. These results indicated that BRD4 played an impor-
tant role in DNA repair pathway. The bromodomain and extra-
terminal domain (BET) protein BRD4 promoted gene transcrip-
tion by RNA polymerase II, which could mediate signaling
transduction to changes in gene regulatory networks42. Inhibition
of BRD4 may affect DNA repair in more ways42,43. Encouraged
by these results, we envisioned that the activity of PARP and
BRD4 were inhibited simultaneously to form a synthetic lethal
effect and sensitize BRCA1/2 wild-type cancer cells. Notably,
some clinical studies also showed that combination therapy with
PARP and BRD4 inhibitor was effective in the treatment of
ovarian cancer44. Hence, we first identified the possible interaction
between PARP and BRD4 in breast cancer by using the system
biological network. Considering the advantages of dual-target
design drug compared with combination drug45e49, then we
rationally designed the first dual-inhibitor of BRD4 and PARP1 by
fragment-based combinatorial screening50�52. Through chemical
synthesis and structureeactivity relationship (SAR) study, the
candidate compound 19d, also named ADTL-BPI1901, was ob-
tained and showed excellent inhibition activities against both
targets and favorable in vivo antitumor efficacy in BRCA1/2 wild-
type MDA-MB-468 and MCF-7 xenograft models. The study
demonstrated the therapeutic potential of 19d to target both BRD4
and PARP1, and 19d may serve as a candidate drug for future
breast cancer therapy.

2. Results and discussion

2.1. Bioinformatics analysis

To explore further potential roles of BRD4 and PARP1 in BRCA
development, protein�protein interaction (PPI) network was
established. The BRD4- and PARP1-related proteins were
extracted from the total network, and then were further modified
by gene ontology and David bioinformatic resources (Fig. 2A).
383 proteins were identified to potentially interact with BRD4 and
1472 proteins were with PARP1 (Fig. 2B). Then, we identified a
few of cell cycle and apoptotic hub proteins and relevant signaling
pathways that found in the PPI network of BRD4�PARP1
(Fig. 2C).

At last, we evaluated the correlation relation between BRD4
and PARP1 in BRCA, and found a significant positive correlation
between two targets in BRCA from the transcriptome data of
breast cancer in the cancer genome atlas (TCGA) database
(Fig. 2D). Overall, based on the analysis of existing bioinformatics
data, the role of BRD4�PARP1 was associated with cell cycle and
apoptosis in breast cancer, which had important cross relation in
the global network of breast cancer.

2.2. Fragment-based combinatorial screening to identify lead
compound

BRD4 contains two highly conserved N-terminal bromodomains
(BD1 and BD2), which have similar sequences. BRD4(BD1) and
BRD4(BD2) interact with acetylated chromatin as well as non-
histone proteins to regulate transcription, DNA replication, cell
cycle progression, and other cellular activities53. In the role of
tumor, there have been some reports about the divergent function
of BD1 and BD254�56, but they are still not very clear. Many of
the reported BRD4 inhibitors showed highly potent BRD4
inhibitory activity, but due to the high structural homology of
acetyl lysine-binding pockets of the BD1 and BD2 domains of
BRD4, only a few of them exhibited excellent selectivity for BD1
or BD2 of BRD457,58. Most of BRD4 inhibitors showed equal
affinity for the BD1 and BD2. At present, BRD4 inhibitors can be
designed based on two bromine domains BD1 and BD2, respec-
tively. For example, Zhang and Hoelder59,60 groups, respectively
reported dual inhibitors of BRD4�PLK1 and BRD4�ALK. In
their work, they focused on the BD1 domain to design the BRD4
inhibitors. And in another recent study, Liu groups61 reported that
a dual-inhibitors of BRD4�HDAC was designed based on the
BD2 domain of BRD4. In this study, we mainly designed BRD4
inhibitors based on BD2 domain.

We firstly summarized the chemical structures of 22 PARP1
inhibitors and 71 BRD4 inhibitors, and split each of them into the
core part and fragment part according to their binding modes and
structure types (Supporting Information Tables S1 and S2). Sub-
sequently, we constructed the combinatorial compound database
in the design and enumerate module of Discovery Studio (version
3.5; San Diego, CA, USA) through three types of connection way:
core (BRD4)‒core (PARP1), core (BRD4)‒fragment (PARP1) and
core (PARP1)‒fragment (BRD4), and resulted in 1394, 1512,



Figure 2 Bioinformatics analysis. (A) Schematic illustration of the workflow of bioinformatics analyses of BRD4�PARP1. (B) Cluster

analysis network diagram of BRD4 and PARP1 interaction proteins related to cell cycle, apoptosis. (C) Predicted BRD4- and PARP1-related

proteins involved in the regulation of cell cycle and apoptosis, respectively. (D) Correlation between BRD4 and PARP1 in BRCA.

Figure 3 Design strategy of BRD4�PARP1 dual-targeted inhibitor. (A) Design of virtual composite compound library for BRD4 and PARP1.

(B) Virtual screening protocol for the identification of the lead compound 1. (C) Predicted binding modes of compound 1 (brown) with BRD4

(green) [PDB ID: 5UOO] and PARP1 (grey) [PDB ID: 5DS3], compared to RVX-208 and Olaparib (white), respectively.
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1173 non-redundant compounds, respectively (Fig. 3A). Then, we
performed a virtual screening workflow to filter the compound
database. The initial combinatorial compound libraries were
filtered by the Lipinski’s rule of five. The CDOCKER protocol in
Discovery Studio was applied to evaluate the binding modes and
docking scores between those compounds and the two targets.
Finally, based on the ranking of docking scores and the binding
mode analysis, comparing to the complex RVX-208‒BRD4 and
Olaparib‒PARP1, 20 potential dual-targeting inhibitors were
picked out and tested by experimental assay in vitro. As a result,
the lead compound 1 (docking score: BRD4 Z �7.052 kcal/mol,
PARP1 Z �6.343 kcal/mol) was determined as the most suitable
compound for the ligand binding pocket of BRD4 and PARP1
(Fig. 3B), which could be used for further structural modification.

2.3. Synthesis of quinazolin-4(3H)-one derivatives

The synthetic routes of the all target compounds were shown in
Schemes 1e4. Compounds 5a‒k were obtained as the procedure
described in Scheme 1. Briefly, 3,5-dimethoxyaniline was first
converted to the hydrochloride salt, and then the hydrochloride
salt was reacted with oxalyl chloride under high temperature.
After the simple treatment, the intermediate 4,6-
dimethoxyindoline-2,3-dione named 2a was produced. The ring-
opening of 2a was carried out under strong alkaline conditions,
leading to intermediate 3a. The corresponding 3a was reacted with
concentrated aqueous ammonia to produce key intermediate 2-
amino-4,6-dimethoxybenzamide (4a) in tetrahydrofuran. The
synthesis route of intermediate 4c (2-amino-6-
Scheme 1 The synthesis of compounds 5a‒k. Reagents and conditions

H2O2, 70
�C, 0.8 h; (d) ammonium hydroxide, HOBt, EDCI, NMM, THF,

120 �C, 16e20 h.
methoxybenzamide) was the same as 4a. Compound 4b named
2-aminobenzamide was purchased directly. Finally, intermediates
4a and 4b reacted with various aldehydes using p-toluenesulfo-
namide as a catalyst to give target compounds 5a‒k at high
temperature for 16e20 h.

The target compounds 11a‒e and 15a‒e were synthesized
according to the procedures in Schemes 2 and 3, respectively. In
Scheme 2, intermediate 7 was obtained by the reaction of N-Boc-
piperazine with cyclopropyl acid chloride and N-Boc deprotection.
Under the condition of heating, the carboxy analogs 8a and 8b
were treated with thionyl chloride to produce the intermediates 9a
and 9b. Then, the intermediate 7 reacted, respectively with the
intermediates 9a and 9b to obtain the compounds 10a and 10b by
triethylamine in dichloromethane. Finally, target compounds 11a‒
e were obtained by the reaction of 2-aminobenzamide analogues
(4a‒c) with intermediates (10a and 10b) at high temperature for
16e20 h. We also synthesized the target compounds 15a‒e in
Scheme 3, and the synthetic route was similar with that of in
Scheme 2.

The target compounds 19a‒v were synthesized according to
the procedure showed in Scheme 4. Commercially available
compounds 16a‒h reacted with different dibromoalkanes in N,N-
dimethylformamide under basic condition of potassium carbonate
to produce compounds 17a‒h, which next reacted with different
hydroxyl-substituted compounds to give 18a‒v in similar alkaline
condition, respectively. Finally, target compounds 19a‒v were
obtained in dimethylacetamide by the reaction of 2-amino-4,6-
dimethoxybenzamide with 18a‒v at high temperature for
16e20 h, respectively.
: (a) HCl/Et2O, overnight, r.t.; (b) (COCl)2, 160
�C, 2.5 h; (c) NaOH,

overnight, r.t.; (e) benzaldehyde analogues, DMAC, PTSA, NaHSO3,



Scheme 2 The synthesis of compounds 11a�e. Reagents and conditions: (a) cyclopropanecarbonyl chloride, Et3N, DCM, 0e25 �C, 5 h; (b)

HCl/MeOH, 0e25 �C, 4e6 h; (c) thionyl chloride, toluene, 80 �C, 10 h; (e) Et3N, DCM, 0e20 �C, 3e5 h; (f) 2-aminobenzamide analogues,

DMAC, PTSA, NaHSO3, 120
�C, 16e20 h.
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2.4. Structural optimization of the BRD4 and PARP1 inhibitors

As predicted by docking analysis, compound 1 shared a similar
binding mode with typical BRD4 inhibitor RVX-208 and inter-
acted with BRD4 by a linear conformation (Fig. 3C). The carbonyl
oxygen and nitrogen atom of the quinazolinone ring system dis-
played key hydrogen bonding interactions with amide group of
Asn433, respectively. The terminal piperidine group was far from
Tyr432, which had little effect on the overall activity. For the
binding mode of compound 1 with PARP1, similarly, two
hydrogen bonds were formed with the backbone atoms of Gly
863, but the terminal group of compound 1 did not completely
occupy the entire channel. Moreover, compared to Olaparib, we
also found that compound 1 lacked the key hydrogen bond with
Ser904 at the core group, and with Arg878 and Tyr896 at the tail
group (Fig. 3C). These may be important factors affecting the
binding stability and affinities of compound 1 to PARP1. Indeed,
lead compound 1 showed a good inhibition rate of BRD4 (up to
65% at 10 mmol/L) while the inhibition rate of PARP1 was only
30% at 10 mmol/L. Taking into account the presence of large
hydrophobic cavity at the PARP1 surface region, the tail group of
compound 1 should be further optimized to fit the binding pocket.
Scheme 3 The synthesis of compounds 15a‒e. Reagents and conditions

piperazine hydrochloride, or 3-(trifluoromethyl)-5,6,7,8-tetrahydro[1,2,4

aminobenzamide analogues, DMAC, PTSA, NaHSO3, 120
�C, 16e20 h.
The terminal piperidine group was far from Tyr432, which had
littlee overall activity. In this context, we performed the first round
of structural optimization by modifying the tail group of com-
pound 1. The target compounds 5a‒k were first synthesized by
introducing substitutions (R1 and R2) on the benzene ring and
aromatic heterocycle effect on ths replacement (R3). These
structures were supposed to form various interactions with the
pocket of PARP1. The inhibition rate of compounds 5a‒k for
BRD4 and PARP1 were determined at 1 and 10 mmol/L in Table 1,
respectively. When R2 group was morpholine ring, the inhibition
rate for BRD4 of compound 5e could reach to 70%. However, R3

group was replaced by benzimidazole, indole and azaindole (5g‒
k), the inhibition rates for BRD4 were not further improved. These
compounds still had poor inhibitory rate against PARP1 (only up
to 39%). Moreover, we found that dimethoxy group might be the
key group to inhibit BRD4, and this was similar with RVX-208.
We observed that the R1 group was hydrogen-substituted, the in-
hibition rates of 5b, 5d, 5f, 5h and 5j were relatively low. While
the R1 group was replaced by dimethoxy, the inhibition rates for
BRD4 of compounds 5a, 5e, 5g and 5i were increased.

In order to improve the inhibition rate for PARP1, different
moieties contained in reported potent PARP1 inhibitors were
: (a) thionyl chloride, toluene, 80 �C, 6 h; (b) 1-(cyclopropylcarbonyl)

]triazolo[4,3-a]pyrazine, Et3N, DCM, 0e20 �C, 6e8 h; (c) 2-



Scheme 4 The synthesis of compounds 19a‒v. Reagents and conditions: (a) various dibromoalkanes, DMF, K2CO3, overnight, r.t.; (b)

hydroxyl-substituted analogues, DMF, K2CO3, r.t., or 80 �C, 8 h; (c) 2-amino-4,6-dimethoxybenzamide, DMAC, PTSA, NaHSO3, 120
�C,

16e20 h.
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analyzed and chosen as the tail group. We found that Olaparib’s
tail had a bisamide structure, could interact with PARP1’s Arg878
and Tyr869 to form two key hydrogen bonds. Thus, we performed
the second round of structural optimization by introducing a set of
similar structures as substituents attached to the benzene ring.
Compounds 11a‒e and 15a‒e were synthesized, and their inhi-
bition rates for BRD4 and PARP1 were tested. When introducing
the structure of bisamide on the meta-position to the benzene ring,
11 series of compounds exhibited moderate inhibition rates
against PARP1 and BRD4 at 10 mmol/L, respectively. When the
structure of bisamide was introduced on the para-position of the
benzene ring, and the fluorine atom was introduced at 2-position
simultaneously, the inhibition rates of compound 15a were
increased against PARP1 and BRD4, respectively. Similar trends
were observed in the inhibition rates exhibited by other 15 series
compounds. Fluorination of pharmaceutical compounds is a
common tool to modulate their physiochemical properties62. As a
consequence of the unique properties of fluorine, fluorine substi-
tution can influence the potency, conformation, metabolism,
membrane permeability of a molecule63,64. The fluorine atom at 2-
position of the benzene ring may together contribute to the
enhancement of the inhibition rate against BRD4 and PARP1. In
addition, the inhibition rates of PARP1 could not be significantly
increased by extending the structure size of bisamide on the meta-
position of benzene ring (Table 2, 11a vs. 11c, 11b vs. 11d).
Further research found that the substitution of R4 with hydrogen
could obtain better inhibition rate for PARP1 (up to 87% at
10 mmol/L), but the inhibition rate for BRD4 was decreased by
15% (Table 2, 15b vs. 15a). Binding mode results displayed that
the key interaction sites of compound 15b with PARP1 (Ser904,
Gly863 and Arg878) were very similar with Olaparib (Supporting
Information Fig. S2B). However, compared with RVX-208, there
was only one hydrogen bond interaction between 15b and Cys429
of BRD4. In addition, the conformation of 15b also dramatically
changed. These results verified again that dimethoxy group was an
important group for inhibiting BRD4 activity inhibition. Based on
the above analysis, we found that only the tail groups with
appropriate size and length could contribute to the improvement of
inhibition rate.

