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Abstract Ubiquitin specific peptidase 28 (USP28) is closely associated to the occurrence and development of

various malignancies, and thus has been validated as a promising therapeutic target for cancer therapy. To date,

only few USP28 inhibitors with moderate inhibitory activity have been reported, highly potent and selective

USP28 inhibitors with new chemotypes remain to be discovered for pathologically investigating the roles of deu-

biquitinase. In this current study,we reported the synthesis and biological evaluation of new [1,2,3]triazolo[4,5-d]

pyrimidine derivatives as potent USP28 inhibitors. Especially, compound 19 potently inhibited USP28

(IC50 Z 1.10 � 0.02 mmol/L, Kd Z 40 nmol/L), showing selectivity over USP7 and LSD1

(IC50 > 100 mmol/L). Compound 19 was cellularly engaged to USP28 in gastric cancer cells. Compound 19

reversibly bound to USP28 and directly affected its protein levels, thus inhibiting the proliferation, cell cycle

at S phase, and epithelial-mesenchymal transition (EMT) progression in gastric cancer cell lines. Docking studies

were performed to rationalize the potency of compound 19. Collectively, compound 19 could serve as a new tool

compound for the development of new USP28 inhibitors for exploring the roles of deubiquitinase in cancers.

ª 2020 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sci-

ences. 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/).
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PDH, glyceraldehyde-3-phosphate dehydrogenase; IC50, half maximal inhibitory concentration; Kd, dissociation
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1. Introduction
Ubiquitination is one of the most important post-translational
modifications that can mediate the target proteins recognized and
degraded by proteasome by labeling them with ubiquitin (Ub)
code1e3. Through the ubiquitination of substrate proteins, a vari-
ety of cellular activities can be affected or regulated4. The deu-
biquitinating enzymes (DUBs) could catalyze the cleavage of
proteineubiquitin bonds and remove ubiquitin molecules from
the substrate proteins, forming a reversible process called deubi-
quitination. Most of the deubiquitinating enzymes are cysteine
proteases, which hydrolyzes isopeptide or peptide bonds between
ubiquitin and substrate proteins, allowing proteins to escape
degradation, while ubiquitin is re-cycled to maintain the homeo-
stasis of the ubiquitin pool5. At present, the research on ubiq-
uitination and deubiquitination has become a new hotspot6, and
the in-depth mechanistic studies will open up a new path for the
study of tumor pathogenesis.

Several studies have reported that ubiquitin specific peptidase
28 (USP28) is highly expressed in many cancers, including
gastric cancer7, breast cancer, non-small cell lung cancer
(NSCLC)8, bladder cancer and colorectal cancer9,10. USP28
promotes tumorigenesis and has carcinogenic potential through
deubiquitination. Interestingly, USP28 stabilizes lysine specific
demethylase 1 (LSD1) via direct deubiquitination11. USP28
indirectly regulates c-Myc degradation through interacting with
E3 ligase Fbw7a12. Our group has reported that USP28 can
regulate LSD1 protein levels in gastric cancer cells7. To date,
only few small-molecule USP28 inhibitors have been reported, of
which PR-619 inhibits USP28 with an EC50 value of about
8 mmol/L13. In this work, we reported the synthesis of new [1,2,3]
triazolo[4,5-d]pyrimidine derivatives as new USP28 inhibitors,
the compounds directly inhibited the activity of USP28, induced
degradation and also inhibited cell proliferation, cell cycle, and
epithelial-mesenchymal transition (EMT) progression in gastric
cell lines.
2. Results and discussion
2.1. Chemistry

The synthetic route of the title compounds is demonstrated in
Scheme 1. The starting chlorides 1 were prepared from 4,6-
dihydroxy-2-mercaptopyrimidine within 6 steps according to the
previously reported methods14e16. And the target compounds
3e24 were readily prepared in 70%e90% yields by reacting 1
with different amines 2 under alkaline conditions.
Scheme 1 Synthesis of [1,2,3]triaz
2.2. Biological evaluation

2.2.1. The inhibitory activity of compounds 3e24 against
USP28
The deubiquitination activity of USP28 was measured by a flu-
orogenic substrate consisting of ubiquitin equipped with 7-
amido-4-methylcoumarin at the C-terminus (Ub-AMC, Support-
ing Information Figs. S1e3)17. AZ1 was used as a positive
compound in this assay, which inhibited USP28 with an IC50

value of 11.88 � 0.24 mmol/L in our assay (Table 1)18.
Approximate 600 compounds from our compound library were
examined for their inhibition toward USP28. The hit compound
identified was then used as a starting point for structureeactivity
relationships (SARs) studies, the results are summarized in Table
1. Compounds 3e11 with different amine groups inhibited
USP28 differently. Compounds 3 and 4 substituted with cyclo-
propyl amine and N-(3-aminopropyl)morpholine were inactive
against USP28, while compounds 5 and 6 bearing terminal furyl
and pyridyl groups showed improved inhibitory activity
(IC50 Z 14.20 � 0.19 and 20.50 � 1.45 mmol/L, respectively).
Interestingly, compounds 7 and 8 installed with piperazine and
ethylenediamine groups exhibited significantly enhanced inhibi-
tory activity against USP28. Particularly, compound 8 inactivated
USP28 with an IC50 value of 4.34 � 0.30 mmol/L. In contrast,
for compounds 9e11 bearing the Boc and methyl protected
ethylenediamine groups were found to be inactive against
USP28, underscoring the importance of the terminal free amine
group for USP28 inhibition. Based on the structure of compound
8, we performed further structural modifications on the R2 po-
sition, affording compounds 12e19. To our delight, among these
compounds, compound 19 bearing the 4-chlorobenzyl group (R2)
showed the best potency against USP28
(IC50 Z 1.10 � 0.02 mmol/L). In contrast, the acetylated com-
pound 20 showed significantly decreased activity against USP28
(IC50 > 100 mmol/L), further indicating the essential role of the
free amine group for the activity. While compounds 21e24
substituted with different R1 groups showed decreased activity,
suggesting the importance of the propylthio group for USP28
inhibition.

In order to examine the selectivity of compound 19, we
also evaluated its inhibitory activity against USP7. As shown
in Table 2, compound 19 was inactive against USP7
(IC50 > 100 mmol/L), showing high selectivity to USP28 over
USP7. Additionally, based on previously reported LSD1 in-
hibitors and co-crystal structures, we proposed the ‘2 þ 1’
model for the development of new LSD1 inhibitors, high-
lighting the heterocycles bearing an amine group as a class of
emerging scaffolds targeting LSD119,20. Based on this pro-
posed model, we have successfully designed different types of
LSD1 inhibitors that meet with this model15,21e23.
olo[4,5-d]pyrimidine derivatives.



Table 1 Inhibitory activity of compounds 3e24 against USP28.

