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A B S T R A C T   

PI3Kδ has proved to be an effective target for anti-lymphoma drugs. However, the application of current 
approved PI3Kδ inhibitors has been greatly limited due to their specific immune-mediated toxicity and increased 
risk of infection, it is necessary to develop more PI3Kδ inhibitors with new scaffold. In this study, SAR study with 
respect to piperazinone-containing purine derivatives led to the discovery of a potent and selective PI3Kδ in-
hibitor, 4-(cyclobutanecarbonyl)-1-((2-(2-ethyl-1H-benzo[d]imidazol-1-yl)-9-methyl-6-morpholino-9H-purin-8- 
yl)methyl)piperazin-2-one (WNY1613). WNY1613 exhibits good antiproliferative activity against a panel of 
non-Hodgkin’s lymphoma (NHL) cell lines by inducing cancer cell apoptosis and inhibiting the phosphorylation 
of PI3K and MAPK downstream components. In addition, it can also prevent the tumor growth in both SU-DHL-6 
and JEKO-1 xenograft models without observable toxicity. WNY1613 thus could be developed as a promising 
candidate for the treatment of NHL after subsequent extensive pharmacodynamics and pharmacokinetics 
investigation.   

1. Introduction 

Members of the phosphoinositide 3-kinase (PI3K) family catalyze the 
phosphorylation of phosphatidylinositol 4,5-diphosphate (PIP2) to 
produce phosphatidylinositol 3,4,5-triphosphate (PIP3), which acts as a 
second messenger to transduce extracellular signals into cells by inter-
acting with a variety of pH domain-containing proteins [1–2]. PI3Kδ is 
an isoform of PI3K family which mainly expresses in leukocytes and 
regulates many crucial physiological processes of leukocytes as well as 
malignant lymphoma cells [3–5]. It is therefore considered as a potential 
therapeutic target for several kinds of lymphomas, including chronic 
lymphocytic leukemia (CLL) and non Hodgkin’s lymphomas (NHLs) [6]. 

In the last decade, a number of PI3Kδ inhibitors have been developed 
and entered into clinical trials [7–9]. Several promising candidates, 
including the selective PI3Kδ inhibitor Idelalisib as well as the partial 
isoforms selective PI3Kδ inhibitors Duvelisib and Copanlisib (Fig. 1) 
[10–12], have been approved for the treatment of follicular B-cell non- 
Hodgkin lymphoma (FL), small lymphocytic lymphoma (SLL) and 
chronic lymphocytic leukemia (CLL). Although these PI3Kδ inhibitors 

exhibited impressive therapeutic efficiency, specific immune-mediated 
toxicity and increased risk of infection prevented their widespread 
application [8,13]. As most PI3Kδ inhibitors that are approved or in 
advanced clinical trials are similar in structure [9], it is difficult to 
determine whether their adverse events observed in clinical are struc-
tural related or target related. More structurally diverse PI3Kδ inhibitors 
thus need to be developed. 

We recently discovered that piperazinone-containing thieno[3,2-d] 
pyrimidine was a promising scaffold for PI3Kδ inhibitors, and the 
piperazinone fragment in this series played important roles in improving 
the PI3Kδ potency and the δ isoform selectivity [14]. The preliminary 
SAR study has led to the discovery of several potent and selective PI3Kδ 
inhibitors with single-digit nanomolar IC50 values and selectivity index 
of over 100 folds against other three PI3K isoforms. Because previous 
studies had demonstrated that purine ring would be a better scaffold for 
this kind of PI3Kδ inhibitors with respect to their isoform selectivity as 
well as pharmacokinetic properties (GNE-293, for example) [15–16], 
we speculated that the replacement of thieno[3,2-d]pyrimidine core 
with purine ring would result in a new series of PI3Kδ inhibitors with 
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improved potency and drug-like properties (Fig. 2). 
In this study, a series of 4-((9-methyl-9H-purin-8-yl)methyl)piper-

azin-2-ones and 1-((9-methyl-9H-purin-8-yl)methyl)piperazin-2-ones 
were designed and synthesized as PI3Kδ inhibitors (Fig. 2). SAR study 
led to the discovery of the most promising candidate WNY1613, which 
exhibited good target affinity and selectivity. Here we report the dis-
covery, the biological activity evaluation as well as the mechanism of 
action (MOA) studies with respect to this PI3Kδ inhibitor in several 
NHLs models. 