In view of the above observations on the SAR, we found
that dimethoxy group was favorable to BRD4 inhibition ac-
tivity, but unfavorable to PARP1 inhibition activity in a certain
range of space. In order to find a better balance and produce
better inhibitory activity on both BRD4 and PARP1, based on
the structure of 5,7-dimethoxy-2-phenylquinazolin-4(3H)-one,
we further designed other tail structures that can promote the
interaction with PARP1. Since the corresponding binding
pocket in PARP1 could accommodate flexible linkers with
appropriate length, we designed to retain one amide group and
use more flexible linker groups to meet the spatial needs. As
such, the third round of structural optimization was performed,
and compounds 19a‒u were synthesized. The flexible alkyl
chain was introduced by oxygen atoms into the ortho-position
of the benzene ring, and the benzamide group as the mono-
amide group was attached to the other end of the alkyl chain
(Table 3, 19a‒c and 19e). Compound 19a, with two carbon
atoms as the alkyl chain, exhibited good inhibition rate for
BRD4 and PARP1 at 10 mmol/L (90% and 85%). However, as
the alkyl chain grows, we observed the inhibition rates for
PARP1 of the compounds 19b, 19c and 19e were slightly
reduced, while the inhibition rates of BRD4 were decreased
significantly by up to 36%. Subsequently, we tried to introduce
the alkyl chains with two carbon atoms that were introduced
onto the para-position of the benzene ring (Table 3, 19d and
19f‒h). To our delight, compound 19d (non-substituents group
on the benzene ring vs. 19f‒h) exhibited further enhanced in-
hibition rate against PARP1 and BRD4 with an inhibition rate
of 88% and 92%, respectively. However, for compound 19v
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with shorter alkyl chains (n2 Z 1), the inhibition rates against
PARP1 and BRD4 were lower than that of 19d, which were
51% and 60%, respectively. Encouraged by excellent inhibitory
activity of 19d, the more dominant skeletons were introduced
to replace benzamide group, which were selected from highly
potent PARP1 inhibitors (Table 3, 19i‒u). Unfortunately, no
better result had been achieved. In these skeletons, we also
investigated the effect of electronegativity of benzene ring on
the activity (19i‒u). The results revealed that regardless of
whether the electron-withdrawing group or the electron-
donating group was introduced, they all showed poorer activ-
ity than non-substituents group on the benzene ring. Through
the above repeated and detailed screening, we obtained the
optimal compound 19d toward both targets.
2.5. Inhibitory activities and docking models of compound 19d
with BD1 and BD2 domains of BRD4 and PARP1

The inhibitory activities of 19d against BD1 and BD2 domains
were tested as shown in Table 4 and Supporting Information
Fig. S7. It can be seen that 19d had IC50 of 0.44 mmol/L for
BD1 and IC50 of 0.379 mmol/L for BD2, which were quite
close to the inhibitory activity of BRD4, suggesting that its
inhibitory activity against BRD4 may be the comprehensive
impact of targeting BD1 and BD2, while targeting BD2 is more
important for its subtle selectivity for BD2 against BD1.
Table 1 Inhibition rates of compounds 5a‒k against PARP1 and BR

No. R1 R2 R3

5a 4,6-diOCH3 CONHCH3 e

5b H CONHCH3 e

5c 4,6-diOCH3 CONH2 e

5d H CONH2 e
5e 4,6-diOCH3 e

5f H e

5g 4,6-diOCH3 e

5h H e

5i 4,6-diOCH3 e

5j H e

5k 4,6-diOCH3 e

‒Not applicable.
aEach compound was tested in duplicate, the average value was obtained
Comparing to the inhibitory activities of RVX-208, it indicated
that 19d achieved dual-targeting ability against BRD4 and
PARP1 on the loss of its selectivity ability through three rounds
of structural optimization. Next, compound 19d was further
assessed in molecular docking to investigate its binding modes
with BD1 and BD2 domains of BRD4 and PARP1. As shown
in Fig. 4A‒D, Supporting Information Fig. S8A‒S8D and
Table 5, the binding modes of core scaffold of compound 19d
with BD1 and BD2 were quite similar to that of RVX-208.
Except for the key hydrogen bonding interactions between
quinazolinone ring and amide group of Asn140 in BD1 and
Asn433 in BD2, the extended substitution of 19d with aliphatic
chain linking benzamide strengthened the interaction with
Asp144 and Asp145 in BD1, and the interaction with Tyr432
and Pro434 in BD2. As for the interaction with PARP1
(Fig. 4E and F, and Supporting Information Fig. S8E and S8F),
the binding mode of compound 19d was also similar to that of
Olaparib. 19d and Olaparib both formed three hydrogen bonds
with the hydroxyl group of Ser 904 and the amino group of
Gly863, while 19d formed extra hydrophobic interactions with
Ala880, Tyr889, Tyr896 and Ala898 (Table 5).
2.6. SAR summary

Through the three rounds of structural optimization and inhibi-
tion rate evaluation for BRD4 and PARP1 of all compounds
D4.

Inhibition rate (1 mmol/L/10 mmol/L, %)a

PARP1 (mmol/L) BRD4 (mmol/L)

1 10 1 10

4 25 1 36

0 15 0 22

0 2 1 18

0 1 2 19

2 36 12 70

0 29 12 55

9 34 3 13

3 10 0 11

8 31 7 60

7 28 6 26

6 39 8 42

.



Table 2 Inhibition rates of compounds 11a‒e and 15a‒e against PARP1 and BRD4.

No. R4 R5 n1 Inhibition rate (1 mmol/L/10 mmol/L, %)a

PARP1 (mmol/L) BRD4 (mmol/L)

1 10 1 10

11a 4,6-diOCH3 e 0 6 57 4 50

11b H e 0 16 70 12 43

11c 4,6-diOCH3 e 1 8 60 9 47

11d H e 1 18 71 4 41

11e 6-OCH3 e 0 4 46 8 30

15a 4,6-diOCH3 e 14 72 7 68

15b H e 6 87 4 53

15c 4,6-diOCH3 e 11 55 5 30

15d H e 13 60 3 18

15e 6-OCH3 e 7 56 9 39

‒Not applicable.
aEach compound was tested in duplicate, the average value was obtained.
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in vitro, the optimal compound 19d toward two targets was ob-
tained (Fig. 5A and Supporting Information Fig. S2). Meanwhile,
as shown in Fig. 5B, the SAR was summarized as follows: (1) the
benzamide group of the target compound as an effective group
contributes to the inhibitory activity of PARP1 and BRD4; (2)
proper linker length is very important. When the length of alkyl
chain was two carbon atoms, the target compound possessed the
most potent inhibitory activities against BRD4 and PARP1; (3)
the dimethoxy group on the quinazolinone is an important group
for inhibiting BRD4 activity; (4) different substituents of the R6

group on the benzene ring had different effects on the inhibitory
activity of BRD4 and PARP1, and the hydrogen-substituted
target compound had a favorable inhibitory activity against
two targets.

2.7. In vitro anti-proliferation assay and western blot analysis of
compound 19d

The cell-growth activity of 42 compounds was performed on
human breast cancer cell lines MDA-MB-468, MDA-MB-231 and
MCF-7 by using MTT assay, respectively. The 19d exhibited the
highest cytotoxic effect in MDA-MB-468 cells and excellent
inhibitory activities (Supporting Information Fig. S1 and Table 3).
While the synthesis compounds showed weaken anticancer ac-
tivity in MDA-MB-231 cells. Therefore, we discussed the anti-
proliferation activity of 19d towards MDA-MB-468 and MCF-7
cells (Fig. 6A). For comparison, RVX-208 and Olaparib were
used as standard drugs. The activity of 19d for BRD4 and PARP1
inhibition were summarized in Fig. 6B. The results showed that
19d exhibited significant inhibitory activities on BRD4 and
moderate inhibitory activities on PARP1. As shown in Table 4,
compound 19d exhibited its excellent inhibitory potency against
BRD4 with an IC50 of 0.4 mmol/L, improved efficacy > 30-fold
than RVX-208 (IC50 Z 12.6 mmol/L). But the modest PARP
inhibitory activity with an IC50 of 4.6 mmol/L was far less than
Olaparib (IC50 Z 1.3 nmol/L). However, compared with the anti-
proliferative activity for MDA-MB-468 cells of Olaparib
(IC50 Z 1.1 � 1.4 mmol/L), the compound 19d showed its parallel
anti-proliferative activity toward MDA-MB-468 cells
(IC50 Z 3.4 � 1.1 mmol/L). These results may be related to the
synthetic lethality. Compound 19d might play a synthetic lethal
role by targeting BRD4 and PARP1 together. Noteworthy, BRD4
regulates HR key effectors, and the present study confirmed that
BET inhibition impaired HR-directed double strand breaks repair
in BRCA1/2 wild-type TNBC cells65,66, which might confirm our
speculation for these results to some extent. The potential syn-
thetic lethal of compound 19d suggested that it was functionally
inhibiting both BRD4 and PARP1.

Furthermore, Western blot analysis revealed that 19d showed
higher c-Myc inhibition efficiency than RVX-208, and effective
downregulation of PAR expression at 2 mmol/L (Fig. 6C and D).
Notably, 19d decreased the expression of c-Myc and PAR in a



Table 3 Inhibition rates and in vitro anti-proliferative activity of compounds 19a‒v.

No. R6 R7 n2 Inhibition rate (1 mmol/L/10 mmol/L, %)a Anti-proliferative activity (IC50, mmol/L)b

PARP1 (mmol/L) BRD4 (mmol/L)

1 10 1 10

RVX-208 e e e 1 4 20 60 >30

Olaparib e e e 100 100 e e 1.1 � 1.4

19a Cl 2 30 85 31 90 6.0 � 0.9

19b Cl 3 35 81 3 69 10.9 � 0.5

19c Cl 4 29 84 7 54 7.4 � 1.8

19d H 2 37 88 69 92 3.4 � 1.1

19e Cl 5 18 71 4 55 15.3 � 3.6

19f 3,5-diCH3 2 40 79 11 74 8.4 � 1.3

19g 3,5-diOCH3 2 25 70 15 72 5.7 � 2.1

19h 2-F 2 31 65 12 62 11.8 � 3.4

19i 3,5-diCH3 2 11 18 18 61 >30

19j 3,5-diOCH3 2 6 18 12 64 >30

19k H 2 7 29 13 83 22.9 � 2.4

19l 3-F 2 1 14 29 80 23.7 � 3.3

19m 3,5-diCH3 2 7 11 15 46 >30

19n 3,5-diOCH3 2 9 16 14 45 >30

19o H 2 3 13 3 56 >30

19p 3-Cl 2 3 6 3 44 >30

19q OCH3 2 3 2 11 80 24.2 � 2.2

19r Cl 2 4 6 17 77 >30

19s F 2 12 65 8 74 8.7 � 5.2

19t H 2 1 25 9 67 >30

19u H 2 36 81 6 77 6.7 � 2.4

19v H 1 19 51 29 60 e

‒Not applicable or not test.
aEach compound was tested in duplicate, the average value was obtained.
bIC50 values were obtained with cell viability assay for 24 h.
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Table 4 IC50 of 19d against BRD4 and PARP1 compared

with RVX-208 and Olaparib.

Molecular IC50 (mmol/L)

BRD4 PARP1 BRD4(BD1) BRD4(BD2)

Rvx-208 12.7 e 1.387 0.053

Olaparib e 0.0013 e e

19d 0.4 4.6 0.44 0.379

‒Not applicable.
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dose-dependent manner (Fig. 6E). Consistent with our design
strategy, these data showed that 19d was indeed an effective
BRD4 and PARP1 dual inhibitor.

2.8. Cell cycle analysis and apoptosis assays

BRD4 and PARP1 were two regulators of cell proliferation by
positive affect the cell cycle. To clarify the mechanism of the anti-
Figure 4 Binding mode analysis of 19d, RVX-208 and Olaparib. (A) and

BRD4 (PDB code: 4MR4) was shown in green. (C) and (D) Binding mode

5UOO) was shown in green. (E) and (F) Binding mode of 19d and Olapari

cyan. The carbon atoms of 19d were colored in orange, while RVX-208 an

red and nitrogen atoms in blue. Hydrogen bonds were indicated with das

Table 5 Comparison of key residues of 19d, RVX-208, Olaparib in

Molecular Docking score (kcal/mol) Interactive re

BRD4(BD1) BRD4(BD2) PARP1 BRD4(BD1)

Rvx-208 ‒6.96 ‒7.60 ‒‒ Trp81, Pro82

Val87, Leu

Tyr139, A

Olaparib ‒‒ ‒‒ ‒10.94 ‒‒

19d ‒8.80 ‒7.23 ‒7.51 Pro82, Phe83

Tyr139, A

Asp144, A

‒Not applicable.
proliferation effect of 19d, we firstly employed the cell cycle
analysis. The MDA-MB-468 cells and MCF-7 cells were treated
with different concentration of 19d. The percentage of cells in the
G1, S, and G2/M phases was significantly changed in MDA-MB-
468 cells. The percentage of MDA-MB-468 cells in G1 was
remarkably increased and the percentage in G2/M phase signifi-
cantly declined in a dose-dependent manner (Fig. 7A). However,
there were no significant changes in 1 mmol/L 19d treatment
during the G1 and G2/M phases compared to 3.3 and 10 mmol/L
19d treated MCF-7 cells (Supporting Information Fig. S6A). The
results confirmed that the 19d interfered the cell cycle at the G1
phase, especially in MDA-MB-468 cells. Subsequently, we
detected whether 19d could induce apoptosis. The results sug-
gested that 19d induced apoptosis in a dose-dependent manner
(Fig. 7B). There were no significant changes in 19d treated MCF-
7 cells (Supporting Information Fig. S6B). Next, Western blot
analysis revealed that BCL-2 expression was remarkably down-
regulated, but BAX and the active form of caspase-3 expression
were increased after 19d treatment (Fig. 7C). In the colony
(B) Binding mode of 19d and RVX-208 in the BD1 domain of BRD4.

of 19d and RVX-208 in the BD2 domain of BRD4. BRD4 (PDB code:

b in the active site of PARP1. PARP1 (PDB code: 5DS3) was shown in

d Olaparib were colored in white. The oxygen atoms were colored in

hed lines.

protein BRD4 and PARP1 binding patterns.

sidues (within 2.5 Å)

BRD4(BD2) PARP1

,

92,

sn140

Trp374, Pro375,

Leu385, Gly386,

Leu387, Asn433

‒‒

‒‒ His862, Gly863, Arg878,

Ala880, Tyr889, Tyr896,

Ala898, Ser904, Glu988

, Leu92,

sn140,

sp145

Trp374, Pro375,

Tyr432, Asn433,

His437, Glu438

His862, Gly863, Arg878,

Ala898, Ile872, Gly876,

Phe897, Ser904, Glu988



Figure 5 Structural optimization and discovery of the dual target inhibitors. (A) Target inhibitory activities evaluation in vitro guided opti-

mization toward 19d. (B) SAR summary of BRD4 and PARP1 dual inhibitors.