N

NN
N
N R1
R2

N
R3R4

Compd. R1 R2 Inhibition rate at 12.5 mmol/L (%) IC50 (mmol/L)

3 Propyl-S- Bn- Inactive >100

4 Propyl-S- Bn- Inactive >100

5 Propyl-S- Bn- 45.60 14.20 � 0.19

6 Propyl-S- Bn- 23.15 20.50 � 1.45

7 Propyl-S- Bn- 50.00 10.17 � 1.3

8 Propyl-S- Bn- 80.00 4.34 � 0.30

9 Propyl-S- Bn- Inactive >100

10 Propyl-S- Bn- Inactive >100

11 Propyl-S- Bn- 61.72 8.55 � 0.87

12 Propyl-S- Inactive >100

13 Propyl-S- Inactive >100

14 Propyl-S- Inactive 27.56 � 2.20

15 Propyl-S- 34.00 24.82 � 0.58

16 Propyl-S- 4-OH-Bn- 36.21 28.67 � 1.36

17 Propyl-S- 2-Cl-Bn- 56.00 13.21 � 0.03

18 Propyl-S- 4-Br-Bn- 76.66 6.00 � 0.05

19 Propyl-S- 4-Cl-Bn- 90.00 1.10 � 0.02

20 Propyl-S- 4-Cl-Bn- H
N

N

O

H

Inactive >100

21 H 4-Cl-Bn- 62.24 12.26 � 0.27

22 Bn-S- 4-Cl-Bn- 45.00 23.26 � 0.59

23 Me- 4-Cl-Bn- 35.04 34.83 � 1.27

24 Propargyl-S- 4-Cl-Bn- 59.86 14.46 � 0.19

AZ1 43.66 11.88 � 0.24
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Considering that the title compounds also featured the het-
erocyclic scaffold equipped with an amine group, we evalu-
ated the inhibitory activity against LSD1, but found that
compound 19 was inactive against LSD1 (IC50 > 100 mmol/L,
Table 2).
2.2.2. Binding affinity of compounds 8 and 19 toward USP28
The acceptable potency of compounds 8 and 19 against USP28
encouraged us to examine the binding affinity of the compounds
toward USP28 by the bio-layer interferometry (BLI). Under the
conditions of BLI assay, the Kd values for compounds 8 and 19



Table 2 Enzymatic activity of compound 19 against USP28,

LSD1 and USP7.

IC50 (mmol/L)

USP28 USP7 LSD1

1.10 � 0.02 >100 >100
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were 90 and 40 nmol/L, respectively. As shown in Fig. 1A and B,
the binding affinity of compounds 8 and 19 toward USP28
increased correspondingly with the increasing concentrations,
suggesting that compounds 8 and 19 were dissociated from USP28
gradually. In contrast, the inactive compound 12 failed to bind to
USP28. The data also suggest that these inhibitors bound revers-
ibly to USP28. Taken together, our findings indicated that these
inhibitors bound to USP28 more tightly and reversibly.

2.2.3. Cellular target engagement of compound 19 toward
USP28
We next use cellular thermal shift assay (CTSA) to determine
whether compound 19 could directly bind to USP28 in a cellular
environment. Compared to the control (0.007% DMSO) group, in
HGC-27 and MGC-803 cells, USP28 was found to be stabilized at
60 �C after treatment with 0.75 mmol/L of compound 19
(Fig. 2AeC). These results showed that compound 19 is engaged
to USP28 in gastric cancer cells.
Figure 1 Binding affinity of compounds 8 and 19 toward USP28. The U

7.5), 150 mmol/L NaCl and 2 mmol/L TCEP in the BLI assay. Data was a

performed for three times.
2.2.4. Effects of compound 19 on the cell viability of gastric
cancer cells
The in vitro cell viability of compound 19 was then evaluated by
the MTT assay. Compound 12 (USP28 IC50 > 100 mmol/L) and
AZ1 were used as the inactive and positive controls, respectively.
In gastric cell lines, USP28 was found to be over expressed in
gastric cancer cell lines, including MGC-803, MKN45, and HGC-
27 cell lines (Fig. 3A). We found that compound 19 exerted good
cell inhibitory activities against HGC-27 and MKN45 cells
(IC50 Z 0.61 � 0.45 and 1.49 � 0.98 mmol/L, respectively). For
MGC-803 cells, the corresponding IC50 value was
4.95 � 0.33 mmol/L (Fig. 3B and Table 3). However, for gastric
epithelial immortalized GES-1 cells, compound 19 exhibited
decreased inhibitory activity (IC50 Z 9.19 � 1.15 mmol/L, Table
3). In contrast, AZ1 showed decreased activity compared to
compound 19. The negative control compound 12 was inactive
against the tested cell lines (Table 3). The results indicate that the
cytotoxicity of compound 19 may at least in part depend on
USP28 inhibition. To validate our hypothesis that inhibition
USP28 could decrease the viability of gastric cancer cells, we
established an USP28 knockdown (KD) HGC-27 cell line using
USP28 siRNA transfection (Fig. 3C). Expectedly, USP28 knock-
down also resulted in decrease of cell viability of HGC-27 cells
(Fig. 3D), indicating that the level of USP28 plays a crucial role
on the cell viability. We also found that for USP28 knockdown
HGC-27 cells, the inhibitory effect of compound 19 on the cell
SP28 protein and the compounds were dialyzed in 25 mmol/L Tris (pH

nalyzed using FortéBio data analysis software. All experiments were



Figure 2 Target engagement of USP28 inhibitors in cellular environment. (A) Treatment of HGC-27 and MGC-803 cells with 0.75 mmol/L of

compound 19 for 3 h. Cells were harvested and subsequently re-suspended in PBS. The cell suspension was heated for 3 min at the corresponding

temperature, and the USP28 content in each sample was then determined by Western blotting. (B) and (C) Densitometry analysis of USP28

content. Data are the mean � standard deviation (SD). All experiments were performed for three times.
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viability decreased correspondingly (Fig. 3E), suggesting that the
cytotoxic effect of compound 19 toward HGC-27 cells was
partially dependent on USP28 inhibition.

2.2.5. Cellular effects of compounds 12 and 19 in HGC-27 cells
As depicted in Figs. 2 and 3, compound 19 was engaged to USP28
in HGC-27 cells, the cytotoxicity of compound 19 toward HGC-
27 cells was partially ascribed to USP28 inhibition. In the context,
we next evaluated its cellular effects in HGC-27 cells using
compound 12 as the negative control. The chemical structures and
inhibition curves of compounds 12 and 19 are shown in Fig. 4A
and B. As depicted in Fig. 4C, USP28 expression decreased in a
dose-dependent manner upon treatment with compound 19. We
also found that the protein levels of two USP28 substrates, LSD1
and total c-Myc, decreased correspondingly (Fig. 4C). In contrast,
the protein levels of USP28, LSD1 and total c-Myc remained
unchanged after treatment with compound 12 even at 40 mmol/L
(Fig. 4D). Our results indicated that compound 19 decreased
expression of USP28 in HGC-27 cells, thus leading to decreased
expression of its substrates LSD1 and total c-Myc.

2.2.6. Compound 19 induced cellular degradation of USP28,
LSD1 and c-Myc through the proteasome
We further explored whether the decreased expression of endog-
enous LSD1 and total c-Myc was mediated via the proteasome.
HGC-27 cells were pre-treated with cycloheximide (CHX, the
protein synthesis inhibitor) and MG-132 (the proteasome inhibi-
tor), following treatment with compounds 12, 19 or DMSO
(Fig. 5). As shown in Fig. 5A, for the group without treatment of
MG-132, compound 19 induced degradation of USP28, LSD1 and
total c-Myc concentration-dependently. In contrast, after treatment
with CHX and the proteasome inhibitor MG-132, the levels of
USP28, LSD1 and total c-Myc were maintained for up to 6 h
(Fig. 5A). As shown in Fig. 5B, without treatment of compound
19, the protein levels were almost unchanged in HGC-27 cells.
Similarly, for the group treated with the inactive negative control
compound 12 (USP28 IC50 > 100 mmol/L), the protein levels of
USP28, LSD1 and total c-Myc remained unchanged as well with
or without MG-132. These results suggest that compound 19
induced degradation of USP28, LSD1 and total c-Myc through the
proteasome system. Associated with above results, we can
conclude that compound 19 inhibited the activity of USP28 and
induced degradation simultaneously in HGC-27 cells.

2.2.7. Effect of compound 19 on colony formation and cell
proliferation
Having the mechanistic understanding of compound 19 in cells,
we next examined the effects of compound 19 on colony forma-
tion and proliferation of both MGC-803 and HGC-27 cells. As
shown in Fig. 6A and B, treatment of HGC-27 and MGC-803 with
compound 19 (0.75, 1.5 and 3.0 mmol/L) for 8 days dose-
dependently inhibited colony formation. We also found that
HGC-27 cells were much more sensitive to compound 19 treat-
ment than MGC-803 cells. For USP28 knockdown HGC-27 cells,
inhibition of colony formation induced by compound 19 was
partially rescued (Fig. 6C and D). The impact on proliferation of
HGC-27 cells was also measured by the EdU (5-ethynyl-2ʹ-
deoxyuridine) in corporation assay (Fig. 6E), showing that com-
pound 19 suppressed DNA proliferation in HGC-27 cells.