2. Results and discussion 

2.1. Chemistry 

The title compounds mentioned in this study were prepared ac-
cording to a similar synthetic route for the preparation of piperazinone- 
containing thieno[3,2-d]pyrimidine PI3Kδ inhibitors[14]. As shown in 
Scheme 1, nucleophilic substitution and methylation of compound 1 
provided 4-(2-chloro-9-methyl-9H-purin-6-yl)morpholine (2), which 
underwent formylation with dimethylformamide and subsequent 
reduction with sodium borohydride to afford intermediate 3. The 
alcohol 3 then coupled with 2-ethylbenzo[d]imidazole to provide 4, 
which was further chloridized with thionyl chloride to yield in-
termediates 5. The title compounds 7a-7d was prepared by nucleophilic 
substitution of 5 with different 1-substituted piperazin-2-ones [14,17]. 
And the critical building block 6 was prepared by nucleophilic substi-
tution of 5 with tert-butyl 3-oxopiperazine-1-carboxylate and subse-
quent deprotection step of boc group with trifluoroacetic acid. Then, it 
was reacted with 2,2,2-trifluoroethyl methanesulfonate to produce 8a or 
underwent reduction amination with different ketones to produce 8b-8i. 
Deprotecting ethylene glycol of 8i with concentrated hydrochloric acid 
provided ketone 8j, which was further reduced by sodium borohydride 
to provide 8k. Finally, the acyl derivatives 8l-8q were prepared by 
acylation reaction of 6 with different acyl chlorides, and the sulfonyl 
substituted derivatives 8r-8t were prepared by sulfonylation reaction of 
6 with different sulfonyl chlorides. 

2.2. The discovery of WNY1613 

A series of 4-((9-methyl-9H-purin-8-yl)methyl)piperazin-2-ones and 
1-((9-methyl-9H-purin-8-yl)methyl)piperazin-2-ones were synthesized 
in this study. As shown in Table 1, both 4-((9-methyl-9H-purin-8-yl) 
methyl)piperazin-2-one series (7a-7d) and 1-((9-methyl-9H-purin-8-yl) 
methyl)piperazin-2-one series (8a-8t) exhibited excellent PI3Kδ inhibi-
tory activity with moderate to good δ isoform selectivity. An acyl 
substituted at the 4-position of piperazinone (8l-8q) in the 1-((9-methyl- 
9H-purin-8-yl)methyl)piperazin-2-one series seem to be conducive to 
the improvement of both potency and selectivity, while the alkyls (8a- 
8k) and sulfonyls (8r-8t) substituted series exhibited less selectivity for 
PI3Kα. 

To identify a lead compound from the abovementioned compounds 
for subsequent biological evaluation, several potent compounds were 

selected to further evaluate their isoforms selectivity for PI3Kβ and 
PI3Kγ as well as their antiproliferative activity against mantle cell 
lymphoma (MCL) cell line JEKO-1 by MTT assay (Table 2). Most com-
pounds exhibited good δ/β and δ/γ selectivity and good antiproliferative 
activity against JEKO-1 with submicromolar IC50 values. Of these 
compounds, 8p (WNY1613) was selected for further biological evalu-
ation for its excellent potency and selectivity for PI3Kδ as well as good 
antiproliferative activity against JEKO-1. 