Figure 6 Identification of candidate compound 19d. (A) The anti-proliferation activity of 19d, RVX-208 and Olaparib towards MDA-MB-468

and MCF-7 cells. (B) The inhibitory activity of 19d, RVX-208 and Olaparib for BRD4 and PARP1 were detected by activity assay in diverse

concentrations. (C) MDA-MB-468 cells treated with 19d and RVX-208 for 24 h at 2 mmol/L, the expression of BRD4 and c-Myc were detected by

Western blot. b-Actin was used as a loading control. (D) MDA-MB-468 cells treated with 19d and Olaparib for 24 h at 2 mmol/L, the expression of

PARP and PAR were detected by Western blot. b-Actin was used as a loading control. (E) MDA-MB-468 cells treated with DMSO, 1, 3.3 and

10 mmol/L of 19d for 24 h, the expression levels of BRD4, c-Myc, PARP and PAR were detected by Western blot. b-Actin was used as a loading

control. ***P < 0.001 compared with control group. Data are present as means � SD, n Z 3.

Dual PARP1�BRD4 inhibitor 167



Figure 7 The mechanism of 19d-induced MDA-MB-468 cells death. (A) Cell cycle distribution of MDA-MB-468 cells was measured by flow

cytometry using propidium iodide (PI) staining. (B) Apoptosis rates of MDA-MB-468 cells were detected by Annexin V-fluorescein isothio-

cyanate isomer I (FITC)/PI staining after treatment with 19d. (C) After DMSO, 1, 3.3 and 10 mmol/L of 19d treatment in MDA-MB-468 cells, the

expression levels of BCL-2, BAX and caspase 3 were determined by Western blot analysis. b-Actin was measured as loading control. (D) Colony

formation assay was used to detect the proliferation ability in MDA-MB-468 cells after treatment of compound 19d. Scale bar: 10 mm. The

statistics of the colony counts. ***P < 0.001 compared with control group. Data are present as means � SD, n Z 3.
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formation assay, compound 19d remarkably decreased the colony
counts compared with the DMSO-treated control group (Fig. 7D).
Taken together, these results indicated that 19d interfered the cell
cycle arrest at G1 phase, suppressed cloning formation, and pro-
moted apoptosis in MDA-MB-468 cells. However, it only showed
slight activity on MCF-7 cells (Supporting Information Fig. S6).
These results indicated that 19d was more effective on triple
negative breast cancer.
Table 6 PK profiles of compound 19d in SD rats (n Z 3).

Parameter Rata p.o. (10 mg/kg)

t1/2 (h) 3.10 � 0.12

Tmax (h) 1.58 � 0.35

MRT0�N (h) 5.35 � 0.44

Cmax (ng/mL) 26.65 � 3.66

AUC0�t (h$ng/mL) 114.43 � 15.81

AUC0�N (h$ng/mL) 144.72 � 25.51

aData are present as means � SD, n Z 3.
2.9. Pharmacokinetics (PK) profiles of compound 19d

Based on its closely matched BRD4/PARP1 inhibitory activity,
potent anti-proliferative and proapoptotic capacities, compound
19d was progressed into an in vivo pharmacokinetic study. As
shown in Table 6, plasma PK after 10 mg/kg oral administration of
compound 19d to SpragueeDawley (SD) rats was characterized.
Compound 19d showed a good elimination half-life (t1/2) of 3.1 h
with an AUC0�N of 144.7 h$ng/mL. The oral maximum plasma
concentration (Cmax) was 26.65 ng/mL, Tmax was 1.58 h, and the
mean residence time (MRT) was 5.35 h. These favorable phar-
macokinetic properties of compound 19d apprehended its suit-
ability for using as oral candidate.

2.10. In vivo xenograft model experiments of compound 19d

Encouraged by the excellent potency in vitro as well as the
acceptable PK profiles, 19d was further progressed into in vivo
antitumor activity studies. In the MDA-MB-468 breast cancer
xenograft model, oral doses of mice with 20, 40 and 80 mg/kg of
19d were chose based on the preliminary experiment and other
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previous studies67e70, which achieved a dose-dependent tumor
growth inhibition (TGI) effect. Medium dose and high dose
groups showed similar inhibitory effects, with a TGI of 55.3% for
80 mg/kg. In this model, slight body weight change and no death
of mice were observed during the treatment period. These results
indicated that 19d exhibited potent antitumor effect without
significant toxicity (Fig. 8A). To deep validate its dual antitumor
mechanism, immunohistochemistry (IHC) staining was per-
formed and showed that the expression levels of BRD4 and
PARP1 were effectively suppressed in tumor tissues of the 19d
40 mg/kg treatment groups compared with the control group
(Fig. 8C).
Figure 8 In vivo antitumor efficacy of compound 19d in the MDA-MB-4

Tumor volume changes, average body weights and tumor weights followi

MDA-MB-468 tumor xenograft model. (B) Tumor volume changes, averag

doses of 20, 40 and 80 mg/kg in the MCF-7 tumor xenograft model. (C) I

468 tumor tissues from 40 mg/kg of 19d-treated mice and vehicle groups
Further, the inhibition effect in MCF-7 breast cancer xenograft
model was also evaluated. As shown, a similar TGI rate of 48.3%
was observed in 80 mg/kg treatment group, and with slightly body
weight increase in all the groups, indicating no apparent toxicity of
all the dosages used here (Fig. 8B). In the IHC staining assay, the
expression levels of BRD4 and PARP1 were slightly down-
regulated in the tumor tissues of the 19d treatment groups (Sup-
porting Information Fig. S3). In addition, hematoxylin-eosin (HE)
histology study in the major organs (heart, lung, liver, spleen, and
kidney) of all the groups was conducted after 19d treatment
(Supporting Information Figs. S4 and S5), and 19d showed no
visible histological changed, indicating no apparent toxicity of 19d.
68 tumor xenograft model and the MCF-7 tumor xenograft model. (A)

ng the treatment of 19d at oral doses of 20, 40 and 80 mg/kg in the

e body weight and tumor weight following the treatment of 19d at oral

mmunohistochemical staining of PARP1 and BRD4 in the MDA-MB-

(200 �), respectively.
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3. Conclusions

In summary, as a result of cross roles between BRD4 and PARP1
of the synthetic lethality mechanism, the important relation of
them was further identified through the global PPI network in
breast cancer. Therefore, we performed a virtual screening
workflow to filter the compounds and got the lead compound 1
based on reported BRD4 and PARP1 inhibitors, the optimal
compound 19d (named ADTL-BPI1901) was obtained and both
exhibited potential enzymatic potencies against BRD4 and PARP1
through the three rounds of structural optimization. Further ex-
periments demonstrated that 19d efficiently modulated the
expression of BRD4 and PARP1. Compound 19d could induce
breast cancer cell apoptosis and stimulated cell cycle arrests at G1
phase. Following PK studies, 19d showed its excellent antitumor
activity in BRCA1/2 wild-type MDA-MB-468 and MCF-7 xeno-
graft models without causing remarkable loss of body weight and
toxicity. Overall, the superior inhibition effect of compound 19d
was systemically investigated and validated via in vitro and in vivo
experiments. As the first potent dual-target inhibitor of BRD4 and
PARP1 based on the concept of synthetic lethality, which shows
favorable safety profiles that represents a promising candidate
small-molecule drug for the future treatment of breast cancer.

4. Experimental

4.1. General methods of chemistry

All anhydrous solvents and reagents were obtained from com-
mercial sources and used without further purification. Evaporation
of solvent was carried out by using a rotary evaporator (N-1100,
Eyela, Tokyo, Japan) under reduced pressure. 1H NMR and 13C
NMR spectra were recorded at 400 and 100 MHz by nuclear
magnetic resonance spectroscopy (BrukerAV III-400, Karlsruhe,
Germany), respectively. The chemical shifts were reported by
using TMS as an internal standard and CDCl3 or DMSO-d6 as
solvents. The isolation of compounds was carried out on silica gel
(300e400 mesh, Qingdao Marine Chemical Ltd., Qingdao,
China). The progress of the reaction was detected by thin-layer
chromatography (TLC) using silica gel plates (silica gel 60
F254, Qingdao Marine Chemical Ltd, Qingdao, China). High-
resolution mass spectra (ESI-HR-MS) data were recorded on a
commercial apparatus, and methanol was used to dissolve the
sample. High-performance liquid chromatography (HPLC) was
performed by Wates e2695 (Shanghai, China) with Thermo C18-
WR column (5.0 mm, 250 mm � 4.6 mm). HPLC conditions:
liquid phase MeOH/H2O at a flow rate of 1.0 mL/min. All
chemical structures were performed by ChemBioDraw software
(version 14.0).

4.2. General synthetic information of target compounds

4.2.1. Preparation of compound 2a: 4,6-dimethoxyindoline-2,3-
dione
3,5-Dimethoxyaniline (6.0 g, 38.2 mmol) was dissolved in ether
(80 mL) and stirred at 0 �C. Saturated hydrochloric acid/ether
solutions (15 mL) was bubbled into the reaction mixture for
20 min. The reaction mixture was removed to room temperature
for 4 h and then filtered; the residue was washed with cooled ethyl
acetate and dried in vacuo to give the corresponding hydrochloride
salt (8 g, 98%). The hydrochloride salt of aniline 1 (3.5 g,
18.45 mmol) was dissolved in oxalyl chloride (5.3 mL), and the
reaction mixture was heated to 170 �C for 2.5 h. The solvent was
removed under reduced pressure. The reaction mixture was diluted
with MeOH (15 mL) at 0 �C and then heated to reflux for 1 h. The
reaction mixture was hot filtered, and the precipitate was washed
with MeOH to give compound 2a (2.9 g, 52%e69% yield) which
was used without further purification. 1H NMR (400 MHz,
DMSO-d6), d (ppm): 10.92 (1H, brs), 6.17 (1H, d, J Z 1.9 Hz),
6.02 (1H, d, J Z 1.9 Hz), 3.88 (3H, s), 3.87 (3H, s).

4.2.2. Preparation of compound 3a: 2-amino-4,6-
dimethoxybenzoic acid
A solution of compound 2a in NaOH (33% in water, 19 mL) was
heated to 70 �C. H2O2 (30% in water, 4.7 mL) was added to the
solution dropwise. The mixture was maintained at 70 �C for
50 min. Saturated Na2S2O3 solution (18 mL) was added to the
above mixture at 10 �C. The reaction mixture was adjusted to pH
Z 8 with HCl and then to pH Z 5 with acetic acid. The pre-
cipitate that formed was collected, washed with water, and dried to
give the title compound 3a (1.2 g, 24%e33% yield). 1H NMR
(400 MHz, CDCl3), d (ppm): 11.05 (1H, s), 6.43 (2H, s), 5.82 (2H,
s), 3.95 (3H, s), 3.78 (3H, s).

4.2.3. Preparation of compound 4a: 2-amino-4,6-
dimethoxybenzamide
A mixture of EDCI (0.75 g, 3.8 mmol), HOBt (0.50 g, 3.8 mmol),
and NMM (0.38 g, 3.8 mmol) were added to a solution of 2-
amino-4,6-dimethoxybenzoic acid (0.50 g, 2.55 mmol) in THF
(15 mL). The mixture was stirred for 10 min, and then ammonium
hydroxide (50% v/v aqueous solution) was bubbled through at
room temperature, stirred overnight. Water was added (5 mL), and
the aqueous layer was extracted with DCM (3 � 25 mL). The
organic layers were combined, washed with water (3 � 25 mL),
dried (Na2SO4), and concentrated in vacuo. The residue was pu-
rified by flash column chromatography (DCM/MeOH Z 80:1) to
give the title compound 4a (0.43 g, 84% yield). 1H NMR
(400 MHz, DMSO-d6), d (ppm): 7.45 (1H, s), 7.01 (1H, s), 6.89
(2H, s), 5.88 (1H, d, J Z 2.4 Hz), 5.76 (1H, d, J Z 2.4 Hz), 3.76
(3H, s), 3.68 (3H, s). The synthetic route of compound 4c named
2-amino-6-methoxybenzamide was the same as that of compound
4a.

4.2.4. Preparation of target compounds 5a‒f and 5g‒k
2-Aminobenzamide analogues (4a and 4b, 0.86 mmol, 1 equiv.)
and benzaldehyde analogues (0.86 mmol, 1 equiv.) were dissolved
in DMAc (12 mL) and treated with sodium hydrogen sulfite
(1.03 mmol, 1.2 equiv.) and PTSA (0.21 mmol, 0.24 equiv.). The
reaction mixture was stirred at 120 �C for 16e20 h. Water
(80 mL) was added to the reaction, and the precipitated solid was
collected by filtration. Purification of this solid by silica gel
chromatography (dichloromethane/methanol Z 40:1e20:1) gave
final compounds 5a‒k (37%e61% yield).

4.2.4.1. 4-(5,7-Dimethoxy-4-oxo-3,4-dihydroquinazolin-2-yl)-
N-methylbenzamide (5a). Light yellow solid, Yield 56%. m.p.
221e224 �C. 1H NMR (400 MHz, DMSO-d6), d (ppm): 11.56
(1H, brs), 10.20 (1H, s), 8.13 (2H, d, J Z 8.7 Hz), 7.71 (2H, d,
J Z 8.7 Hz), 6.75 (1H, d, J Z 2.2 Hz), 6.54 (1H, d, J Z 2.2 Hz),
3.89 (3H, s), 3.85 (3H, s), 2.09 (3H, s). 13C NMR (100 MHz,
DMSO-d6), d (ppm): 169.2, 164.7, 161.4, 160.2, 153.6, 152.8,
142.6, 128.9, 126.9, 118.8, 105.1, 101.6, 97.9, 56.4, 56.0, 24.6.
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HR-MS (ESI) Calcd. for C18H18N3O4 [MþH]þ: m/z 340.1297,
Found 340.1294.

4.2.4.2. N-Methyl-4-(4-oxo-3,4-dihydroquinazolin-2-yl)benza-
mide (5b). Off-white solid, Yield 48%. m.p. 233e235 �C. 1H
NMR (400 MHz, DMSO-d6), d (ppm): 12.39 (1H, brs), 10.22 (1H,
s), 8.17e8.13 (3H, m), 7.84e7.80 (1H, m), 7.75e7.70 (3H, m),
7.51e7.47 (1H, dd, J Z 7.4 Hz, 7.2 Hz), 2.09 (3H, s). 13C NMR
(100 MHz, DMSO-d6), d (ppm): 169.2, 162.7, 152.3, 149.3, 142.6,
135.0, 128.9, 128.9, 127.8, 127.2, 126.7, 126.3, 121.2, 118.8,
118.7, 24.8. HR-MS (ESI) Calcd. for C16H14N3O2 [MþH]þ: m/z
280.1086, Found 280.1088.