2.2.8. Effect of compound 19 on cell apoptosis and cell cycle
distribution
The cell apoptosis of HGC-27 cells induced by compound 19 was
examined with Hoechst-33342 cell nucleus staining according to
the manufacture’s instructions. After 72 h incubation with
increasing concentration of compound 19, apoptotic morpholog-
ical characteristics were detected by fluorescence microscope
(Fig. 7A). Cell apoptosis was also analyzed by using Annexin V-
FITC/PI double staining and then quantitated (Fig. 7B and C).
Compound 19 induced apoptosis of HGC-27 cells in a dose-



Figure 3 Effects of compound 19 on the cell viability of gastric cancer cells and GES-1. (A) USP28 expression in four gastric cell lines. (B)

The cytotoxic effect of compound 19 on HGC-27, MGC-803, MKN45 and GES-1. (C) USP28 expression was determined by Western blotting

after 48 h treatment using USP28 siRNA (50 nmol/L) transfection in HGC-27 cells, and GAPDH was used as the loading control. (D) Cell

viability upon USP28 siRNA treatment. (E) The effect of compound 19 on the cell viability in USP28 knockdown HGC-27 cells with different

concentrations (0, 1.56, 3.12, 6.25, 12.5, 25, 50 and 100 mmol/L). *P < 0.05 and **P < 0.01 were considered statistically significant. All ex-

periments were performed for three times.

Table 3 Cell viability of compounds 12 and 19 against gastric cell lines and GES-1.

Compd. IC50 (mmol/L)

GES-1 HGC-27 MGC-803 MKN45

19 9.19 � 1.15 0.61 � 0.45 4.95 � 0.33 1.49 � 0.98

AZ1 28.39 � 1.63 10.83 � 0.57 47.6 � 1.20 20.17 � 1.06

12 >100 >100 >50 >50
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dependent manner, the apoptotic rate accounted for 6.5%
(0.18 mmol/L), 9.3% (0.37 mmol/L), 10.5% (0.75 mmol/L), and
21.2% (1.5 mmol/L), respectively compared to control (0.5%). As
shown in Fig. 7D, the apoptosis-related proteins were upregulated,
including P53 and its downstream P21, cleaved PARP1, cleaved
caspase-7, and BAX. And the expression of mitochondrial related
anti-apoptotic protein BCL-2 was down-regulated. It is well
known that P53 and P21 are two key proteins that have close
relationship with cell cycle24e26, and the above results also
showed that compound 19 could increase the expression of P53
and P21. Therefore, the cell cycle distribution of HGC-27 cells
was examined. After HGC-27 cells were treated with compound
19 for 24 h, the percentage of cells in S phase at different con-
centrations were 32.94%, 36.02%, 38.58%, 39.27% and 42.98%
respectively. As shown in Fig. 7E and F, compound 19 could
induce the accumulation of S phase in HGC-27 cells.

2.2.9. Compound 19 inhibited cell migration and EMT
progression
At last, we examined whether compound 19 could inhibit cell
migration and EMT progression. As reported, LSD1 could
modulate the EMT progression27. Wound healing and Transwell
assays were used to determine the migration ability of the
cancer cells. The EMT progression capacity of MGC-803 and
HGC-27 cells was evaluated by the adhesion assay. As shown
in Fig. 8A and B, after treatment for 48 h at indicated doses,
compound 19 apparently suppressed the wound healing of
MGC-803 and HGC-27 cells compared with untreated cells.



Figure 4 Expression levels of USP28, LSD1 and total c-Myc protein in HGC-27 cells following treatment with compounds 12 or 19 for 3 h.

(A) Chemical structures of compounds 12 and 19. (B) Inhibition curves of compounds AZ1, 12 and 19 to USP28 in vitro. (C) and (D) The

expression levels of USP28, LSD1 and total c-Myc were then determined by Western blotting using GAPDH as loading control.
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Transwell assays confirmed that compound 19 apparently
inhibited cell migration of HGC-27 (Fig. 8C and D) and MGC-
803 (Fig. 8E and F) cells. Furthermore, compound 19 was
found to be able to increase adhesion ability and inhibit EMT
in HGC-27 (Fig. 8G). The expression levels of the crucial
biomarker E-Cadherin of EMT progression increased (Fig. 8H).
While the expression level of E-Cadherin and vimentin
decreased, the level of N-Cadherin was unchanged. Further-
more, the expression of ZEB1, transcription factor for E-Cad-
herin, decreased with the increasing concentration of compound
19.

2.2.10. Docking studies of compound 19 in the catalytic domain
of USP28
To rationalize the potency of compound 19 against USP28, we
performed the docking simulations using the recently released
crystal structure of USP28 as the template (PDB code: 6H4I)28.
Meanwhile, USP28 inhibitor AZ1 and inactive compound 12 were
also used as the control compounds to reveal the structural basis
for better potency. As shown in Fig. 9A and B, the fluorophenyl
ring of compound 19 formed arene-H interaction with Phe370,
while the bromophenyl ring had pep interaction with Phe370.
The fluoro and OH groups formed hydrogen-bond interactions
with Glu366 and Lys381 residues. Similarly, the [1,2,3]triazolo
[4,5-d]pyrimidine ring had pep interactions with Phe370 (Fig. 9C
and D). Meanwhile, the chlorophenyl ring formed peH interac-
tion with Asn597. In contrast, the inactive compound 12 interacted
with Asn597 through hydrogen-bonding interaction, instead of
peH interaction, although compound 12 had interactions with
surrounding residues, such as hydrogen-bonding interaction and
peH interaction (Fig. 9E and F). Associated with the data in Table
1, we speculate that the benzyl group attached to the triazole ring
of compound 19 is essential for the activity. The amine group may
also play an important role in the activity, although the direct
binding with surrounding residues has not been observed in
Fig. 9C and D.

3. Conclusions

In summary, we have designed and synthesized a focused library
of new [1,2,3]triazolo[4,5-d]pyrimidine derivatives that inhibit
USP28 at low micromolar levels. Among these compounds,
compound 19 potently inhibits USP28 (IC50 Z 1.1 mmol/L,
Kd Z 40 nmol/L), showing selectivity over USP7 and LSD1
(IC50 > 100 mmol/L). Compound 19 was cellularly engaged to
USP28 in HGC-27 and MGC-803 cells and can suppress the
colony formation, cell proliferation, cell cycle at S phase,
migration, and the EMT process in vitro. The cytotoxic effect of
compound 19 was partially dependent on USP28 inhibition. This
compound could act as a new template for the development of
USP28 inhibitors.

4. Experimental

4.1. General

Reagents and solvents were commercially available sources and
used directly. Anhydrous solvents were obtained by treating with
calcium hydride and stored over molecular sieves. Thin-layer
chromatography (TLC, Yantai Jiangyou Silica Gel Company,
Yantai, China) was employed to monitor the reaction. The X-5
micromelting apparatus (Shanghai, China) was used to determine
melting points. NMR and HRMS spectra were recorded on the



Figure 5 USP28 inhibitor induced cellular degradation of USP28, LSD1 and total c-Myc. (A)e(C) Cells were treated with CHX, MG-132,

following treatment with 19, 12 and DMSO, respectively. HGC-27 cells were pretreated with CHX (100 mg/mL) and MG132 (20 mmol/L),

and then exposed to 19 (20 mmol/L), 12 (20 mmol/L) or DMSO. Cells were lysed at the indicated time points (from 0 to 360 min). The expression

levels of USP28, LSD1 and total c-Myc were determined by Western blotting using GAPDH as the loading control.
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Bruker spectrometer and the Waters Micromass Q-T of Micromass
spectrometer (ESI, Shanghai, China), respectively. All compounds
had the purity of >95% analyzed by reverse-phase HPLC (flow
rate: 1.0 mL/min, eluent: MeCN/H2O Z 40/60 (v/v), and the
temperature: 25 �C).