2.3. Biochemical characterization of WNY1613 

To further evaluate the target selectivity of WNY1613, we next 
evaluated the inhibitory activity of WNY1613 on a panel of 300 kinases. 
WNY1613 only exhibited potency (>50%) against the four PI3K iso-
forms at a concentration of 500 nM, while no inhibitory activity was 
observed for other kinases (Fig. 3A, B). Cellular thermal shift assay 
(CETSA) could evaluate the potential direct interaction between protein 
and its ligand [20]. We next evaluated the effect of WNY1613 on the 
thermal stability of PI3Kδ. The result showed that WNY1613 could 
significantly improve the thermal stability of PI3Kδ at a concentration of 
10 μM, implying the direct interaction between WNY1613 and PI3Kδ 
(Fig. 3C). Overall, these results indicated that WNY1613 was a potent 
and highly selective PI3Kδ inhibitor. 

2.4. Molecular docking 

The binding modes of WNY1613 with PI3Kδ (PDB ID: 2WXP) [21] 
and PI3Kγ (PDB ID: 3DBS) [22] were then investigated by molecular 
docking. As shown in Fig. 4, the morpholine and benzimidazole motifs of 
WNY1613 adopt highly similar conformations in both PI3Kδ and PI3Kγ, 
and the morpholine O atom of WNY1613 forms a crucial hydrogen bond 
with both Val828 in PI3Kδ and Val882 in PI3Kγ, respectively. However, 
an additional hydrogen bond could be exclusively formed between the 
piperazinone O atom of WNY1613 and Asn836 of PI3Kδ. Moreover, the 
bulky cyclobutanecarbonyl motif of WNY1613 could stack on the 
“tryptophan shelf” formed by Thr750 and Trp760 in PI3Kδ while it could 
not be well accommodated in PI3Kγ in which the small threonine 
(Thr750) is replaced by a larger, charged lysine (Lys802) [16]. These 
results thus explained the excellent PI3Kδ potency of WNY1613 and its 
well PI3Kδ selectivity over other PI3K isoforms. 

2.5. Antiproliferative activity of WNY1613 

We next selected 10 different types of NHL cell lines, including seven 
diffuse large B-cell lymphoma (DLBCL) cell lines (SU-DHL-6, SU-DHL-4, 
OCI-LY-3, OCI-LY-10, U2932, WSU-DLCL-2, DB), two mantle cell lym-
phoma (MCL) cell lines (JEKO-1, Granta-519) and one Burkitt’s lym-
phoma (NAMALVA) cell line, to investigate their sensitivity to 
WNY1613 by MTS assay. As shown in Table 3, several NHL cell lines, 
including SU-DHL-6, SU-DHL-4, JEKO-1, OCI-LY- 3, Granta-519 and 
NAMALVA, were sensitive to both Idelalisib and WNY1613 with 
micromolar to sub-micromolar IC50 values, and the antiproliferative 

Fig. 1. Structure of three approved PI3Kδ inhibitors.  

W.-Q. Zuo et al.                                                                                                                                                                                                                                 



Bioorganic Chemistry 105 (2020) 104344

3

N

N S

N

O

N

N

R'

R

O
N

N S

N

O

N

N

R'

R

O

or

Piperazinone-containing thieno[3,2-d]pyrimidines

N

N

N

N

N

O

O
N

N N

S
O

O
GNE-293

N

N

N

N

N

O

N

N

R'

R

O

N

N

N

N

N

O

N

N

R'

R

O

Piperazinone-containing purines

Fig. 2. Design of piperazinone-containing purines as PI3Kδ inhibitors, GNE-293 is a potent and selective PI3Kδ inhibitor with purine core [16].  