4.2.4.3. 4-(5,7-Dimethoxy-4-oxo-3,4-dihydroquinazolin-2-yl)
benzamide (5c). Light yellow solid, Yield 56%. m.p.
201e203 �C. 1H NMR (400 MHz, DMSO-d6), d (ppm): 12.11
(1H, brs), 8.23 (2H, d, JZ 8.3 Hz), 8.00 (2H, d, JZ 8.3 Hz), 6.78
(1H, d, J Z 2.2 Hz), 6.56 (1H, d, J Z 2.2 Hz), 3.90 (3H, s), 3.86
(3H, s). 13C NMR (100 MHz, DMSO-d6), d (ppm): 164.8, 164.7,
161.5 (2C), 159.2, 153.4, 152.1, 143.7, 123.5, 122.2, 105.4, 102.0,
101.9, 98.2 (2C), 56.48, 56.15. HR-MS (ESI) Calcd. for
C17H16N3O4 [MþH]þ: m/z 326.1141, Found 326.1137.

4.2.4.4. 4-(4-Oxo-3,4-dihydroquinazolin-2-yl)benzamide
(5d). Off-white solid, Yield 49%. m.p. 235e237 �C. 1H NMR
(400 MHz, DMSO-d6), d (ppm): 12.61 (1H, brs), 8.27 (2H, d,
J Z 8.5 Hz), 8.18 (1H, d, J Z 7.2 Hz), 8.04 (2H, d, J Z 8.5 Hz),
7.88e7.84 (1H, m), 7.57e7.53 (2H, m). 13C NMR (100 MHz,
DMSO-d6), d (ppm): 167.6, 162.6, 152.1, 149.0, 137.0, 135.5,
135.1, 128.2, 128.1 (3C), 128.0, 127.3, 126.3, 121.6. HR-MS
(ESI) Calcd. for C15H12N3O2 [MþH]þ: m/z 266.0930, Found
266.0933.

4.2.4.5. 5,7-Dimethoxy-2-(4-morpholinophenyl)quinazolin-
4(3H)-one (5e). Off-white solid, Yield 43%. m.p. 188e190 �C.
1H NMR (400 MHz, CDCl3), d (ppm): 9.46 (1H, brs), 7.93 (2H, d,
J Z 8.8 Hz), 6.78 (1H, d, J Z 2.1 Hz), 6.62 (2H, d, J Z 8.8 Hz),
6.38 (1H, d, J Z 2.1 Hz), 3.97 (3H, s), 3.92 (3H, s), 3.39e3.36
(4H, m), 2.07e2.03 (4H, m). 13C NMR (100 MHz, DMSO-d6),
d (ppm): 164.6 (2C), 161.4 (2C), 160.4, 153.4, 150.2, 129.4 (2C),
111.5 (2C), 104.6, 100.9, 97.2, 56.3, 56.0, 47.7 (2C), 25.4 (2C).
HR-MS (ESI) Calcd. for C20H22N3O4 [MþH]þ: m/z 368.1610,
Found 368.1608.

4.2.4.6. 2-(4-Morpholinophenyl)quinazolin-4(3H)-one
(5f). Off-white solid, Yield 49%. m.p. 195e197 �C. 1H NMR
(400 MHz, CDCl3), d (ppm): 9.91 (1H, brs), 8.27 (1H, d,
J Z 7.8 Hz), 7.98 (2H, d, J Z 8.8 Hz), 7.74e7.72 (2H, m),
7.41e7.37 (1H, m), 6.64 (2H, d, J Z 8.8 Hz), 3.40e3.37 (4H, m),
2.07e2.04 (4H, m). 13C NMR (100 MHz, DMSO-d6), d (ppm):
162.9, 152.8, 150.1, 149.8, 134.8, 129.4 (2C), 127.4 (2C), 126.2,
125.7, 120.7, 118.6, 111.6, 47.7 (2C), 25.4 (2C). HR-MS (ESI)
Calcd. for C18H18N3O2 [MþH]þ: m/z 308.1399, Found 308.1398.

4.2.4.7. 2-(1H-Indol-6-yl)-5,7-dimethoxyquinazolin-4(3H)-one
(5g). Light yellow solid, Yield 36%. m.p. 198e200 �C. 1H NMR
(400 MHz, DMSO-d6), d (ppm): 11.93 (1H, brs), 11.45 (1H, brs),
8.29 (1H, s), 7.86 (1H, d, J Z 8.3 Hz), 7.63 (1H, d, J Z 8.4 Hz),
7.54 (1H, t, J Z 2.5 Hz), 6.74 (1H, d, J Z 2.1 Hz), 6.51e6.50
(2H, m), 3.90 (3H, s), 3.85 (3H, s). 13C NMR (100 MHz, DMSO-
d6), d (ppm): 164.7, 161.5, 160.4, 154.6, 153.8, 135.9, 130.6,
128.9, 125.3, 120.2, 118.8, 112.1, 105.0, 101.8, 101.5, 97.7, 56.4,
56.0. HR-MS (ESI) Calcd. for C18H16N3O3 [MþH]þ: m/z
323.1144, Found 322.1135.

4.2.4.8. 2-(1H-Benzo[d]imidazole-7-yl)quinazolin-4(3H)-one
(5h). Off-white solid, Yield 35%. m.p. 174e176 �C. 1H NMR
(400 MHz, DMSO-d6), d (ppm): 13.68 (1H, brs), 13.21 (1H, brs),
8.66 (1H, s), 8.42 (1H, d, J Z 7.6 Hz), 8.19 (1H, d, J Z 7.8 Hz),
7.86e7.78 (3H, m), 7.56e7.47 (2H, m). 13C NMR (100 MHz,
DMSO-d6), d (ppm): 161.4, 151.6, 149.5, 143.8, 141.0, 135.1,
129.7, 128.0, 126.9, 126.4, 126.0, 123.4, 121.8, 120.2, 116.4. HR-
MS (ESI) Calcd. for C15H11N4O [MþH]þ: m/z 263.0933, Found
263.0930.

4.2.4.9. 5,7-Dimethoxy-2-(1H-pyrrolo[2,3-b]pyridin-3-yl)qui-
nazolin-4(3H)-one (5i). Light white solid, Yield 51%. m.p.
185e189 �C. 1H NMR (400 MHz, DMSO-d6), d (ppm): 13.16
(1H, brs), 9.04 (1H, s), 8.80 (1H, d, J Z 5.5 Hz), 8.62 (1H, d,
J Z 8.1 Hz), 7.78e7.74 (1H, m), 7.14 (1H, d, J Z 2.2 Hz), 6.54
(1H, d, J Z 2.2 Hz), 3.95 (3H, s), 3.87 (3H, s). 13C NMR
(100 MHz, DMSO-d6), d (ppm): 165.0, 161.6, 159.0, 151.8, 149.7,
139.6, 136.8, 132.6, 129.8, 127.4119.2, 104.6, 104.0, 100.8, 97.8,
56.5, 56.2. HR-MS (ESI) Calcd. for C17H15N4O3 [MþH]þ: m/z
323.1144, Found 323.1140.

4.2.4.10. 2-(1H-Pyrrolo[2,3-b]pyridin-3-yl)quinazolin-4(3H)-
one (5j). Off-white solid, Yield 44%. m.p. 169e171 �C. 1H
NMR (400 MHz, DMSO-d6), d (ppm): 12.60 (1H, brs), 12.38 (1H,
brs), 8.60e8.57 (2H, m), 8.10 (2H, dd, J Z 6.7 Hz, 7.1 Hz),
7.80e7.78 (1H, m), 7.65 (1H, d, J Z 7.0 Hz), 7.44e7.37 (2H, m).
13C NMR (100 MHz, DMSO-d6), d (ppm): 161.2, 150.3, 150.1,
143.9, 143.3, 135.0, 132.7, 129.9, 127.0, 126.5, 125.7, 121.6,
121.1, 118.3, 106.9. HR-MS (ESI) Calcd. for C15H11N4O
[MþH]þ: m/z 263.0933, Found 263.0931.

4.2.4.11. 2-(1H-Benzo[d]imidazole-7-yl)-5,7-dimethoxyquinazolin-
4(3H)-one (5k). Light yellow solid, Yield 32%. m.p. 189e191 �C.
1H NMR (400 MHz, DMSO-d6), d (ppm): 13.16 (2H, brs), 8.62 (1H,
s), 8.34e8.33 (1H, m), 7.84 (1H, d, JZ 7.7 Hz), 7.45e7.44 (1H, m),
6.81 (1H, d, JZ 1.9 Hz), 6.56 (1H, d, JZ 1.9 Hz), 3.92 (3H, s), 3.86
(3H, s). 13C NMR (100 MHz, DMSO-d6), d (ppm): 165.0, 164.7,
161.5, 159.3, 153.4, 152.1, 143.7, 123.5, 122.2, 121.2, 117.8, 113.5,
105.4, 101.9, 98.2, 56.4, 56.1. HR-MS (ESI) Calcd. for C17H15N4O3

[MþH]þ: m/z 322.1192, Found 322.1190.

4.2.5. Preparation of compound 7
N-Boc-Piperazine (1.82 g, 9.77 mmol) was added to a 250 mL
three-necked flask with mechanical stirring and a thermometer.
Triethylamine (1.48 g, 14.66 mmol), dichloromethane (40 mL),
cooled to 0 �C, cyclopropanecarbonyl chloride (1.12 g,
10.75 mmol) was slowly added dropwise, and the temperature
was controlled from 0 to 5 �C. After the completion of the
dropwise addition, the reaction was carried out for 3 h at
10e25 �C. And then added 50 mL of water, added sodium car-
bonate to adjust pH Z 8e9, separated the liquid, collected the
organic phase, added 100 mL of water phase, and extracted once
with dichloromethane. The methylene chloride phases were
combined, washed once with 0.05 mol/L diluted hydrochloric
acid (10 mL), and once with 50 mL of water. The combined
organic were dried (Na2SO4) and concentrated to give the last
crude product 2.1 g of 4-(cyclopropanecarbonyl)piperazine-1-N-



172 Xiaosa Chang et al.
Boc (Yield 82%), then 4-(cyclopropanecarbonyl)piperazine-1-N-
Boc (2.1 g, 8.2 mmol) was added to saturated methanol hydro-
chloride solution (35 mL) at 0 �C and the solution was stirred for
15 min The mixture was allowed to reach room temperature, and
stirred for 4e6 h. The solvent was removed under reduced
pressure, the oily residue was diluted with water and alkalified
with 1 mol/L NaOH to pH Z 12, extracted with ethyl acetate
(3 � 50 mL). The combined organic extracts were dried
(Na2SO4) and concentrated to give the cyclopropyl (piperazin-1-
yl)methanone (compound 7), which was used for reduction
without further purification (yield 94%).

4.2.6. Preparation of compounds 10a and 10b
A mixture of 3-formylbenzoic acid analogue (10 mmol, 1 equiv.),
thionyl chloride (12 mmol, 2.2 equiv.), and dimethylformamide
(2 mL), in toluene (50 mL) was slowly warmed to 80 �C and
stirred at that temperature for 3 h. The toluene was eliminated in
the rotary evaporator to get 3-formylbenzoyl analogues (9a and
9b) used in the next step (yield 87%e90%).

Cyclopropyl (piperazin-1-yl)methanone (5.3 mmol, 1 equiv.)
was dissolved in DCM (25 mL). Triethylamine (15.9 mmol,
3 equiv.) was added and the solution was cooled at 0 �C. 3-
Formylbenzoyl chloride analogue (5.3 mmol, 1 equiv., diluted
with 5 mL DCM) was added dropwise and then the reaction was
stirred to room temperature. After 3 h, water and DCM were
added, the phases were separated and the aqueous phase was
extracted twice more with DCM. The combined organics were
washed with brine, dried over sodium sulfate, filtered and evap-
orated to a white solid. And then purification of this solid by silica
gel chromatography (ethyl acetate/petroleum ether Z 2:1) to give
compounds 10a and 10b as a white solid (yield 69%e73%).

4.2.7. Preparation of target compounds 11a‒e
2-Aminobenzamide analogues (4a‒c, 0.61 mmol, 1 equiv.) and
compound intermediates (10a and b, 0.61 mmol, 1 equiv.) were
dissolved in DMAc (10.0 mL) and treated with sodium hydrogen
sulfite (0.74 mmol, 1.2 equiv.) and PTSA (0.15 mmol,
0.24 equiv.). The reaction mixture was stirred at 120 �C for
16e20 h. Water (80 mL) was added to the reaction, and the
precipitated solid was collected by filtration, purification of this
solid by silica gel chromatography (dichloromethane/
methanol Z 40:1e20:1) gave final compounds 11a‒‒e (35%e51%
yield), respectively.

4.2.7.1. 2-(3-(4-(Cyclopropanecarbonyl)piperazine-1-carbonyl)
phenyl)-5,7-dimethoxyquinazolin-4(3H)-one (11a). Yellow
solid, Yield 35%. m.p. 260e262 �C. 1H NMR (400 MHz, DMSO-
d6), d (ppm): 12.12 (1H, brs), 8.25e8.20 (2H, m), 7.62e7.61 (2H,
m), 6.78 (1H, d, J Z 2.2 Hz), 6.56 (1H, d, J Z 2.2 Hz), 3.89 (3H,
s), 3.86 (3H, s), 3.71e3.41 (8H, m), 1.98e1.96 (1H, m),
0.75e0.71 (4H, m). 13C NMR (100 MHz, DMSO-d6), d (ppm):
171.8, 168.1, 164.8, 161.6, 159.5, 159.1, 153.2, 150.5, 132.5,
130.4, 122.6, 117.1, 116.8, 105.4, 101.9, 98.7, 56.5, 56.1, 53.5,
52.8, 45.1, 42.1 (2C), 10.8, 7.6 (2C). HR-MS (ESI) Calcd. for
C25H27N4O5 [MþH]þ: m/z 463.1981, Found 463.1980.

4.2.7.2. 2-(3-(4-(Cyclopropanecarbonyl)piperazine-1-carbonyl)
phenyl)quinazolin-4(3H)-one (11b). Off-white solid, Yield 51%.
m.p. 222e224 �C. 1H NMR (400 MHz, DMSO-d6), d (ppm):
12.61 (1H, brs), 8.27 (1H, d, J Z 7.8 Hz), 8.22 (1H, s), 8.17 (1H,
d, JZ 7.8 Hz), 7.86e7.84 (1H, m), 7.77 (1H, d, JZ 8.0 Hz), 7.65
(2H, d, J Z 4.5 Hz), 7.54 (1H, t, JZ 7.5 Hz), 3.73e3.52 (8H, m),
1.98e1.96 (1H, m), 0.76e0.72 (4H, m). 13C NMR (100 MHz,
DMSO-d6), d (ppm): 171.8, 169.0, 162.6, 152.1, 149.0, 136.6,
135.1, 133.4, 130.2, 129.4, 129.2, 127.9, 127.2, 126.7, 126.3,
121.5, 53.5, 52.8, 45.1, 42.1, 10.8, 7.6 (2C). HR-MS (ESI) Calcd.
for C23H23N4O3 [MþH]þ: m/z 403.1770, Found 403.1771.