4.2. Synthesis of compounds 3e24

The mixture of intermediates 1 (1 eq.), amines (1 eq.) and trie-
thylamine (1.2 eq.) in ethanol (20 mL) was stirred at room tem-
perature overnight. After completion of the reaction, the solvent
was removed under reduced pressure, and the resulting residue
was dissolved in EtOAc and washed with water. The pure product
was obtained by column chromatography on silica gel.

4.2.1. 3-Benzyl-N-cyclopropyl-5-(propylthio)-3H-[1,2,3]
triazolo[4,5-d]pyrimidin-7-amine (3)
White solid, yield 78%, m.p. 122.4e123.0 �C. 1H NMR
(400 MHz, CDCl3, d, ppm) d 7.42 (m, 2H), 7.33 (m, 3H), 5.66 (s,
2H), 3.16 (m, 2H), 1.79 (m, 2H), 1.06 (t, J Z 7.4 Hz, 3H), 0.90
(m, 2H), 0.68 (m, 2H). 13C NMR (100 MHz, DMSO-d6, d, ppm)
d 169.71, 154.11, 148.91, 135.70, 128.64, 127.96, 127.83, 122.74,
49.32, 32.49, 23.68, 22.69, 13.31, 7.39, 5.88. HR-MS (ESI):
Calcd. C17H20N6S, [MþH]þ m/z: 341.1548, Found: 341.1538.
4.2.2. 3-Benzyl-N-(3-morpholinopropyl)-5-(propylthio)-3H-
[1,2,3]triazolo[4,5-d]pyrimidin-7-amine (4)
White solid, yield 81%, m.p. 113.1e114.8 �C. 1H NMR
(400 MHz, CDCl3, d, ppm) d 8.31 (s, 1H), 7.44 (m, 2H), 7.33 (m,
3H), 5.64 (s, 2H), 3.85 (t, JZ 4.6 Hz, 3H), 3.75 (m, 2H), 3.15 (m,
2H), 2.66 (t, J Z 5.8 Hz, 2H), 2.52 (m, 4H), 1.76e1.87 (m, 4H),
1.06 (t, JZ 7.4 Hz, 3H). 13C NMR (100 MHz, DMSO-d6, d, ppm)
d 169.68, 153.05, 148.95, 135.69, 128.62, 127.94, 127.85, 122.76,
66.14, 56.02, 53.24, 49.33, 32.39, 25.14, 22.67, 13.31. HR-MS
(ESI): Calcd. C21H29N7OS, [MþH]þ m/z: 428.2233, Found:
428.2222.



Figure 6 Compound 19 inhibited colony formation and proliferation of gastric cancer cells. (A) Colony formation inhibition of HGC-27 and

MGC-803 by compound 19 was determined by crystal violet after 8 days treatment. (B) Quantitative analysis of the colony number. (C) Colonies

were stained with crystal violet after USP28 knockdown with siRNA for 48 h in HGC-27. (D) Quantitative analysis of the colony number. (E)

DNA proliferation in HGC-27 cells after treatment with compound 19 was determined by confocal laser scanning microscope after 8 days

treatment. **P < 0.05 and **P < 0.01 were considered significant. Data are the mean � standard deviation (SD). All experiments were performed

for three times.
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4.2.3. 3-Benzyl-N-(furan-2-ylmethyl)-5-(propylthio)-3H-[1,2,3]
triazolo[4,5-d]pyrimidin-7-amine (5)
White solid, yield 81%, m.p. 138.5e138.7 �C. 1H NMR
(400 MHz, CDCl3, d, ppm) d 7.41 (m, 3H), 7.31 (m, 3H), 6.52 (m,
1H), 6.33 (d, J Z 5.1 Hz, 2H), 5.66 (s, 2H), 4.83 (d, J Z 5.3 Hz,
2H), 3.16 (t, J Z 7.3 Hz, 2H), 1.77e1.82 (m, 2H), 1.06 (t,
J Z 7.4 Hz, 3H). 13C NMR (100 MHz, DMSO-d6, d, ppm)
d 169.68, 152.88, 151.61, 149.19, 142.05, 135.65, 128.63, 128.03,
127.95, 127.83, 122.71, 110.46, 107.12, 49.37, 36.68, 32.43,
22.59, 13.27. HR-MS (ESI): Calcd. C19H19N7OS, [MþH]þ m/z:
381.1498, Found: 381.1489.
4.2.4. 3-Benzyl-5-(propylthio)-N-(pyridin-3-ylmethyl)-3H-
[1,2,3]triazolo[4,5-d]pyrimidin-7-amine (6)
White solid, yield 74%, m.p. 146.0e146.2 �C. 1H NMR
(400 MHz, CDCl3, d, ppm) d 8.66 (m, 1H), 8.53 (m, 1H), 7.71 (m,
1H), 7.42 (m, 2H), 7.32 (m, 3H), 7.23 (m, 1H), 5.66 (s, 2H), 4.88
(d, J Z 5.7 Hz, 2H), 3.12 (t, J Z 7.3 Hz, 2H), 1.77 (m, 2H), 1.04
(t, J Z 7.3 Hz, 3H). 13C NMR (100 MHz, DMSO-d6, d, ppm)
d 169.70, 152.99, 149.12, 148.80, 148.17, 135.64, 135.02, 134.25,
128.64, 128.03, 127.97, 127.86, 123.44, 122.72, 49.38, 41.05,
32.38, 22.53, 13.23. HR-MS (ESI): Calcd. C20H21N7S, [MþH]þ

m/z: 392.1657, Found: 392.1645.

4.2.5. 3-Benzyl-7-(piperazin-1-yl)-5-(propylthio)-3H-[1,2,3]
triazolo[4,5-d]pyrimidine (7)
White solid, yield 90%, m.p. 108.0e109.2 �C. 1H NMR
(400 MHz,CDCl3, d, ppm) d 7.41e7.43 (m, 2H), 7.29e7.34 (m,
3H), 5.65 (s, 2H), 4.61 (m, 2H), 4.03 (m, 2H), 3.10e3.14 (t,
J Z 7.2 Hz, 1H), 3.00e3.03 (m, 4H), 1.76e1.82 (m, 2H), 1.07 (t,
J Z 7.4 Hz, 3H). 13C NMR (100 MHz, DMSO-d6, d, ppm)
d 168.85, 153.44, 148.64, 123.31, 58.34, 44.71, 32.31, 31.78,
24.18, 22.59, 13.20. HR-MS (ESI): Calcd. C18H23N7S, [MþH]þ

m/z: 377.1548, Found: 377.1537.