Scheme 1. Synthesis of purine derivatives 7a-7d and 8a-8 t. Reagents and conditions: (a). morpholine, MeOH, rt; ② methyl iodide, MeCN, Cs2CO3, rt. (b). n- 
BuLi, DMF, THF, − 78℃; ② NaBH4, MeOH. (c). 2-ethyl-1H-benzo[d]imidazole, Pd2(dba)3, XPhos, Cs2CO3, 1,4-dioxane, 110℃. (d). thionyl chloride, DCM. (e). 1- 
substituted piperazin-2-ones, DIPEA, i-PrOH, reflux. (f). N-boc-3-oxopiperazine, t-BuOK, THF, 0℃; ② TFA, DCM, rt. (g). 2,2,2-trifluoroethyl methanesulfonate, 
K2CO3, MeCN, reflux. (h). aldehydes or ketones, DCM, sodium triacetoxyborohydride. (i). DCM, THF, concentrated HCl(aq). (j). NaBH4, MeOH, 0℃- r.t. (k). L-lactic 
acid, HOBT, EDCI, TEA, DCM. (l). acyl chlorides or sulfonyl chlorides, TEA, DCM. 
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activity of WNY1613 was better than Idelalisib to different extent across 
all these sensitive cell lines, which is consistent with its better PI3Kδ 
potency than Idelalisib. 

2.6. Apoptosis induction activity of WNY1613 

Apoptosis induction is a common mechanism to mediate the anti-
proliferative activity of kinase inhibitors, including PI3K inhibitors 
[23–24]. We next assessed the apoptosis induction effect of WNY1613 
on four NHL cell lines, including SU-DHL-6, SU-DHL-4, JEKO-1, and 
NAMALVA. As shown in Fig. 5, WNY1613 could induce cancer cell 
apoptosis (Annexin V-positive) across all four NHL cell lines in a 
concentration-dependent manner. And the apoptosis induction effect of 
WNY1613 was also more obvious than that for Idelalisib. We next 
evaluated the protein levels of the apoptosis cascade, and the results 
showed that WNY1613 could reduce the expression of anti-apoptotic 
protein BCL-2 and increase the expression of pro-apoptotic protein 
BAX as well as cleaved caspase-3 in a concentration-dependent manner 
(Fig. 5C). And the effects of WNY1613 on the protein level of the 
apoptosis cascade was also more significant than that for Idelalisib 
across all four NHL cell lines, which was consistent with its better 

apoptosis induction effects. Moreover, the apoptosis induction effects of 
WNY1613 and Idelalisib as well as their influence on the protein level of 
the apoptosis cascade in NAMALVA cells were significantly weaker than 
that in other three cell lines, which could explain the weaker anti-
proliferative activity of both compounds on NAMALVA cells as 
compared with other three cell lines. 

2.7. PI3K pathway inhibition by WNY1613 

The PI3K downstream components, AKT, S6, 4EBP1, as well as the 
MAPK downstream component ERK have been reported to be phos-
phorylated by PI3K activation [25], which could promote the prolifer-
ation of lymphoma cells. We next examined the effects of Idelalisib and 
WNY1613 on the expression of these proteins by western blotting. Both 
Idelalisib and WNY1613 could inhibit the phosphorylation of AKT, S6, 
4EBP1 and ERK in a dose- and time-dependent manners without 
affecting their total protein levels (Fig. 6). And the inhibitory effects of 
WNY1613 on the phosphorylation of these proteins were more signifi-
cant than Idelalisib in all four cell lines. In addition, consistent with the 
results in antiproliferative assay and apoptosis induction test, the 
phosphorylation of PI3K pathway-related proteins in NAMALVA cells 

Table 1 
SAR study of piperazinone-containing purine PI3Kδ inhibitors.  