4.2.7.3. 2-(4-((4-(Cyclopropanecarbonyl)piperazin-1-yl)methyl)
phenyl)-5,7-dimethoxyquinazolin-4(3H)-one (11c). Off-white
solid, Yield 45%. m.p. 230e232 �C. 1H NMR (400 MHz, DMSO-
d6), d (ppm): 12.00 (1H, brs), 8.14 (2H, d, J Z 8.2 Hz), 7.47 (2H,
d, J Z 8.2 Hz), 6.74 (1H, d, J Z 2.2 Hz), 6.54 (1H, d,
J Z 2.2 Hz), 3.89 (3H, s), 3.85 (3H, s), 3.68 (2H, brs), 3.47 (2H,
brs), 2.41e2.34 (4H, m), 1.98e1.91 (1H, m), 0.71e0.67 (4H, m).
13C NMR (100 MHz, DMSO-d6), d (ppm): 171.8, 164.7, 161.4,
160.2, 153.5, 153.1, 142.1, 131.5, 129.3, 128.0 (2C), 126.0, 105.2,
101.9, 101.7, 98.1, 61.8, 56.4, 56.1, 53.5, 52.8, 45.3, 42.1, 10.7,
7.4 (2C). HR-MS (ESI) Calcd. for C25H29N4O4 [MþH]þ: m/z
449.2189, Found 449.2191.

4.2.7.4. 2-(4-((4-(Cyclopropanecarbonyl)piperazin-1-yl)methyl)
phenyl)quinazolin-4(3H)-one (11d). Off-white solid, Yield 44%.
m.p. 220e222 �C. 1H NMR (400 MHz, DMSO-d6), d (ppm):
12.49 (1H, brs), 8.17e8.15 (3H, m), 7.84 (1H, dd, J Z 8.4 Hz,
1.3 Hz), 7.76 (1H, d, J Z 8.0 Hz), 7.53 (1H, d, J Z 7.8 Hz), 7.49
(1H, d, J Z 8.0 Hz), 3.75 (2H, s), 3.71e3.51 (8H, m), 1.96e1.93
(1H, m), 0.72e0.67 (4H, m). 13C NMR (100 MHz, DMSO-d6),
d (ppm): 171.8, 162.7, 152.6, 149.2, 142.1, 135.1, 131.9, 130.0,
129.4, 128.1 (2C), 127.9 (2C), 127.8, 126.9, 126.3, 121.4, 61.8,
52.8, 45.3, 42.0, 10.8, 7.6 (2C). HR-MS (ESI) Calcd. for
C23H25N4O2 [MþH]þ: m/z 417.1927, Found 417.1928.

4.2.7.5. 2-(3-(4-(Cyclopropanecarbonyl)piperazine-1-carbonyl)
phenyl)-5-methoxyquinazolin-4(3H)-one (11e). Off-white solid,
Yield 48%. m.p. 218e220 �C. 1H NMR (400 MHz, DMSO-d6),
d (ppm): 12.25 (1H, brs), 8.26e8.24 (1H, m), 8.20 (1H, s), 7.72
(1H, t, J Z 8.2 Hz), 7.62 (2H, d, J Z 4.7 Hz), 7.28 (1H, d,
J Z 8.2 Hz), 7.03 (1H, d, J Z 8.2 Hz), 3.89 (3H, s), 3.70e3.56
(8H, m), 1.98 (1H, s), 0.76e0.72 (4H, m). 13C NMR (100 MHz,
DMSO-d6), d (ppm): 171.8, 169.0, 160.7, 160.2, 160.2, 152.3,
151.5, 136.6, 135.3, 133.0, 130.2, 129.3 (2C), 126.6, 119.9, 111.1,
108.9, 56.4, 52.8, 45.1, 42.2, 10.8, 7.6 (2C). HR-MS (ESI) Calcd.
for C24H25N4O4 [MþH]þ: m/z 433.1876, Found 433.1877.

4.2.8. Preparation of compounds 14a and 14b
A mixture of 3-fluoro-4-formylbenzoic acid (10 mmol, 1 equiv.),
thionyl chloride (12 mmol, 2.2 equiv.), and DMF (2 mL), in
toluene (50 mL) was slowly warmed to 80 �C, and stirred at that
temperature for 4 h. The toluene was eliminated in the rotary
evaporator to get 3-fluoro-4-formylbenzoyl chloride (compound
13) used in the next step as such (yield 73%).

3-(Trifluoromethyl)-5,6,7,8-tetrahydro-[1,2,4]triazolo[4,3-a]
pyrazine hydrochloride (5.3 mmol, 1 equiv.) was dissolved in
DCM (25 mL), triethylamine (15.9 mmol, 3 equiv.) was added
and the solution was cooled at 0 �C. 3-Fluoro-4-formylbenzoyl
chloride (5.3 mmol, 1 equiv., diluted with 5 mL DCM) was
added dropwise and then the reaction was stirred to room
temperature. After 4 h, water and DCM were added, the phases
were separated and the aqueous phase was extracted twice
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more with DCM. The combined organics were washed with
brine, dried over sodium sulfate, filtered and evaporated to a
white solid. And then purification of this solid by silica gel
chromatography (ethyl acetate/petroleum ether Z 1:1) to give
compound 14a named 4-(4-(cyclopropanecarbonyl)piperazine-
1-carbonyl)-2-fluorobenzaldehyde as a white solid (yield 78%).

The synthetic route of compound 14b named 2-fluoro-
4-(3-(trifluoromethyl)-5,6,7,8-tetrahydro-[1,2,4]triazolo[4,3-a]
pyrazine-7-carbonyl)benzaldehyde was the same as that of
compound 14a (yield 64%).

4.2.9. Preparation of target compounds 15a‒e
2-Aminobenzamide analogues (0.61 mmol, 1 equiv.) and in-
termediates (14a and 14b, 0.61 mmol, 1 equiv.) were dissolved in
DMAc (8.0 mL) and treated with sodium hydrogen sulfite
(0.74 mmol, 1.2 equiv.) and PTSA (0.15 mmol, 0.24 equiv.),
respectively. The reaction mixture was stirred at 120 �C for
16e20 h. Water (80 mL) was added to the reaction, and the
precipitated solid was collected by filtration, purification of this
solid by silica gel chromatography (dichloromethane/
methanol Z 30:1) gave final compounds 15a‒e (37%e58%
yield), respectively.

4.2.9.1. 2-(4-(4-(Cyclopropanecarbonyl)piperazine-1-
carbonyl)-2-fluorophenyl)-5,7-dimethoxyquinazolin-4(3H)-one
(15a). Light yellow solid, Yield 47%. m.p. 233e235 �C. 1H
NMR (400 MHz, DMSO-d6), d (ppm): 12.28 (1H, brs), 7.81 (1H,
dd, J Z 6.7 Hz, 1.8 Hz), 7.69e7.66 (1H, m), 7.46e7.44 (1H, m),
6.75 (1H, d, J Z 2.2 Hz), 6.59 (1H, d, J Z 2.2 Hz), 3.88 (3H, s),
3.86 (3H, s), 3.75e3.54 (8H, m), 1.27e1.24 (1H, m), 0.75e0.71
(4H, m). 13C NMR (100 MHz, DMSO-d6), d (ppm): 171.8, 168.1,
164.7, 161.4, 159.5, 159.1, 153.2, 150.5, 132.5 (d, JC-F Z 9.1 Hz),
132.0, 130.4, 122.6 (d, JC-F Z 13.8 Hz), 117.1, 116.8, 105.4,
101.9, 56.5, 56.4, 56.1, 54.0, 45.3, 42.3, 10.8, 7.6 (2C). HR-MS
(ESI) Calcd. for C25H26FN4O5 [MþH]þ: m/z 481.1887, Found
481.1886.

4.2.9.2. 2-(4-(4-(Cyclopropanecarbonyl)piperazine-1-
carbonyl)-2-fluorophenyl)quinazolin-4(3H)-one (15b). Off-
white solid, Yield 41%. m.p. 197e199 �C. 1H NMR (400 MHz,
DMSO-d6), d (ppm): 12.63 (1H, brs), 8.18 (1H, d, J Z 7.9 Hz),
7.89e7.85 (2H, m), 7.75 (1H, s), 7.24 (1H, d, J Z 7.9 Hz), 7.58
(1H, dd, J Z 7.8, 7.2 Hz), 7.49 (1H, dd, J Z 9.2, 8.8 Hz),
3.76e3.55 (8H, m), 1.21e1.19 (1H, m), 0.76e0.72 (4H, m). 13C
NMR (100 MHz, DMSO-d6), d (ppm): 171.8, 168.1, 161.9,
159.1, 149.7, 149.0, 135.1, 132.2 (d, JC-F Z 9.4 Hz), 130.5,
128.0, 127.6, 126.3, 122.8 (d, JC-F Z 14.3 Hz) 121.6, 117.1,
116.8, 56.1, 54.0, 46.8, 42.3, 19.3, 10.8, 7.6 (2C). HR-MS (ESI)
Calcd. for C23H22FN4O3 [MþH]þ: m/z 421.1676, Found
421.1677.

4.2.9.3. 2-(2-Fluoro-4-(3-(trifluoromethyl)-5,6,7,8-tetrahydro-
[1,2,4]triazolo[4,3-a]pyrazine-7-carbonyl)phenyl)-5,7-
dimethoxyquinazolin-4(3H)-one (15c). Yellow solid, Yield 35%.
m.p. 195e197 �C. 1H NMR (400 MHz, DMSO-d6), d (ppm):
12.19 (1H, brs), 7.91 (1H, dd, J Z 2.0 Hz, 6.8 Hz), 7.78e7.25
(1H, m), 7.52e7.48 (1H, m), 6.74 (1H, d, J Z 2.2 Hz), 6.59 (1H,
d, J Z 2.2 Hz), 4.97 (2H, s), 4.27e4.25 (2H, m), 4.05e4.00 (2H,
m), 3.87 (3H, s), 3.86 (3H, s). 13C NMR (100 MHz, DMSO-d6),
d (ppm): 170.0, 164.8, 161.5, 159.5, 152.9, 151.1, 150.5, 132.5 (q,
JC-F Z 274.8 Hz), 131.7, 130.6, 122.5 (d, J Z 13.9 Hz), 120.7,
117.6, 117.1 (d, JC-F Z 22.4 Hz), 105.4, 101.7, 98.7, 56.5, 52.8,
25.9, 22.8, 19.2. HR-MS (ESI) Calcd. for C23H19F4N6O4

[MþH]þ: m/z 519.1404, Found 519.1408.

4.2.9.4. 2-(2-Fluoro-4-(3-(trifluoromethyl)-5,6,7,8-tetrahydro-
[1,2,4]triazolo[4,3-a]pyrazine-7-carbonyl)phenyl)quinazolin-
4(3H)-one (15d). Off-white solid, Yield 37%. m.p. 202e204 �C.
1H NMR (400 MHz, DMSO-d6), d (ppm): 12.66 (1H, brs), 8.18
(1H, dd, J Z 0.8 Hz, 7.8 Hz), 7.95 (1H, dd, J Z 1.9 Hz, 7.0 Hz),
7.87 (1H, dd, J Z 1.9 Hz, 6.8 Hz), 7.80e7.77 (1H, m), 7.73 (1H,
d, J Z 8.0 Hz), 7.59 (1H, d, J Z 7.9 Hz), 7.52 (1H, d,
JZ 8.7 Hz), 4.98 (2H, s), 4.27e4.25 (2H, m), 4.05e4.00 (2H, m).
13C NMR (100 MHz, DMSO-d6), d (ppm): 168.7, 161.9, 159.4,
151.1, 149.6, 149.6, 135.1, 131.7, 130.7, 127.9 (q, JC-F Z 274.8),
126.3, 122.9 (d, JC-F Z 8.9 Hz), 121.6, 120.3, 117.9 (d, JC-
F Z 17.8 Hz), 114.9, 43.6, 22.9, 21.8. HR-MS (ESI) Calcd. for
C21H15F4N6O2 [MþH]þ: m/z 459.1192, Found 459.1189.

4.2.9.5. 2-(4-(4-(Cyclopropanecarbonyl)piperazine-1-
carbonyl)-2-fluorophenyl)-5-methoxyquinazolin-4(3H)-one
(15e). Light yellow solid, Yield 58%. m.p. 229e231 �C. 1H
NMR (400 MHz, DMSO-d6), d (ppm): 12.28 (1H, brs), 7.81 (1H,
dd, J Z 6.7 Hz, 1.8 Hz), 7.72 (1H, m), 7.70e7.66 (1H, m), 7.47
(1H, dd, J Z 8.8, 8.6 Hz), 7.24 (1H, d, J Z 7.8 Hz), 7.07 (1H, d,
JZ 8.3 Hz), 3.89 (3H, s), 3.76e3.55 (8H, m), 1.21e1.17 (1H, m),
0.75e0.71 (4H, m). 13C NMR (100 MHz, DMSO-d6), d (ppm):
171.8, 168.1, 161.6, 160.2, 159.1, 151.5, 150.0, 135.4, 132.1 (d,
JC-F Z 8.7 Hz), 131.9, 130.4, 122.6 (d, JC-F Z 13.6 Hz) 119.8,
117.0, 116.8, 111.2, 109.3, 56.4, 56.1, 54.0, 45.2, 42.3, 10.8, 7.6
(2C). HR-MS (ESI) Calcd. for C24H24FN4O3 [MþH]þ: m/z
451.1782, Found 451.1783.

4.2.10. Preparation of compounds 18a‒u
1,2-Dibromoethane (45 mmol, 3 equiv.) was added to a mixture
of para-hydroxybenzaldehyde analogue (compounds 16a‒u,
15 mmol, 1 equiv.) and potassium carbonate (24 mmol, 3 equiv.)
in DMF (40 mL), and the resulting mixture was stirred vigor-
ously at room temperature for 24 h. The mixture was poured
into water (150 mL), added saturated sodium chloride (150 mL)
and extracted with ethyl acetate (3 � 50 mL). The combined
organic phases were washed with saturated sodium chloride
(100 mL), dried over Na2SO4 and evaporated in vacuo to afford
compounds 17a‒h (85%e96% yield), respectively. Hydroxyl-
substituted compounds (10 mmol, 1 equiv.) was added to a
mixture of chemical intermediate and potassium carbonate
(30 mmol, 3 equiv.) in DMF (35 mL), and the resulting mixture
was stirred vigorously at room temperature overnight, or heat at
80 �C for about 8 h. The mixture was poured into water
(80 mL), added saturated sodium chloride (80 mL) and extracted
with ethyl acetate (3 � 50 mL). The combined organic phases
were washed with saturated sodium chloride (100 mL), dried
over Na2SO4 and evaporated in vacuo to afford chemical in-
termediate as solid to obtain compounds 18a‒u (76%e87%
yield).