4.2.6. N1-(3-benzyl-5-(propylthio)-3H-[1,2,3]triazolo[4,5-d]
pyrimidin-7-yl)ethane-1,2-diamine (8)
White solid, yield 84%, m.p. 112.4e112.7 �C. 1H NMR
(400 MHz, DMSO-d6) d 7.33e7.36 (m, 5H), 5.70 (s, 2H), 3.71 (t,
J Z 6.0 Hz, 2H), 3.10 (t, J Z 7.2 Hz, 2H), 3.05 (t, J Z 6.4 Hz,
2H), 1.64e1.71 (m, 2H), 0.99 (t, J Z 7.3 Hz, 3H). 13C NMR
(100 MHz, DMSO-d6, d, ppm) d 169.65, 153.29, 148.96, 135.70,
128.63, 127.95, 127.93, 127.83, 122.77, 49.33, 43.50, 40.55,



Figure 7 Compound 19 induced cell apoptosis and cell cycle arrest in HGC-27 cells. (A) Nuclear morphological apoptosis was analyzed with

Hoechst-33342 staining after 72 h treatment of HGC-27 with compound 19. (B) and (C) AnnexinV-FITC/PI double staining was used to

quantitatively analyzed the cell apoptosis. (D) Expression levels of P53, P21, BCL-2, BAX cleaved PARP1 and cleaved caspase-7 were deter-

mined in HGC-27 cells after treatment with compound 19 for 72 h using GAPDH as internal loading control. (E) and (F) The effect of compound

19 on cell cycle arrest in HGC-27 cells. Cells were treated with compound 19 for 24 h, stained with PI and analyzed by flow cytometry. *P < 0.05

and **P < 0.01 were considered significant. Data are presented as mean � SD of at least three independent experiments.
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32.41, 22.64, 13.28. HR-MS (ESI): Calcd. C16H21N7S, [MþH]þ

m/z: 344.1657, Found: 344.1648.
4.2.7. Tert-butyl(2-((3-benzyl-5-(propylthio)-3H-[1,2,3]triazolo
[4,5-d]pyrimidin-7-yl)amino)ethyl)carbamate (9)
White solid, yield 82%. m.p. 113.5e114.7 �C. 1H NMR
(400 MHz, DMSO-d6, d, ppm) d 8.92 (t, J Z 5.7 Hz, 1H),
7.44e7.25 (m, 5H), 6.92 (t, J Z 5.7 Hz, 1H), 5.69 (s, 2H),
3.64e3.50 (m, 2H), 3.29e3.19 (m, 2H), 3.15e3.06 (m, 2H),
1.76e1.63 (m, 2H), 0.99 (t, J Z 7.3 Hz, 3H). 13C NMR
(100 MHz, DMSO-d6, d, ppm) d 169.69, 155.58, 153.28, 149.01,
135.71, 128.61, 127.94, 127.81, 122.80, 77.60, 49.32, 32.44,
28.14, 22.63, 13.25. HR-MS (ESI): Calcd. C21H29N7O2S,
[MþH]þ m/z: 444.2182, Found: 444.2169.
4.2.8. N1-(3-Benzyl-5-(propylthio)-3H-[1,2,3]triazolo[4,5-d]
pyrimidin-7-yl)-N2,N2-dimethylethane-1,2-diamine (10)
White solid, yield 79%, m.p. 138.5e138.7 �C. 1H NMR
(400 MHz, CDCl3, d, ppm) d 7.41 (m, 2H), 7.29e7.34 (m, 3H),
5.66 (s, 2H), 3.68 (m, 2H), 3.14 (t, J Z 7.3 Hz, 2H), 2.57 (t,
J Z 5.9 Hz, 2H), 2.27 (s, 6H), 1.77 (m, 2H), 1.06 (t, J Z 7.4 Hz,
3H). 13C NMR (100 MHz, DMSO-d6, d, ppm) d 169.65, 153.08,
148.99, 135.71, 128.65, 128.00, 127.96, 127.83, 122.71, 57.52,



Figure 8 Inhibition of cell migration and EMT induced by compound 19 in HGC-27 and MGC-803 cells. (A) and (B) Wound healing assay of

compound 19 in HGC-27 and MGC-803 cells. (C)e(F) Compound 19 suppressed migration ability of both HGC-27 and MGC-803 cells. (G)

Adhesion assay in HGC-27 cells after treatment with compound 19. (H) The expressions of E-Cadherin, N-Cadherin, vimentin and ZEB1 after

48 h treatment of compound 19 in HGC-27 cells using GAPDH as the loading control. *P < 0.05 and **P < 0.01 were considered statistically

significant. Data are the mean � SD. All experiments were performed for three times.

1486 Zhenzhen Liu et al.
49.32, 45.14, 38.03, 32.39, 22.68, 13.30. HR-MS (ESI): Calcd.
C18H25N7S, [MþH]þ m/z: 376.0990, Found: 376.0992.
4.2.9. N1-(3-Benzyl-5-(propylthio)-3H-[1,2,3]triazolo[4,5-d]
pyrimidin-7-yl)-N2-methylethane-1,2-diamine (11)
White solid, yield 88%, m.p. 135.7e137.0 �C. 1H NMR
(400 MHz, DMSO-d6, d, ppm) d 7.45e7.26 (m, 5H), 5.63 (s, 2H),
3.72 (s, 1H), 3.12 (t, J Z 7.3 Hz, 2H), 2.90 (t, J Z 5.8 Hz, 2H),
2.46 (s, 3H), 1.82e1.72 (m, 2H), 1.04 (t, J Z 7.4 Hz, 3H). 13C
NMR (100 MHz, DMSO-d6, d, ppm) d 169.66, 153.24, 148.98,
135.70, 128.61, 127.93, 127.82, 122.76, 49.92, 49.88, 49.33,
35.57, 32.42, 22.65, 13.26. HR-MS (ESI): Calcd. C17H23N7S,
[MþH]þ m/z: 358.1814, Found: 358.1813.
4.2.10. 2-(7-((2-Aminoethyl)amino)-5-(propylthio)-3H-[1,2,3]
triazolo[4,5-d]pyrimidin-3-yl)ethan-1-ol (12)
White solid, yield 75%, m.p. 91.1e92.5 �C. 1H NMR (400 MHz,
DMSO-d6, d, ppm) d 4.59 (t, JZ 5.6 Hz, 2H), 4.10e3.97 (m, 2H),
3.70e3.61 (m, 2H), 3.11 (t, J Z 7.4 Hz, 2H), 2.97 (t, J Z 6.0 Hz,
2H), 1.83e1.69 (m, 2H), 1.09e0.98 (m, 3H). 13C NMR
(100 MHz, DMSO-d6, d, ppm) d 169.05, 153.28, 149.38, 122.76,
58.77, 48.96, 43.72, 40.74, 32.41, 22.61, 13.27. HR-MS (ESI):
Calcd. C11H19N7OS, [MþH]þ m/z: 298.1450, Found: 298.1452.

4.2.11. Tert-butyl(2-(7-((2-aminoethyl)amino)-5-(propylthio)-
3H-[1,2,3]triazolo[4,5-d]pyrimidin-3-yl)ethyl)carbamate (13)
White solid, yield 86%, m.p. 100.2e101.8 �C. 1H NMR
(400 MHz, CDCl3, d, ppm) d 7.09 (s, 1H), 5.33 (s, 1H), 4.69e4.56
(m, 2H), 3.80e3.62 (m, 4H), 3.14 (t, J Z 7.2 Hz, 2H), 3.04 (t,
J Z 5.9 Hz, 2H), 1.85e1.73 (m, 2H), 1.41 (s, 8H), 1.06 (t,
J Z 7.4 Hz, 3H). 13C NMR (100 MHz, DMSO-d6, d, ppm)
d 169.07, 155.38, 153.25, 149.43, 122.71, 77.70, 46.17, 43.38,
40.60, 32.42, 28.01, 22.61, 13.28. HR-MS (ESI): Calcd.
C16H28N8O2S, [MþH]þ m/z: 397.2134, Found: 397.2135.