Cpd 

R PI3Kδa 

IC50(nM) 
Selectivity fold over PI3Kαb Cpd R PI3Kδ 

IC50(nM) 
Selectivity fold over PI3Kα 

7a 5.1 ± 1.7 77 8j 6.6 ± 3.1 63 

7b 3.4 ± 1.5 96 8k 3.3 ± 0.6 68 

7c 4.4 ± 2.1 81 8l 2.7 ± 1.7 83 

7d 8.6 ± 2.4 43 8m 1.6 ± 0.8 148 

8a 5.1 ± 0.7 68 8n 2.1 ± 1.1 134 

8b 4.8 ± 1.3 66 8o 1.8 ± 0.9 126 

8c 11 ± 3.8 44 8p 1.2 ± 0.7 219 

8d 4.5 ± 2.2 65 8q 4.6 ± 1.9 86 

8e 4.2 ± 0.6 35 8r 2.7 ± 1.3 52 

8f 2.7 ± 1.1 91 8s 6.9 ± 0.7 37 

8 g 2.7 ± 1.4 86 8t 3.2 ± 1.4 50 

8 h 2.0 ± 0.8 47 PI-103c 6.2 ± 2.7 1.6 

8i 2.3 ± 0.4 58 Idelalisibd 4.7 ± 2.6 >106  

a IC50 values for PI3Kδ are the mean of three independent measurements and that for PI3Kα are the mean of at least two independent measurements. 
b The selectivity fold over PI3Kα was calculated as the ratio of the IC50 values of a compound to PI3Kα and PI3Kδ. 
c PI-103 is a pan-PI3K inhibitor with reported IC50s of 2 nM and 3 nM against PI3Kα and PI3Kδ, respectively [18]. 
d The reported IC50s for Idelalisib against PI3Kα, β, δ and γ were 820 nM, 565 nM, 2.5 nM and 89 nM, respectively [19]. 
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was also minimally affected by both compounds across all four cell lines, 
implying that the antiproliferative effect of WNY1613 is mainly medi-
ated by its inhibition on PI3K pathway. 

2.8. In vivo efficacy of WNY1613 

To evaluate the in vivo anti-tumor activity of WNY1613, SU-DHL-6 
and JEKO-1 cells were subcutaneously engrafted into NOD-SCID mice to 
establish xenograft models. As shown in Fig. 7, tumor-bearing mice were 
oral administration of WNY1613 with dosages of 25 and 50 mg/kg, 
Idelalisib with dosage of 25 mg/kg, or the vehicle for 18 days. The re-
sults showed that both Idelalisib and WNY1613 demonstrated solid 
antitumor activity in both xenograft models at a dose of 25 mg/kg, with 
tumor growth inhibition (TGI) rates of 47.69% and 51.38% for SU-DHL- 
6 model and 45.92% and 55.52% for JEKO-1 model, respectively. 

Increasing the dosage of WNY1613 to 50 mg/kg only slightly increased 
the TGI in the JEKO-1 model, which might be attributed to the poor 
pharmacokinetic properties of WNY1613 in its current dosage form. 
Moreover, no apparent body weight loss or abnormal behavior was 
observed during the treatment period (Fig. 7C), implying the good safety 
profile of WNY1613. 

To investigate the underlying mechanisms of the in vivo antitumor 
effects of WNY1613, immunohistochemical analysis was performed for 
tumor tissues resected from both tumor models after drug withdrawal. 
As shown in Fig. 7D and E, a significant reduction of p-AKT, p-P70S6K, 
p-4EBP1 and p-ERK was observed in the Idelalisib and WNY1613 groups 
than the vehicle group, indicating that WNY1613 could inhibit PI3K 
pathway in vivo. Overall, the in vivo pharmacodynamics study further 
confirmed the solid anticancer activity of WNY1613 via its inhibition on 
PI3K. 