4.2.11. Preparation of target compounds 19a‒u
2-Amino-4,6-dimethoxybenzamide (0.61 mmol, 1 equiv.) and
compound intermediates (18a‒u) (0.61 mmol, 1 equiv.) were
dissolved in DMAc (8.0 mL) and treated with sodium hydrogen
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sulfite (0.74 mmol, 1.2 equiv.) and PTSA (0.15 mmol,
0.24 equiv.). The reaction mixture was stirred at 120 �C for
16e20 h. Water (80 mL) was added to the reaction, and the
precipitated solid was collected by filtration, purification of this
solid by silica gel chromatography (dichloromethane/
methanolZ 50:1e20:1) gave final compounds 19a‒u (17%e56%
yield), respectively.

4.2.11.1. 2-(2-(4-Chloro-2-(5,7-dimethoxy-4-oxo-3,4-
dihydroquinazolin-2-yl)phenoxy)ethoxy)benzamide (19a). Off-
white solid, Yield 23%. m.p. 231e233 �C. 1H NMR (400 MHz,
DMSO-d6), d (ppm): 11.99 (1H, brs), 8.08 (1H, d, J Z 5.6 Hz),
8.06 (1H, s), 7.86 (1H, dd, J Z 7.6 Hz, 1.7 Hz), 7.50 (1H, dd,
J Z 8.3 Hz, 1.7 Hz), 7.42e7.41 (1H, m), 7.23 (1H, d,
J Z 8.3 Hz), 7.08e7.07 (1H, m), 6.74 (1H, d, J Z 2.2 Hz), 6.53
(1H, d, J Z 2.2 Hz), 4.60e4.52 (4H, m), 3.89 (3H, s), 3.85 (3H,
s). 13C NMR (100 MHz, DMSO-d6), d (ppm): 166.7, 164.6, 161.3,
159.2, 156.6, 155.8, 153.4, 151.7, 132.7, 131.2, 130.2, 125.2,
124.4, 123.7, 121.4, 115.8, 113.8, 105.4, 101.8, 98.4, 68.3, 67.8,
56.4, 56.1. HR-MS (ESI) Calcd. for C25H23ClN3O6 [MþH]þ: m/z
496.1275, Found 496.1270.

4.2.11.2. 2-(3-(4-Chloro-2-(5,7-dimethoxy-4-oxo-3,4-
dihydroquinazolin-2-yl)phenoxy)propoxy)benzamide (19b). Off-
white solid, Yield 31%. m.p. 195e197 �C. 1H NMR (400 MHz,
DMSO-d6), d (ppm): 11.69 (1H, brs), 7.75e7.73 (2H, m), 7.70
(1H, d, JZ 2.7 Hz), 7.55 (2H, dd, JZ 8.9 Hz, 2.9 Hz), 7.39e7.34
(1H, m), 7.22 (1H, d, J Z 8.4 Hz), 6.73 (1H, d, J Z 2.2 Hz), 6.55
(1H, d, J Z 2.2 Hz), 4.28e4.22 (4H, m), 2.24e2.21 (2H, m), 3.86
(3H, s), 3.84 (3H, s). 13C NMR (100 MHz, DMSO-d6), d (ppm):
167.0, 164.6, 161.4, 159.2, 156.6, 155.8, 153.5, 152.1, 132.7,
132.6, 132.0, 130.0, 124.7, 123.9, 121.0, 120.9, 115.2, 113.4,
105.4, 101.8, 98.3, 66.2, 65.9, 56.4, 56.1, 28.8. HR-MS (ESI)
Calcd. for C26H25ClN3O6 [MþH]þ: m/z 510.1432, Found
510.1434.

4.2.11.3. 2-(4-(4-Chloro-2-(5,7-dimethoxy-4-oxo-3,4-
dihydroquinazolin-2-yl)phenoxy)butoxy)benzamide (19c). Off-
white solid, Yield 21%. m.p. 184e186 �C. 1H NMR (400 MHz,
DMSO-d6), d (ppm): 11.60 (1H, brs), 7.77e7.74 (1H, m), 7.55
(1H, dd, J Z 8.8 Hz, 2.7 Hz), 7.39e7.35 (1H, m), 7.22 (1H, d,
J Z 8.9 Hz), 7.04 (1H, d, J Z 8.1 Hz), 7.01e6.98 (1H, m), 6.74
(1H, d, JZ 2.2 Hz), 6.55 (1H, d, JZ 2.2 Hz), 4.18e4.10 (4H, m),
3.87 (3H, s), 3.84 (3H, s), 1.96e1.89 (4H, m). 13C NMR
(100 MHz, DMSO-d6), d (ppm): 166.9, 164.7, 161.4, 159.1, 156.9,
156.9, 153.5, 152.0, 132.8, 132.1, 131.1, 129.9, 124.6, 124.2,
123.3, 120.8, 115.4, 113.4, 105.3, 101.8, 98.3, 68.9, 68.5, 56.4,
56.1, 26.8, 26.5. HR-MS (ESI) Calcd. for C27H27ClN3O6

[MþH]þ: m/z 524.1588, Found 524.1586.

4.2.11.4. 2-(2-(4-(5,7-Dimethoxy-4-oxo-3,4-dihydroquinazolin-
2-yl)phenoxy)ethoxy)benzamide (19d). Pure white solid, Yield
45%. m.p. 282e284 �C. 1H NMR (400 MHz, DMSO-d6), d (ppm):
11.92 (1H, brs), 8.17 (1H, d, J Z 8.9 Hz), 7.87 (2H, d,
J Z 8.8 Hz), 7.50e7.49 (1H, m), 7.24 (1H, d, J Z 7.8 Hz), 7.13
(2H, d, JZ 8.8 Hz), 7.09e7.07 (1H, m), 6.72 (1H, d, JZ 2.2 Hz),
6.51 (1H, d, J Z 2.2 Hz), 4.51e4.49 (4H, m), 3.89 (3H, s), 3.84
(3H, s). 13C NMR (100 MHz, DMSO-d6), d (ppm): 167.2, 165.5,
162.2, 162.0, 161.1, 157.6, 154.4, 133.9, 132.3, 131.2, 130.7,
126.2, 124.0, 123.3, 122.4, 115.8, 114.9, 105.8, 102.4, 98.7, 68.5,
67.6, 57.2, 56.8. HR-MS (ESI) Calcd. for C25H24N3O6 [MþH]þ:
m/z 462.1665, Found 462.1664.

4.2.11.5. 2-((5-(4-Chloro-2-(5,7-dimethoxy-4-oxo-3,4-
dihydroquinazol in-2-yl)phenoxy)pentyl)oxy)benzamide
(19e). Off-white solid, Yield 17%. m.p. 189e191 �C. 1H NMR
(400 MHz, DMSO-d6), d (ppm): 11.56 (1H, brs), 7.76 (1H, d,
J Z 2.8 Hz), 7.55 (2H, dd, J Z 8.9 Hz, 2.8 Hz), 7.47e7.41 (2H,
m), 7.22 (1H, d, J Z 8.9 Hz), 7.08 (1H, d, J Z 8.0 Hz), 6.75 (1H,
d, JZ 2.2 Hz), 6.54 (1H, d, JZ 2.2 Hz), 4.06e4.15 (4H, m), 3.86
(3H, s), 3.83 (3H, s), 1.87e1.78 (4H, m), 1.67e1.64 (2H, m). 13C
NMR (100 MHz, DMSO-d6), d (ppm): 166.8, 164.7, 161.4, 159.1,
156.9, 156.1, 153.5, 152.0, 132.9, 131.1, 129.8, 129.6, 124.6,
124.2, 123.3, 120.8, 115.4, 113.4, 105.4, 101.8, 98.3, 69.2, 68.9,
56.4, 56.1, 26.8, 26.5, 22.4. HR-MS (ESI) Calcd. for
C28H29ClN3O6 [MþH]þ: m/z 538.1745, Found 538.1744.

4.2.11.6. 2-(2-(4-(5,7-Dimethoxy-4-oxo-3,4-dihydroquinazolin-
2-yl)-2,6-dimethylphenoxy)ethoxy)benzamide (19f). A white
solid, Yield 51%. m.p. 271e273 �C. 1HNMR (400MHz,DMSO-d6),
d (ppm): 11.83 (1H, brs), 7.89 (1H, d, J Z 6.6 Hz), 7.69 (2H, d,
J Z 8.2 Hz), 7.50 (1H, td, J Z 8.4 Hz, 1.6 Hz), 7.23 (1H, d,
J Z 8.2 Hz), 7.08 (1H, dd, J Z 7.3 Hz, 7.6 Hz), 6.74 (1H, d,
JZ 2.2 Hz), 6.52 (1H, d, JZ 2.2 Hz), 4.47e4.24 (4H, m), 3.89 (3H,
s), 3.84 (3H, s), 2.30(6H, s). 13C NMR (100 MHz, DMSO-d6),
d (ppm): 166.5, 164.7, 161.4, 160.2, 158.3, 156.8, 154.9, 153.6, 152.9,
133.1, 131.6, 131.2 (2C), 128.8, 128.1, 123.1, 121.4, 113.6, 105.1,
101.6, 98.0, 70.5, 68.5, 56.4, 56.1, 16.7 (2C). HR-MS (ESI) Calcd. for
C27H28N3O6 [MþH]þ: m/z 490.1978, Found 490.1974.

4.2.11.7. 2-(2-(4-(5,7-Dimethoxy-4-oxo-3,4-dihydroquinazolin-
2-yl)-2,6-dimethoxyphenoxy)ethoxy)benzamide (19g). Pale yel-
low solid, Yield 26%. m.p. 271e273 �C. 1H NMR (400 MHz,
DMSO-d6), d (ppm): 11.92 (1H, brs), 7.97 (1H, dd, J Z 7.7 Hz,
1.7 Hz), 7.76 (1H, s), 7.63 (1H, s), 7.49 (1H, td, J Z 8.4 Hz,
1.7 Hz), 7.17 (1H, d, J Z 8.2 Hz), 7.07e7.05 (1H, m), 6.75 (1H,
d, J Z 2.2 Hz), 6.53 (1H, d, J Z 2.2 Hz), 4.35 (4H, s), 3.89 (3H,
s), 3.85 (3H, s), 3.83 (6H, s). 13C NMR (100 MHz, DMSO-d6),
d (ppm): 166.4, 164.7, 161.4, 160.2, 157.1, 153.4, 153.4, 152.7,
138.7, 133.2, 131.8, 128.2, 122.5, 121.2, 115.2, 113.4, 105.5,
105.5, 105.1, 101.7, 98.2, 70.9, 68.3, 56.6 (2C), 56.4, 56.1. HR-
MS (ESI) Calcd. for C27H28N3O8 [MþH]þ: m/z 522.1876,
Found 522.1873.

4.2.11.8. 2-(2-(4-(5,7-Dimethoxy-4-oxo-3,4-dihydroquinazolin-
2-yl)-2-fluorophenoxy)ethoxy)benzamide (19h). Off-white solid,
Yield 42%. m.p. 210e212 �C. 1H NMR (400 MHz, DMSO-d6),
d (ppm): 11.92 (1H, brs), 7.77 (1H, d, J Z 2.7 Hz), 7.74 (1H, dd,
J Z 7.7 Hz, 1.7 Hz), 7.58 (1H, dd, J Z 8.9 Hz, 1.7 Hz), 7.51 (1H,
s), 7.36 (1H, td, J Z 8.4 Hz, 1.7 Hz), 7.14 (1H, d, J Z 8.2 Hz),
6.99e6.97 (1H, m), 6.73 (1H, d, J Z 2.2 Hz), 6.54 (1H, d,
J Z 2.2 Hz), 4.52e4.46 (4H, m), 3.85 (3H, s), 3.82 (3H, s). 13C
NMR (100 MHz, DMSO-d6), d (ppm): 166.7, 164.6, 161.4, 159.2,
156.6, 155.8, 153.4, 151.8, 132.7, 132.1, 131.2, 130.2, 125.2 (d, JC-
F Z 8.2 Hz), 124.4, 123.7, 121.4, 115.8 (d, JC-F Z 19.4 Hz), 113.8,
105.4, 101.8, 98.4, 68.3, 67.8, 56.4, 56.1. HR-MS (ESI) Calcd. for
C26H23FN3O6 [MþH]þ: m/z 480.1571, Found 480.1568.

4.2.11.9. 2-(4-(2-((1H-Benzo[d][1,2,3]triazol-1-yl)oxy)ethoxy)-
3,5-dimethylphenyl)-5,7-dimethoxyquinazolin-4(3H)-one
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(19i). Off-white solid, Yield 38%. m.p. 186e188 �C. 1H NMR
(400 MHz, DMSO-d6), d (ppm): 11.85 (1H, brs), 8.10 (1H, d,
J Z 8.4 Hz), 7.93 (2H, s), 7.87 (1H, d, J Z 8.4 Hz), 7.66 (1H, dd,
J Z 7.3 Hz, 7.9 Hz), 7.49 (1H, dd, J Z 7.9 Hz, 7.6 Hz), 6.74 (1H,
d, J Z 2.2 Hz), 6.52 (1H, d, J Z 2.2 Hz), 4.92e4.90 (2H, m),
4.29e4.27 (2H, m), 3.89 (3H, s), 3.85 (3H, s), 2.36 (6H, s). 13C
NMR (100 MHz, DMSO-d6), d (ppm): 164.7, 161.4, 160.2, 158.4,
153.5, 152.9, 143.2, 131.2, 131.1, 129.0, 128.8 (2C), 128.1, 127.4,
125.5, 120.2, 109.7, 105.1, 101.6, 98.1, 80.6, 69.7, 56.4, 56.1, 16.7
(2C). HR-MS (ESI) Calcd. for C26H26N5O5 [MþH]þ: m/z
488.1934, Found 488.1933.

4.2.11.10. 2-(4-(2-((1H-Benzo[d][1,2,3]triazol-1-yl)oxy)
ethoxy)-3,5-dimethoxyphenyl)-5,7-dimethoxyquinazolin-4(3H)-
one (19j). Pale white solid powder, Yield 34%. m.p.
222e224 �C. 1H NMR (400 MHz, DMSO-d6), d (ppm): 12.04
(1H, brs), 8.08 (1H, d, JZ 8.4 Hz), 7.91 (1H, d, JZ 8.4 Hz), 7.66
(1H, dd, J Z 7.4 Hz, 7.9 Hz), 7.58 (2H, s), 7.48 (1H, dd,
J Z 7.4 Hz, 7.9 Hz), 6.76 (1H, d, J Z 2.2 Hz), 6.53 (1H, d,
J Z 2.2 Hz), 4.84 (2H, t, J Z 3.4 Hz), 4.35(2H, t, J Z 3.4 Hz),
3.90 (9H, s), 3.86 (3H, s). 13C NMR (100 MHz, DMSO-d6),
d (ppm): 164.7, 161.4, 160.9, 160.3, 153.4, 153.1, 152.6, 143.2,
139.2, 128.8 (2C), 127.7, 125.4 (2C), 120.1, 109.6, 105.5 (2C),
105.2, 101.7, 98.2, 80.8, 70.2, 56.6, 56.4, 56.1. HR-MS (ESI)
Calcd. for C26H26N5O7 [MþH]þ: m/z 520.1832, Found 520.1828.