4.2.12. N1-(3-(3-Phenylpropyl)-5-(propylthio)-3H-[1,2,3]
triazolo[4,5-d]pyrimidin-7-yl)ethane-1,2-diamine (14)
White solid, yield 84%, m.p. 96.8e98.3 �C. 1H NMR (400 MHz,
CDCl3, d, ppm) d 7.32e7.26 (m, 2H), 7.22e7.15 (m, 3H), 4.52 (t,
J Z 7.0 Hz, 2H), 3.81e3.66 (m, 2H), 3.14 (t, J Z 7.2 Hz, 2H),
3.05 (t, J Z 5.9 Hz, 2H), 2.67 (t, J Z 7.6 Hz, 2H), 2.39e2.27 (m,
2H), 1.85e1.73 (m, 2H), 1.05 (t, J Z 7.4 Hz, 3H). 13C NMR
(100 MHz, DMSO-d6, d, ppm) d 169.23, 153.30, 149.04, 140.64,



Figure 9 Docking simulation of compounds AZ1, 19 and 12 in the catalytic domain of USP28 (PDB code: 6H4I). (A) and (B) 3D and 2D

binding models of AZ1 (C) and (D) 3D and 2D binding models of compound 19. (E) and (F) 3D and 2D binding models of compound 12. Ligands

and binding residues are highlighted in green and gray, respectively in Fig. 9A, C and E. The dashed lines represent the hydrogen bonding.
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128.24, 125.87, 122.77, 45.50, 43.67, 40.70, 32.38, 31.96, 30.22,
22.62, 13.28. HR-MS (ESI): Calcd. C18H25N7S, [MþH]þ m/z:
372.1970, Found: 372.1972.
4.2.13. N1-(3-(2-(1H-Indol-3-yl)ethyl)-5-(propylthio)-3H-
[1,2,3]triazolo[4,5-d]pyrimidin-7-yl)ethane-1,2-diamine (15)
White solid, yield 69%, m.p. 105.7e106.5 �C. 1H NMR
(400 MHz, CDCl3, d, ppm) d 8.10 (s, 1H), 7.67 (d, J Z 7.8 Hz,
1H), 7.35 (d, J Z 8.0 Hz, 1H), 7.23e7.10 (m, 2H), 7.02e6.91 (m,
2H), 4.80 (t, J Z 7.5 Hz, 2H), 3.77e3.63 (m, 2H), 3.45 (t,
J Z 7.5 Hz, 2H), 3.14e2.96 (m, 4H), 1.84e1.72 (m, 2H), 1.05 (t,
J Z 7.4 Hz, 3H). 13C NMR (100 MHz, DMSO-d6, d, ppm)
d 169.22, 153.26, 149.00, 136.15, 126.87, 123.04, 122.72, 120.98,
118.32, 117.85, 111.44, 109.87, 46.69, 43.45, 40.57, 32.34, 24.87,
22.55, 13.33. HR-MS (ESI): Calcd. C19H24N8S, [MþH]þ m/z:
397.1923, Found: 397.1922.
4.2.14. 4-((7-((2-Aminoethyl)amino)-5-(propylthio)-3H-[1,2,3]
triazolo[4,5-d]pyrimidin-3-yl)methyl)phenol (16)
White solid, yield 75%, m.p. 194.9e195.8 �C. 1H NMR
(400 MHz, DMSO-d6, d, ppm) d 7.25e7.15 (m, 2H), 6.77e6.68
(m, 2H), 5.53 (s, 2H), 3.47 (t, J Z 6.5 Hz, 2H), 3.15e3.04 (m,
2H), 2.83e2.72 (m, 2H), 1.78e1.64 (m, 2H), 1.00 (t, J Z 7.3 Hz,
3H). 13C NMR (100 MHz, DMSO-d6, d, ppm) d 169.47, 157.24,
153.29, 148.77, 129.49, 125.90, 122.77, 115.30, 49.09, 43.62,
40.63, 32.41, 22.68, 13.31. HR-MS (ESI): Calcd. C16H21N7OS,
[MþH]þ m/z: 360.1607, Found: 360.1609.
4.2.15. N1-(3-(2-Chlorobenzyl)-5-(propylthio)-3H-[1,2,3]
triazolo[4,5-d]pyrimidin-7-yl)ethane-1,2-diamine (17)
White solid, yield 81%, m.p. 104.9e105.9 �C. 1H NMR
(400 MHz, CDCl3, d, ppm) d 7.43e7.38 (m, 1H), 7.26e7.01 (m,
3H), 5.81 (s, 2H), 3.80e3.63 (m, 2H), 3.11 (t, J Z 7.3 Hz, 2H),
3.02 (t, J Z 5.9 Hz, 2H), 1.80e1.68 (m, 2H), 1.03 (t, J Z 7.3 Hz,
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3H). 13C NMR (100 MHz, DMSO-d6, d, ppm) d 169.69, 153.28,
149.13, 132.77, 132.42, 130.48, 129.97, 129.49, 127.45, 122.60,
47.03, 43.53, 40.55, 32.36, 22.60, 13.26. HR-MS (ESI): Calcd.
C16H20ClN7S, [MþH]þ m/z: 378.1268, Found: 378.1269.

4.2.16. N1-(3-(4-Bromobenzyl)-5-(propylthio)-3H-[1,2,3]
triazolo[4,5-d]pyrimidin-7-yl)ethane-1,2-diamine (18)
White solid, yield 84%, m.p. 144.5e146.4 �C. 1H NMR
(400 MHz, CDCl3, d, ppm) d 7.50e7.41 (m, 2H), 7.29 (d,
J Z 8.3 Hz, 2H), 6.91 (s, 1H), 5.60 (s, 2H), 3.75e3.65 (m, 2H),
3.12 (t, J Z 7.3 Hz, 2H), 3.01 (t, J Z 6.0 Hz, 2H), 1.83e1.71 (m,
2H), 1.06 (t, J Z 7.4 Hz, 3H). 13C NMR (100 MHz, DMSO-d6, d,
ppm) d 169.74, 153.27, 148.97, 135.05, 131.53, 130.01, 122.77,
121.22, 79.23, 79.10, 78.90, 78.57, 48.63, 43.59, 40.59, 32.42,
22.62, 13.28. HR-MS (ESI): Calcd. C16H20BrN7S, [MþH]þ m/z:
422.0763, Found: 422.0761.

4.2.17. N1-(3-(4-Chlorobenzyl)-5-(propylthio)-3H-[1,2,3]
triazolo[4,5-d]pyrimidin-7-yl)ethane-1,2-diamine (19)
White solid, yield 83%, m.p. 140.0e141.3 �C. 1H NMR
(400 MHz, CDCl3, d, ppm) d 7.41e7.27 (m, 4H), 6.94 (s, 1H),
5.62 (s, 2H), 3.76e3.62 (m, 2H), 3.13 (t, J Z 7.3 Hz, 2H), 3.02 (t,
J Z 5.9 Hz, 2H), 1.78 (h, J Z 7.3 Hz, 2H), 1.06 (t, J Z 7.3 Hz,
3H). 13C NMR (100 MHz, CDCl3, d, ppm) d 171.23, 153.73,
149.39, 134.35, 133.51, 129.84, 128.95, 123.36, 49.48, 43.32,
41.08, 33.30, 22.92, 13.62. HR-MS (ESI): Calcd. C16H20ClN7S,
[MþH]þ m/z: 378.1268, Found: 378.1267.

4.2.18. N-(2-((3-(4-Chlorobenzyl)-5-(propylthio)-3H-[1,2,3]
triazolo[4,5-d]pyrimidin-7-yl)amino)ethyl)acetamide (20)
White solid, yield 88%, m.p. 197.8e198.7 �C. 1H NMR
(400 MHz, CDCl3, d, ppm) d 7.41e7.28 (m, 4H), 6.63 (s, 1H),
5.63 (s, 2H), 3.87e3.76 (m, 2H), 3.63e3.51 (m, 2H), 3.13 (t,
J Z 7.3 Hz, 2H), 1.96 (s, 2H), 1.85e1.72 (m, 1H), 1.06 (t,
J Z 7.3 Hz, 3H). 13C NMR (100 MHz, DMSO-d6, d, ppm)
d 169.79, 153.24, 149.01, 134.64, 132.70, 129.74, 128.65, 122.80,
48.63, 45.51, 41.08, 40.53, 32.42, 22.53, 13.25, 8.05. HR-MS
(ESI): Calcd. C18H22ClN7OS, [MþH]þ m/z: 420.1373, Found:
420.1361.