4.2.11.11. 2-(4-(2-((1H-Benzo[d][1,2,3]triazol-1-yl)oxy)ethoxy)
phenyl)-5,7-dimethoxyquinazolin-4(3H)-one (19k). Off-white
solid, Yield 48%. m.p. 233e235 �C. 1H NMR (400 MHz, DMSO-
d6), d (ppm): 11.92 (1H, brs), 8.17 (2H, d, J Z 8.7 Hz), 8.09 (1H,
d, J Z 8.4 Hz), 7.29 (1H, d, J Z 8.4 Hz), 7.60 (1H, dd,
J Z 7.4 Hz, 7.8 Hz), 7.46 (1H, dd, J Z 7.9 Hz, 7.4 Hz), 7.03 (2H,
d, J Z 8.7 Hz), 6.73 (1H, d, J Z 2.2 Hz), 6.51 (1H, d,
J Z 2.2 Hz), 4.96e4.46 (4H, m), 3.89 (3H, s), 3.84 (3H, s). 13C
NMR (100 MHz, DMSO-d6), d (ppm): 164.7, 161.4, 160.9, 160.0,
153.6, 152.8, 143.2, 129.8 (2C), 128.9, 127.1, 125.4, 125.3, 120.2,
114.8 (2C), 109.6, 105.0, 101.6, 97.9, 79.3, 65.8, 56.4, 56.1. HR-
MS (ESI) Calcd. for C24H22N5O5 [MþH]þ: m/z 460.1621, Found
460.1607.

4.2.11.12. 2-(4-(2-((1H-Benzo[d][1,2,3]triazol-1-yl)oxy)
ethoxy)-3-fluorophenyl)-5,7-dimethoxyquinazolin-4(3H)-one
(19l). Off-white solid, Yield 32%. m.p. 233e236 �C. 1H NMR
(400 MHz, DMSO-d6), d (ppm): 11.99 (1H, brs), 8.09e8.04 (3H,
m), 7.81 (1H, d, J Z 8.3 Hz), 7.60 (1H, dd, J Z 7.2 Hz, 8.0 Hz),
7.46 (1H, dd, J Z 8.0 Hz, 7.4 Hz), 7.36e7.34 (1H, m), 6.74 (1H,
d, J Z 2.2 Hz), 6.53 (1H, d, J Z 2.2 Hz), 4.99e4.98 (2H, m),
4.56e4.54 (2H, m), 3.89 (3H, s), 3.85 (3H, s). 13C NMR
(100 MHz, DMSO-d6), d (ppm): 164.7, 161.4, 160.1, 153.3, 152.8,
151.7, 148.9 (d, JC-F Z 10.8 Hz), 143.2, 129.0, 128.9, 127.6,
125.9, 125.0, 120.2, 116.7 (d, JC-F Z 18.9 Hz), 114.9, 109.4,
105.1, 101.7, 98.1, 79.1, 66.8, 56.4, 56.1. HR-MS (ESI) Calcd. for
C24H21FN5O5 [MþH]þ: m/z 478.1526, Found 478.1529.

4.2.11.13. 2-(4-(2-((1H-Indazol-6-yl)oxy)ethoxy)-3,5-
d imethy lpheny l ) -5 ,7 -d imethoxyquinazo l in -4(3H)-one
(19m). Off-white solid, Yield 34%. m.p. 221e223 �C. 1H NMR
(400 MHz, DMSO-d6), d (ppm): 12.91 (1H, brs), 11.83 (1H, brs),
7.95 (1H, s), 7.91 (2H, s), 7.47 (1H, d, J Z 8.9 Hz), 7.24 (1H, s),
7.05 (1H, dd, J Z 8.9 Hz, 2.0 Hz), 6.74 (1H, d, J Z 2.2 Hz), 6.52
(1H, d, J Z 2.2 Hz), 4.31e4.30 (2H, m), 4.22e4.21 (2H, m),
3.89 (3H, s), 3.84 (3H, s), 2.33 (6H, s). 13C NMR (100 MHz,
DMSO-d6), d (ppm): 164.7, 161.4, 160.1, 158.6, 153.6 (2C),
152.9, 139.6, 136.3, 133.3, 131.2 (2C), 128.7, 123.5, 118.6,
111.6, 105.1, 101.6, 101.3, 100.9, 98.1, 71.3, 67.9, 56.4, 56.1,
16.6 (2C). HR-MS (ESI) Calcd. for C27H27N4O5 [MþH]þ: m/z
487.1981, Found 487.1988.

4.2.11.14. 2-(4-(2-((1H-Indazol-6-yl)oxy)ethoxy)-3,5-
dimethoxyphenyl)-5,7-dimethoxyquinazolin-4(3H)-one
(19n). Off-white solid, Yield 30%. m.p. 260e262 �C. 1H NMR
(400 MHz, DMSO-d6), d (ppm): 12.89 (1H, brs), 12.03 (1H, brs),
7.94 (1H, s), 7.55 (2H, s), 7.45 (1H, d, J Z 8.9 Hz), 7.19 (1H, s),
7.05 (1H, dd, J Z 8.9 Hz, 2.0 Hz), 6.76 (1H, d, J Z 2.2 Hz), 6.53
(1H, d, J Z 2.2 Hz), 4.32e4.30 (2H, m), 4.25e4.23 (2H, m), 3.90
(3H, s), 3.86 (9H, s). 13C NMR (100 MHz, DMSO-d6), d (ppm):
164.7, 161.4, 160.9, 159.4, 153.4, 153.2, 152.8, 139.7, 136.2,
133.3, 131.1, 129.9, 123.5, 118.8, 111.4, 105.6 (2C), 105.1, 101.7,
101.4, 98.2, 71.5, 68.2, 56.6 (2C), 56.4, 56.1. HR-MS (ESI) Calcd.
for C27H27N4O7 [MþH]þ: m/z 519.1879, Found 519.1877.

4.2.11.15. 2-(4-(2-((1H-Indazol-6-yl)oxy)ethoxy)phenyl)-5,7-
dimethoxyquinazolin-4(3H)-one (19o). Light yellow solid, Yield
34%. m.p. 255e257 �C. 1H NMR (400 MHz, DMSO-d6), d (ppm):
12.91 (1H, brs), 11.92 (1H, brs), 8.18 (2H, d, J Z 8.9 Hz), 7.95
(1H, s), 7.45 (1H, d, J Z 8.8 Hz), 7.26 (1H, d, J Z 1.9 Hz), 7.13
(2H, d, J Z 8.9 Hz), 7.06 (1H, dd, J Z 8.9 Hz, 2.2 Hz), 6.72 (1H,
d, J Z 2.2 Hz), 6.51 (1H, d, J Z 2.2 Hz), 4.45e4.43 (2H, m),
4.37e4.35 (2H, m), 3.89 (3H, s), 3.84 (3H, s). 13C NMR
(100 MHz, DMSO-d6), d (ppm): 164.7, 161.4, 161.7, 159.4, 154.4,
153.4, 153.0, 152.7, 139.7, 136.2, 133.2, 131.0, 127.8, 123.5,
118.8, 111.6, 105.6, 105.1, 101.6, 101.4, 97.9, 79.3, 65.8, 56.4,
56.1. HR-MS (ESI) Calcd. for C25H23N4O5 [MþH]þ: m/z
459.1668, Found 459.1668.

4.2.11.16. 2-(4-(2-((1H-Benzo[d][1,2,3]triazol-1-yl)oxy)
ethoxy)-3-chlorophenyl)-5,7-dimethoxyquinazolin-4(3H)-one
(19p). Off-white solid, Yield 34%. m.p. 270e273 �C. 1H NMR
(400 MHz, DMSO-d6), d (ppm): 11.97 (1H, brs), 8.09e8.03 (3H,
m), 7.78 (1H, d, J Z 8.3 Hz), 7.62e7.58 (1H, m), 7.48e7.44
(1H,m), 7.34 (1H, dd, J Z 8.7 Hz, 8.4 Hz), 6.75 (1H, d,
J Z 2.2 Hz), 6.53 (1H, d, J Z 2.2 Hz), 4.99e4.97 (2H, m),
4.56e4.54 (2H, m), 3.89 (3H, s), 3.85 (3H, s). 13C NMR
(100 MHz, DMSO-d6), d (ppm): 164.7, 161.4, 160.2, 158.4, 153.3,
151.7, 148.9, 131.2, 131.1, 129.0, 128.8 (2C), 128.1, 127.4, 125.5,
120.2, 109.7, 105.1, 101.6, 98.2, 79.1, 66.8, 56.4, 56.1. HR-MS
(ESI) Calcd. for C24H21ClN5O5 [MþH]þ: m/z 478.1527, Found
478.1524.

4.2.11.17. 2-(2-(2-((3a,7a-Dihydro-1H-benzo[d][1,2,3]triazol-
1-yl)oxy)ethoxy)-4-methoxyphenyl)-5,7-dimethoxyquinazolin-
4(3H)-one (19q). Off-white solid, Yield 32%. m.p. 216e219 �C.
1H NMR (400 MHz, DMSO-d6), d (ppm): 11.39 (1H, brs),
7.98e7.96 (1H, m), 7.82 (1H, d, J Z 8.6 Hz), 7.64e7.62 (1H, m),
6.76e6.72 (2H, m), 6.71 (1H, d, J Z 2.2 Hz), 6.52 (1H, d,
JZ 2.2 Hz), 4.95e4.93 (2H, m), 4.55e4.53 (2H, m), 3.88 (3H, s),
3.84 (6H, s). 13C NMR (100 MHz, DMSO-d6), d (ppm): 164.5,
163.2, 161.4, 159.2, 157.9, 153.8, 152.8, 143.1, 132.3, 128.7,
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127.4, 125.3, 120.0, 115.0, 109.4 (2C) 107.0, 105.2, 101.6, 100.0,
97.9, 79.2, 66.3, 56.4, 56.1. HR-MS (ESI) Calcd. for C25H26N5O6

[MþH]þ: m/z 490.1727, Found 490.1720.

4.2.11.18. 2-(4-Chloro-2-(2-((3a,7a-dihydro-1H-benzo[d]
[1,2,3]triazol-1-yl)oxy)ethoxy)phenyl)-5,7-dimethoxyquinazolin-
4(3H)-one (19r). Off-white solid, Yield 46%. m.p. 215e217 �C.
1H NMR (400 MHz, DMSO-d6), d (ppm): 11.74 (1H, brs),
7.5e7.94 (1H, m), 7.73 (1H, d, J Z 2.7 Hz), 7.59e7.53 (2H, m),
7.35e7.29 (2H, m), 7.26 (1H, d, J Z 8.9 Hz), 6.77 (1H, d,
J Z 2.2 Hz), 6.59 (1H, d, J Z 2.2 Hz), 4.93e4.89 (2H, m),
4.50e4.49 (2H, m), 3.88 (3H, s), 3.87 (3H, s). 13C NMR
(100 MHz, DMSO-d6), d (ppm): 164.4, 161.4, 159.2, 155.3, 153.5,
151.9, 143.1, 132.0, 130.2, 128.6, 127.3, 125.3, 125.2, 124.8,
120.0, 115.4, 109.2, 105.6, 101.8, 98.4, 79.2, 66.6, 56.4, 56.1. HR-
MS (ESI) Calcd. for C24H23ClN5O5 [MþH]þ: m/z 494.1231,
Found 494.1234.

4.2.11.19. 2-(2-(2-(5,7-Dimethoxy-4-oxo-3,4-dihydroquinazolin-
2-yl)-4-fluorophenoxy)ethoxy)benzamide (19s). Off-white solid,
Yield 58%. m.p. 245e247 �C. 1H NMR (400 MHz, DMSO-d6),
d (ppm): 11.74 (1H, brs), 7.83 (1H, d, J Z 8.6 Hz), 7.76 (1H, dd,
J Z 8.9 Hz, 2.2 Hz), 7.47 (1H, d, J Z 2.9 Hz), 7.41e7.35 (1H, m),
6.72 (1H, dd, J Z 8.9, 2.2 Hz), 7.18 (1H, d, J Z 8.2 Hz), 7.01 (1H,
t, J Z 7.6 Hz), 6.81 (1H, d, J Z 2.2 Hz), 6.50 (1H, d, J Z 2.2 Hz),
4.56e4.51 (4H, m), 3.86 (3H, s), 3.85 (3H, s). 13C NMR (100 MHz,
DMSO-d6), d (ppm): 166.7, 163.1, 161.4, 158.2, 157.9, 156.7149.9,
144.1, 132.7, 132.2, 131.2, 131.3, 129.4 (d, JC-F Z 9.2 Hz), 124.4,
123.7, 121.9, 121.4, 115.2 (d, JC-F Z 19.7 Hz), 113.9, 107.1, 106.2,
100.1, 67.9, 67.8, 56.1, 55.9. HR-MS (ESI) Calcd. for C25H23FN3O6

[MþH]þ: m/z 480.1571, Found 480.1570.

4.2.11.20. 5,7-Dimethoxy-2-(4-(2-((4-oxo-3,4-dihydroquinazolin-
6-yl)oxy)ethoxy)phenyl)quinazolin-4(3H)-one (19t). Off-white
solid, Yield 48%. m.p. 281e283 �C. 1H NMR (400 MHz, DMSO-
d6), d (ppm): 11.91 (1H, brs), 10.13 (1H, brs), 8.23 (1H, s), 8.14 (2H,
d, JZ 8.9 Hz), 7.55 (1H, d, JZ 8.7 Hz), 7.44 (1H, d, JZ 2.8 Hz),
7.28 (1H, dd, J Z 8.7, 2.8 Hz), 7.07 (2H, d, J Z 8.9 Hz), 6.71 (1H,
d, J Z 2.2 Hz), 6.50 (1H, d, J Z 2.2 Hz), 4.39e4.37 (4H, m), 3.88
(3H, s), 3.83 (3H, s). 13C NMR (100 MHz, DMSO-d6), d (ppm):
164.7, 161.4, 161.0, 160.5, 160.2, 156.9, 153.6, 152.8, 145.7, 141.6,
129.9 (2C), 129.3, 125.3, 124.3, 122.9, 114.9 (2C), 109.3, 105.0,
101.5, 97.9, 65.8, 56.4, 56.0, 45.6. HR-MS (ESI) Calcd. for
C26H23N4O6 [MþH]þ: m/z 484.1439, Found 484.1437.

4.2.11.21. 4-(2-(4-(5,7-Dimethoxy-4-oxo-3,4-dihydroquinazolin-
2-yl)phenoxy)ethoxy)nicotinamide (19u). Off-white solid, Yield
21%. m.p. 275e277 �C. 1H NMR (400 MHz, DMSO-d6), d (ppm):
11.91 (1H, brs), 8.17 (2H, d, JZ 8.8 Hz), 7.86 (1H, d, JZ 6.3 Hz),
7.50 (1H, t, J Z 7.2 Hz), 7.23 (1H, d, J Z 8.2 Hz), 7.12 (2H, d,
J Z 8.8 Hz), 7.09e7.05 (1H, m), 6.71 (1H, d, J Z 2.2 Hz), 6.50
(1H, d, J Z 2.2 Hz), 4.50e4.45 (4H, m), 3.89 (3H, s), 3.84 (3H, s).
13C NMR (100 MHz, DMSO-d6), d (ppm): 166.7, 164.6, 161.4,
159.2, 156.7, 155.8, 153.4, 151.8, 132.7, 131.2, 130.2, 125.2, 124.4,
123.7, 121.4, 115.8, 113.8, 105.4, 101.8, 98.4, 68.3, 67.8, 57.4, 57.1.
HR-MS (ESI) Calcd. for C24H23N4O6 [MþH]þ: m/z 463.1618,
Found 463.1615.

4.2.11.22. 2-((4-(5,7-Dimethoxy-4-oxo-3,4-dihydroquinazolin-
2-yl)phenoxy)methoxy)benzamide (19v). Pure white solid, Yield
42%. m.p. 266e268 �C. 1H NMR (400 MHz, DMSO-d6), d (ppm):
12.07 (1H, brs), 8.19 (1H, d, J Z 8.1 Hz), 7.86 (1H, dd, J Z 7.6,
1.5 Hz), 7.65e7.63 (3H, m), 7.55 (1H, s), 7.46e7.43 (1H, m), 7.19
(1H, d, JZ 8.1 Hz), 7.05e7.02 (1H, m), 6.75 (1H, d, JZ 2.2 Hz),
6.55 (1H, d, J Z 2.2 Hz), 5.35 (2H, s), 3.89 (3H, s), 3.85 (3H, s).
13C NMR (100 MHz, DMSO-d6), d (ppm): 167.0, 164.7, 161.4,
160.2, 156.3, 155.1, 153.4, 153.0, 140.6, 132.6, 132.4, 131.0,
128.3, 128.0, 124.3, 121.3, 113.8, 113.6, 105.3, 101.8, 98.3, 68.8,
56.4, 56.1.

4.3.3. Bioinformatics analysis

BRD4-related and PARP1-related PPI network was predicted by
PrePPI (https://honiglab.c2b2.columbia.edu/PrePPI/). Then, func-
tion annotation of BRD4-related and PARP1-related proteins were
performed using DAVID (https://david.ncifcrf.gov/), and the pro-
teins with the functions of cell cycle and apoptosis were filtered
out. Finally, the correlation between BRD4 and PARP1 in BRCA
tumor, which represents invasive breast cancer in TCGA, was
analyzed using “correlation analysis” section in GEPIA (http://
gepia.cancer-pku.cn/) by given sets of TCGA expression data71.
The specific process was that entered the names of the two targets,
selected the specific tissue, and used Spearman method to calcu-
late the correlation coefficient, and finally clicked “plot” to
generate the corresponding scatter plot. PPI networks were pro-
duced by using Cytoscape_v3.7.2.

4.4. Molecular docking

The combinatorial compound database was constructed in the
design and enumerate module of Accelrys Discovery Studio
(version 3.5; San Diego, CA, USA). Then all the generated
combinatorial compounds were filtered by the Lipinski’s rule of
five and prepared with pH from 6.5 to 8.5 for the following
docking. The crystal structures of BRD4(BD1), BRD4(BD2) and
PARP1 were derived from Protein Data Bank database (PDB,
https://www.rcsb.org/) with PDB IDs of 4MR4, 5UOO and 5DS3.
The centroids of the native ligands in all crystal structures were
defined as the centers of binding pockets in docking process.
According to the docking protocol72, five converse water mole-
cules of BRD4(BD1) and BRD4(BD2) complex were retained,
while all the water molecules were deleted in the PARP1 complex.
We employed the CDOCKER protocol as docking approaches to
carry out semiflexible docking. We set other parameters as default
values.

4.5. Pharmacology

4.5.1. PARP1 inhibition assays
The inhibition of the tested compounds on PARP1 enzymatic
activity was determined by enzyme linked immunosorbent assay
(ELISA) in 96-well plates. The inhibition rate of PARP1 enzy-
matic activity was calculated as (Lu control � Lu treated/Lu
control) � 100%. The PARP1 activity assay was performed by
Huawei Pharmaceutical Company (Jinan, China). The concen-
tration required for 50% inhibition of PARP1 enzymatic activity
(IC50) was calculated using nonlinear regression with normalized
dose response fit using Prism GraphPad software. Each well was
precoated with histone (20 mg/mL) diluted in 100 mL of PBS
buffer (contains 10 mmol/L NaH2PO4, 10 mmol/L Na2HPO4,
150 mmol/L NaCl, pH 7.4) by incubation at 4 �C overnight.
25 mmol/L of biotinylated NADþ, 200 nmol/L of sDNA and

https://honiglab.c2b2.columbia.edu/PrePPI/
https://david.ncifcrf.gov/
http://gepia.cancer-pku.cn/
http://gepia.cancer-pku.cn/
https://www.rcsb.org/
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100 mmol/L of NADþ diluted in 30 mL of reaction buffer (con-
tains 2 mmol/L MgCl2 and 50 mmol/L Tris, pH 8.0) were added
into each well, and then 5 mL of solvent control or compound was
added at varying concentrations. The reaction was initiated by
the addition of 20 mL of PARP (50 ng/well) at 30 �C for 60 min.
Then the reaction solution was added 50 mL streptavidin conju-
gated HRP. The assay was performed at 30 �C for additional
0.5 h. Finally, 100 mL of solution (contains luminol and H2O2 in
0.1 mol/L citrate buffer, pH 5.4) was added and luminescent
signal was measured using Molecular Devices Spectra Max M5
microplate reader (a multi well spectrophotometer, San Jose, CA,
USA).

4.5.2. BRD4 inhibition assays
The assay was performed by time-resolved fluorescence resonance
energy transfer (TR-FRET) technology using a recombinant
BRD4(BD1 þ BD2) and its corresponding ligand (BET). The
BRD4 activity assay was performed by Huawei Pharmaceutical
Company. The TR-FRET signal from the assay was correlated
with the amount of ligand binding to the bromodomain. The 20 mL
reaction mixture in assay buffer contains either bromodomains,
BET ligand and the indicated amount of inhibitor. For the negative
control (blank), 5 mL of the assay buffer was added instead of the
BET ligand. The reaction mixture incubated for 2 h. After the
incubation with the ligand, TR-FRET signal was measured by
using Tecan Infinite M1000 plate reader (Männedorf,
Switzerland). The compounds final concentration of DMSO was
1% in all reactions. All of the binding reactions were conducted at
room temperature.

4.5.3. Cell culture and reagent
All the cell lines used in this study were purchased from American
Type Culture Collection (ATCC, Manassas, VA, USA). MDA-
MB-231, MDA-MB-468 and MCF-7 cells were cultured in Dul-
becco Modified Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum and incubated with 5% CO2. Primary anti-
bodies against BRD4 (#13440), c-Myc (#5605), PARP (#9532),
BAX (#5023), BCL-2 (#2870), caspase-3 (#9662), were purchased
from Cell Signaling Technologies (Boston, MA, USA). PAR
(#ab14459) was purchased from Abcam (Cambridge, UK). MTT
(#M2128) was purchased from SigmaeAldrich (St. Louis, MO,
USA).

4.5.4. Cell viability assay
Cells were dispensed in 96-well plates at a density of 5.5 � 104

cells/mL. After 24 h incubation, cells were treated with different
concentrations of synthetic compounds for the indicated time
periods. Cell viability was measured by the MTT assay.

4.5.5. Flow cytometric analysis
For Annexin V-FITC/PI staining, the treated cells were collected,
washed twice with PBS and then stained with Annexin V-FITC
(1:1000) in binding buffer at room temperature in the dark. 15 min
later, the cells were incubated with PI staining solution for 5 min.
Then the cells were measured by flow cytometry (Becton Dick-
inson, CA, USA).

4.5.6. The cell cycle analysis
The cell cycle analysis was performed with cells seeded in 6-well
plates (3 � 103 cells/well) in growth media. The cells were
allowed to attach overnight. The cultures were treated by different
concentration of 19d with 0, 1, 3.3 or 10 mmol/L. The collected
cells were then washed in PBS and fixed in 95% ethanol. The cells
were stained with 50 mg/mL PI containing 10 mg/mL RNase A and
then analyzed in fluorescence activated cell sorting. The per-
centages of cells in the G1, S, and G2/M phases were determined.

4.5.7. Colony formation assay
The colony formation assay was performed with cells seeded in 6-
well plates (500 cells/well). After 2 weeks, cells were fixed with
methanol and stained with crystal violet. The number of colonies
was counted. Data represent the means � SD from 3 independent
experiments performed in triplicate wells.

4.5.8. Western blot analysis
Western blot analysis was carried out by the following method.
Cells were treated with compound 19d, RVX-208, Olaparib and
SBI0206965 for indicated times. Then both adherent and
floating cells were collected, which was added with a Rapa
buffer with protease inhibitor and phosphatase inhibitor cocktail
(SigmaeAldrich) after centrifugation (12,000�g at 4 �C for
15 min). The protein concentration was determined using the
bicinchoninic acid method. Proteins were separated by sodium
dodecyl sulphate-polyacrylamide gel electrophoresis and trans-
ferred to nitrocellulose membranes. The membranes were blocked
with Tris buffered saline with Tween-20 (TBST) containing 5%
skimmed milk at room temperature for 1 h, incubated overnight
with primary antibodies at 4 �C, and subsequently incubated with
secondary horseradish peroxidase conjugated, goat anti-rabbit or
goat anti-mouse IgG (Abcam) at room temperature for 1 h, then
visualized by using ECL reagents.

4.5.9. Pharmacokinetic studies of compound 19d
The pharmacokinetic analysis of compound 19d was conducted in
three male SpragueeDawley rats. The animal studies were con-
ducted in conformity with institutional guide for the care and use
of laboratory animals, and all animal protocols were approved by
the Animal Ethics Committee of Sichuan University (Chengdu,
China). All experiments with animals were in accordance with the
animal care and use guidelines. The group of three rats were
administered the agent orally. The group was orally administered
at a dose of 10 mg/kg with a dosing volume of 10 mL/kg for rats.
The blood samples were collected were collected at 0.25, 0.5, 1, 2,
4, 6, 8, and 24 h. Blood were collected for plasma study. The
saline solutions were formulated in 4% DMSO and 10% solution
of HS-15. Briefly, the animals were restrained manually at the
designated time points. Approx. 200 mL of blood were taken from
the animals via the jugular vein into heparin sodium tubes. Blood
samples were put on ice and centrifuged to obtain plasma samples
(6800�g, 6 min under 4 �C) within 2 h. The concentrations of the
compound in the plasma were analyzed using liquid chromatog-
raphy‒mass spectrometry (LC�MS/MS) after protein precipita-
tion. The concentration‒time data of plasma compound 19d were
analyzed to derive the pharmacokinetic parameters. Fasted over-
night with metabolism cages and fed 4 h after administration,
freed access to water. Plasma samples were stored at approxi-
mately �80 �C until analysis.

4.5.10. Xenograft breast cancer models
Forty female nude mice (BALB/c, 6e8 weeks, 15e17 g) were
injected subcutaneously with MCF-7 cells (5 � 106 cells/mouse),
another 40 female nude mice were injected subcutaneously with
MDA-MB-468 cells (5 � 106 cells/mouse). When the tumors
reached 100 mm3 in volume (V Z L � W2/2), 40 mice were
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divided into four groups (n Z 10) for each cell line, respectively.
Three groups were treated with different doses of 19d (low dose,
20 mg/kg; median dose, 40 mg/kg; high dose, 80 mg/kg) once a
day by intragastric administration for 20 or 18 days, whereas the
control group was treated with vehicle control. During the treat-
ment, the tumor volumes and body weight were measured every 3
days until the end of the study. At the end of treatment, all mice
were sacrificed. The tumor tissues were harvested and weighed.
Then, the tumor tissues were frozen in liquid nitrogen or fixed in
formalin immediately.

4.5.11. IHC assay
The fixed tissue was dehydrated by a fully automatic dehydrator,
embedded, and sliced as follows: the dewaxed slice was placed in
a dyeing tank (3% methanol, hydrogen peroxide) at room tem-
perature for 10 min. Washed 3 times with PBS, each time for
5 min, then immersed the section in 0.01 mol/L citrate buffer (pH
6.0). After heating, the fire was turned off after boiling, and
repeated once time after 5 min. Continued to wash with the PBS
twice for 5 min each time; added goat serum blocking solution at
room temperature for 20 min; added antibody, overnight at 4 �C;
added antibody, and stored at 37 �C for 30 min; washed 3 times
with PBS, each time for 5 min; DAB color development: using the
DAB color development kit (Beijing Zhongshan Jinqiao
Biotechnology Co., Ltd., Beijing, China), mixed the reagent and
added it to the slice. Colored development at room temperature,
mirror control time was usually about 2 min, washed with distilled
water; lightly counterstain with hematoxylin, dehydrated, trans-
parent, and sealed with neutral gum. The above specimens were
all performed according to the pathological examination standard
operation process (SOP) procedure. The images acquisition of the
slice was performed using the BA200 Digital trinocular camera
micro-camera system produced by McAudi Industrial Group Co.,
Ltd. (Xiamen, China). Each section was observed at 100 times
before the whole tissue, and then 3 fields were selected to collect
400 times of microscopic images.

4.5.12. HE staining assay
The fixed tissues were dehydrated by the automatic dehydrator,
embedded, and sliced as follows: the slice was dewaxed into
water, the hematoxylin was stained for 10e20 min, and rinsed
with tap water for 1e3 min; differentiated with hydrochloric acid
and alcohol for 5e10 s; washed with tap water for 1e3 min,
putted into warm water of 50 �C or weak alkaline solution until
blue color appeared, then washed it with tap water for 1e3 min;
put it into 85% alcohol for 3e5 min, dyed with eosin for 3e5 min,
then washed with water for 3e5 s; dehydrated with different
gradients of alcohol, used xylene to make it transparent, and
finally sealed with neutral gum solid. The above specimens were
all performed according to the pathological examination SOP
procedure. The BA200 Digital trinocular camera micro-camera
system was produced by McAudio Industrial Group Co., Ltd.
(Xiamen, China), which was used to image the slices. Each slice
was observed at 40 times before the whole tissue was observed.
The gross lesions were observed, and the area was selected and
collected 100 and 400 times picture to observe specific lesions.

4.5.13. Statistical analysis
The presented data and results were confirmed in at least 3 in-
dependent experiments. The data were expressed as means � SD
and analyzed with GraphPad Prism 6.0. Statistical comparisons
were made by 1-way ANOVA and Student’s t-test of SPSS 17.0
(Chicago, IL, USA). P < 0.05 was considered statistically
significant.
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