4.2.19. N1-(3-(4-Chlorobenzyl)-3H-[1,2,3]triazolo[4,5-d]
pyrimidin-7-yl)ethane-1,2-diamine (21)
White solid, yield 71%, m.p. 111.3e112.8 �C. 1H NMR
(400 MHz, DMSO-d6, d, ppm) d 8.33 (s, 1H), 7.47e7.30 (m, 4H),
5.77 (s, 2H), 3.54 (t, J Z 6.5 Hz, 2H), 2.79 (t, J Z 6.5 Hz, 2H).
13C NMR (100 MHz, DMSO-d6, d, ppm) d 156.87, 154.47,
148.21, 134.69, 132.70, 129.68, 128.66, 124.24, 48.67, 43.54,
40.68. HR-MS (ESI): Calcd. C13H14ClN7, [MþH]þ m/z:
304.1077, Found: 304.1078.

4.2.20. N1-(5-(Benzylthio)-3-(4-chlorobenzyl)-3H-[1,2,3]
triazolo[4,5-d]pyrimidin-7-yl)ethane-1,2-diamine (22)
White solid, yield 84%, m.p. 181.1e183.0 �C. 1H NMR
(400 MHz, DMSO-d6, d, ppm) d 7.45e7.36 (m, 4H), 7.35e7.29
(m, 2H), 7.29e7.18 (m, 3H), 5.73 (s, 2H), 4.40 (d, J Z 5.9 Hz,
2H), 3.49 (t, J Z 6.5 Hz, 2H), 2.88e2.69 (m, 2H). 13C NMR
(100 MHz, DMSO-d6, d, ppm) d 169.19, 153.38, 148.87, 138.45,
134.74, 132.66, 129.64, 129.62, 128.75, 128.68, 128.23, 126.81,
122.83, 48.53, 43.81, 40.71, 34.47. HR-MS (ESI): Calcd.
C20H20ClN7S, [MþH]þ m/z: 426.1268, Found: 426.1266.
4.2.21. N1-(3-(4-Chlorobenzyl)-5-methyl-3H-[1,2,3]triazolo
[4,5-d]pyrimidin-7-yl)ethane-1,2-diamine (23)
White solid, yield 78%, m.p. 138.6e139.7 �C. 1H NMR
(400 MHz, DMSO-d6, d, ppm) d 8.61 (br, 1H), 7.48e7.37 (m,
2H), 7.31 (d, J Z 8.2 Hz, 2H), 5.73 (s, 2H), 3.53 (t, J Z 6.5 Hz,
2H), 2.88e2.71 (m, 2H), 2.45 (d, J Z 19.5 Hz, 3H). 13C NMR
(100 MHz, DMSO-d6, d, ppm) d 166.38, 154.07, 149.17, 134.89,
132.60, 129.47, 128.63, 122.85, 48.31, 43.39, 40.72, 26.19. HR-
MS (ESI): Calcd. C14H16ClN7, [MþH]þ m/z: 318.1234, Found:
318.1235.

4.2.22. N1-(3-(4-Chlorobenzyl)-5-(prop-2-yn-1-ylthio)-3H-
[1,2,3]triazolo[4,5-d]pyrimidin-7-yl)ethane-1,2-diamine (24)
White solid, yield 88%, m.p. 190.1e190.3 �C. 1H NMR
(400 MHz, DMSO-d6, d, ppm) d 7.49e7.38 (m, 4H), 5.70 (s, 2H),
4.04e3.96 (m, 2H), 3.52 (t, J Z 6.5 Hz, 2H), 3.16 (t, J Z 2.6 Hz,
1H), 2.85e2.75 (m, 2H). 13C NMR (100 MHz, DMSO-d6, d, ppm)
d 167.94, 153.41, 148.85, 134.62, 132.79, 130.00, 128.69, 122.83,
80.67, 72.82, 48.61, 43.86, 40.73, 19.11. HR-MS (ESI): Calcd.
C16H16ClN7S, [MþH]þ m/z: 374.0955, Found: 374.0953.

4.3. Cell viability assay

The human gastric cancer cell lines MGC-803, HGC-27 and
MKN45 were provided by the Chinese Academy of Sciences
Cell Bank (Shanghai, China). The human normal gastric
epithelial immortalized cell line GES-1 was preserved in the
School of Pharmaceutical Sciences, Zhengzhou University
(ZZU). 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium
bromide (MTT) assay was used to determine the cell
viability. Briefly, the cells treated with compounds for 72 h
were incubated with 0.5 mg/mL MTT for another 4 h. After
that, the formazan were dissolved in 150 mL DMSO, and the
plate was shaken for 10 min at room temperature. Finally, the
absorbance (A) of each well was measured at 570 nm. The
50% inhibitive concentration (IC50) of the compound was
calculated with GraphPad Prism software (San Diego, CA,
USA).

4.4. EdU assay

5-Ethynyl-20-deoxyuridine (EdU) assay (Ribobio, Guangzhou,
China) was used to measure the anti-proliferative activity of
compound 19 to HGC-27 cells. Briefly, HGC-27 cells at
4 � 103 cells per well were cultured in a 6-well plate and treated
with compound 19 for 48 h. Then the cells were treated with
50 mmol/L EdU for another 2 h at 37 �C and fixed with 4%
formaldehyde at room temperature for 30 min. After that, 2 mg/
mL glycine was used to neutralize formaldehyde and 0.5% Triton
X-100 was used to treat the cells for permeabilization. After
washed with PBS for three times, the cells were reacted with 1�
Apollo reaction cocktail for about 30 min. Subsequently, the DNA
contents of each well of the cells were stained with 5 mg/mL
Hoechst 33342 for 30 min in the dark and visualized under a
fluorescent microscope.

4.5. Bio-layer interferometry (BLI) assay

BLI assay was used to detect the kinetics and affinities of com-
pounds 8 and 19 to USP28. The EZ-Link NHS-LC-LC-biotin
(Thermo Fisher Scientific, Waltham, MA, USA, Catalog#: 21343)
was used for biotinylating USP28 protein at a molar coupling ratio
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(MCR) of 1:1. After incubation for 30 min at room temperature,
the extra biotins were removed by the Slide-A-Lyzer™ G2 Dial-
ysis Cassette (Thermo Fisher Scientific, Catalog#: 87734). The
protein concentration of each sample was diluted to 5e10 mg/mL
with PBST (PBS containing 0.02% Tween 20) buffer, and the
biotinylated protein further linked to the superstreptavidin bio-
sensors (FortéBio Inc., Shanghai, China) at 30 �C for 5 min. A
curing test was performed to evaluate the quality of the protein
biotin label, and the blank control set of sensors were activated in
buffer (25 mmol/L Tris pH 7.5, 150 mmol/L NaCl and 0.05%
DMSO). Finally, the sites of unbound biotin sensors were re-
blocked with 5 mmol/biocytin (EZ-Link Biocytin, Thermo Fisher
Scientific, Catalog#: 28022) for 1 min at 30 �C. Data analysis was
a double reference subtraction (sample and sensor references)
using the FortéBio data analysis software.

4.6. Target engagement assay

HGC-27 and MGC-803 cells were treated with 0.007% DMSO in
cell media and 0.75 mmol/L of 19 for 3 h. Then the cells were
harvested, and subsequently re-suspended in PBS. The cell sus-
pension was aliquoted into 200 mL PCR tubes and heated for
3 min to 46, 48.3, 51.9, 56 and 60 �C. Cells were lysed by three
repeated cycles of freeze-thawing, using liquid nitrogen freezing.
The soluble fraction was separated from the precipitates by
centrifugation at 13,000 �g for 15 min. The concentration of
USP28 protein in each sample was analyzed by Western blotting
using the USP28 antibody at a concentration of 1:2000.

4.7. Migration assay

Cell wound healing and Transwell assay were used to evaluate the
cell migration ability. For cell wound healing assay, in brief,
HGC-27 cells were placed in a 24-well plate and cultured for 24 h.
10 mL white pipet tip was used to make a scratch on the cell
surface and the deciduous cells were washed away by PBS. Then
the cells were incubated with indicated concentrations of com-
pound 19 and the scratches were photographed after 48 h. For
Transwell assay, 300 mL medium (1% FBS) containing different
concentrations of compound 19 as well as 1 � 104 cells were
plated in the upper chamber and 600 mL medium containing 20%
FBS were added in the lower chamber. 48 h later, the chambers
were washed by PBS and the non-invading cells on the upper
surface of the chamber were gently wiped away by a cotton swab.
The cells on the lower surface were fixed with cold methanol for
15 min and stained with DAPI. The image of the cells on the
bottom face was recorded and the number was calculated by a
high content screening system (Thermo Fisher Scientific).

4.8. Apoptotic analysis

Hoechst 33342 was used to stain changes in the cell nucleus
morphology and AnnexinV-FITC/PI double staining kit (Qiagen,
Nanjing, China) was used to quantitatively determine the
apoptosis rate. For Hoechst 33342 staining, the cells were treated
with 0.18, 0.37, 0.75 and 1.5 mmol/L compound 19 for 48 h and
washed twice with PBS. Then the cells were fixed with 4%
paraformaldehyde, and incubated with 0.5% Triton X-100.
Finally, the cells were stained with Hoechst 33342 (5 mg/mL) for
20 min in the dark. The apoptotic morphology of the nuclei was
identified according to the condensation and fragmentation under
361 nm excitation by an inverted fluorescence microscopy. Be-
sides, the apoptosis rate of HGC-27 cells was quantified by
AnnexinV-FITC/PI staining. 1 � 104 events for each sample were
collected and analyzed by a flow cytometer Accuri C6 (BD, New
York, NY, USA).

4.9. Cell cycle assay

The HGC-27 cells were treated with different concentrations of
compound 19 (0, 0.18, 0.37, 0.75 and 1.5 mmol/L) for 24 h, then
the cells were harvested, and re-suspended in cold 70% ethanol
overnight at 4 �C. After that the cells were washed with PBS three
times, and stained with PBS buffer containing 50 mg/L RNase and
100 mg/L PI at room temperature for 30 min. 1 � 104 cells were
collected by a flow cytometer (BD Accuri C6), and the cell cycle
distribution of the testing cells was analyzed by the FlowJo soft-
ware (BD).

4.10. Adhesion assay

HGC-27 cells were seeded in 6-well plates with a density of
2 � 105 per well. 24 h later, the cells were treated with indicated
concentrations of compound 19 for 24 h, then the control plates
were kept in cell culture incubator (Shanghai, China) while the
other plates were taken to a shaker at 250 rpm (constant tem-
perature incubators, Shanghai, China) for 2 h, the cells were
washed with PBS and fixed with 4% paraformaldehyde. Finally
the cells were stained with 1% crystal violet at room temperature
for 15 min, and washed with ultrapure water.

4.11. SiRNA transfection

Human USP28 siRNA (50e30) sequence GTATGGACAA-
GAGCGTTGGT was synthesized by Gene Pharma (Shanghai,
China). Lipofectamine RNAiMax (Thermo Fisher Scientific) was
used to transfer small interfering RNA (siRNA) into the cells
according to the manufacturer’s instructions.

4.12. Western blotting and antibody sources

Western blotting was performed with the total cell lysates by RIPA
lysis buffer. Antibodies used were against USP28 (Abcam, Cam-
bridge, England, Catalog#: 126604), LSD1 (Abcam, Catalog#:
129195), P53 (Abcam, Catalog#: ab26), P21 (Abcam, Catalog#:
26), c-Myc (Sino Biological, Beijing, China, Catalog#: 100427-
T32), E-Cadherin (Epitomics, Burlingame, CA, USA, Catalog#:
1702-1), N-Cadherin (Cell Signaling Technology, Boston, MA,
USA, Catalog#: 13116), vimentin (Cell Signaling Technology,
Catalog#: 5741), ZEB1 (Cell Signaling Technology, Catalog#:
3396), BAX (Epitomics, Catalog#: 1063-1), BCL-2 (Epitomics,
Catalog#: 1017-1), Cleaved PARP1 (Cell Signaling Technology,
Catalog#:5625), cleaved caspase-7 (Cell Signaling Technology,
Catalog#: 9491) and GAPDH (Hangzhou Goodhere, Hangzhou,
China, Catalog#: AB-M-M 001).

4.13. Expression and purification of USP28

The truncated catalytic domain of the MBP-USP28 (M1-S700) in
PRSFduet vector with MBP tag was transformed into the Transetta
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Escherichia coli (E.coli) and cultured in broth medium containing
30 g/mL kanamycin at 37 �C to an absorbance of 0.7 at 600 nm.
After adding IPTG, the bacteria were cultured for another 20 h at
20 �C with shaking at 200 rpm (Constant temperature incubators,
Shanghai, China). The bacteria were then collected (8000 rpm,
4 min, High-Speed Refrigerated Centrifuge, Tokyo, Japan) fol-
lowed by ultrasonication on ice with lysis buffer (50 mmol/L Tris
pH 7.5, 0.5 mol/L NaCl, 2 mmol/L TCEP, 1 mmol/L PMSF, 10%
glycerin). After centrifugation at 12,000 rpm and 4 �C for 1 h,
(High-Speed Refrigerated Centrifuge), the supernatant was incu-
bated with amylose resin (New England Biolabs, Beijing, China,
Catalog#: E8021V) for 2 h at 4 �C. The unbound proteins were
washed with 5 CV wash buffer (50 mmol/L Tris pH 7.5, 0.5 mol/L
NaCl, 2 mmol/L TCEP). The target protein was eluted with an
elution buffer (50 mmol/L Tris pH 7.5, 0.5 mol/L NaCl, 2 mmol/L
TCEP, 25 mmol/L maltose). The elution fractions were concen-
trated using the Amicon Ultra-15 centrifugal filter with a 20,000
MWCO membrane (Millipore, MA, USA). Protein concentrate
was then incubated with 3C enzyme on ice overnight to cut MBP
tag. The mixture was then incubated with amylose resin again for
2 h at 4 �C. Finally, the untagged protein USP28 was collected by
elution buffer and further concentrated. The concentration of
USP28 was determined by BCA assay and immediately stored in
liquid nitrogen.

4.14. In vitro deubiquitination assay

Purified USP28 protein was tested for its ability to deubiquitinate
Ub-AMC (Boston Biochem, Hong Kong, China, Catalog#: U-550-
5) in vitro. Briefly, USP28 enzyme (62.5 nmol/L) were pre-
incubated with different concentrations (0.39, 0.78, 1.56, 3.12,
6.25, 12.5, 25, and 50 nmol/L) of compound for 5 min, then Ub-
AMC (100 nmol/L) was added into the reaction buffer and incu-
bated for another 5 min, then the fluorescence intensity of cleaved
AMC was monitored by measuring the fluorescence at Ex355/
Em460 with an Envision plate reader (Peking Elmer, New Britain,
PA, USA). All reactions were conducted at room temperature in
freshly prepared assay buffer containing 25 mmol/L Tris (pH 7.5),
150 mmol/L NaCl, 2 mmol/L DTT.

4.15. Molecular docking studies

The modeling studies were carried out with the MOE software
(2014.09 version). The PDB file of the USP28 catalytic domain
(PDB code: 6H4I) was downloaded from the RCSB database,
chain A was retained for structure correction, protonation, and
energy minimization according to the default modules. The
minimization was then performed using the Amber 10: EHT
forcefield. The structures of compounds AZ1, 19, and 12 were
subjected to protonation, energy minimization (Amber 10: EHT
forcefield) and conformational search. The generated conforma-
tions were then docked into the catalytic domain (identified by the
Site Finder module) of USP28 using the default DOCK module.
The conformations were scored by London dG and GBVI/WSA
dG.

4.16. Statistical analysis

All data shown were from at least three independent biological
experiments and expressed in the form of mean � SD. Student’s t-
test was used to compare statistical differences of two groups and
One-way ANOVA were for comparisons of three or more groups.
*P < 0.01 and **P < 0.05 were considered statistically
significant.
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