2.9. Conclusion 

A potent PI3Kδ inhibitor WNY1613 based on piperazinone- 
containing purine scaffold was discovered from our SAR study. This 
compound exhibited excellent target affinity and isoforms selectivity 
with IC50 of 1.2 nM against PI3Kδ and selectivity index of over 100 folds 
for other PI3K isoforms. The direct interaction between WNY1613 and 
PI3Kδ was further validated by cellular thermal shift assay. WNY1613 
could inhibit the proliferation of several NHL cell lines with micromolar 
to sub-micromolar IC50 values. The MOA study demonstrated that it 
could induce apoptosis of lymphoma cells by reducing the expression of 
anti-apoptotic proteins and increasing the expression of pro-apoptotic 
proteins. Moreover, as a PI3Kδ inhibitor, WNY1613 can inhibit the 
phosphorylation of PI3K downstream components AKT, S6, 4EBP1 and 
MAPK downstream component ERK in a concentration- and time- 
dependent manners. Finally, WNY1613 demonstrated solid antitumor 
activity in both SU-DHL-6 and JEKO-1 xenograft models without 
observable toxicity. Overall, our study provided a potent PI3Kδ inhibitor 
WNY1613 as a promising candidate for lymphoma. The optimization of 
its dosage form would further improve its effectiveness in vivo and 
further pharmacodynamic studies in more lymphoma models would 
promote its development as a preclinical candidate. 

Table 2 
The PI3K isoforms selectivity and antiproliferative activity of piperazinone- 
containing purine PI3Kδ inhibitors a.  

Cmpds PI3Kδ 
(IC50: 
nM) 

PI3Kα 
selectivity 

PI3Kβ 
selectivity 

PI3Kγ 
selectivity 

JEKO- 
1 
(IC50: 
μM) 

7b 3.4 ±
1.5 

96 >147 >147 0.20 ±
0.08 

8f 2.7 ±
1.1 

91 133 96 0.37 ±
0.06 

8l 2.7 ±
1.7 

83 10 96 0.28 ±
0.13 

8m 1.6 ±
0.8 

148 27 169 0.28 ±
0.10 

8n 2.1 ±
1.1 

134 238 207 0.23 ±
0.14 

8o 1.8 ±
0.9 

126 77 60 0.18 ±
0.05 

8p 
(WNY1613) 

1.2 ±
0.7 

219 120 250 0.14 ±
0.07 

Idelalisib 4.7 ±
2.6 

>106 >106 52 0.93 ±
0.54  

a IC50 values for PI3Kδ isoforms and antiproliferative activity against JEKO-1 
are the mean of at least three independent measurements. 

Fig. 3. Biochemical characterization of WNY1613. (A) Heat map showing inhibitory rate of WNY1613 against a panel of 300 kinases. The diamond in the red frame 
represents PI3Kδ. (B) Potency of WNY1613 against PI3Kα, PI3Kβ, PI3Kγ and PI3Kδ. (C) Cellular thermal shift assay from 40℃ to 100℃ of SU-DHL-6 and JEKO-1 
lysates with or without WNY1613 incubation. Data represent the average inhibitory rate of two replicates for (A) and average ± SD of three replicates for (B). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3. Experimental 

3.1. Chemistry 

Unless otherwise noted, all materials were obtained from commer-
cial suppliers and used without further purification. The 1H and 13C 
NMR spectra were collected on a Bruker Avance 400 spectrometer at 25 
P using CDCl3 as the solvent. Chemical shifts (δ) are reported in ppm 
relative to TMS (internal standard), coupling constants (J) are reported 
in hertz, and peak multiplicity are reported as s (singlet), d (doublet), t 
(triplet), q (quartet), m (multiplet), or br s (broad singlet). Mass spectra 
(MS) were measured on a Micromass Q-TOF Premier mass spectrometer 
with electron spray ionization (ESI). Thin layer chromatography (TLC) 
was performed on 0.20 mm silica gel F-254 plates (Qingdao Haiyang 
Chemical, China). Preparative thin layer chromatography was per-
formed on 1.00 mm silica gel F-254 plates (Qingdao Haiyang Chemical, 
China). Visualization of TLC was accomplished with UV light and/or I2 
in silica gel. Column chromatography was performed using silica gel of 
300–400 mesh (Qingdao Haiyang Chemical, China). The purities of the 
title compounds were determined on an UltiMate 3000 (Dionex, USA) 
HPLC system and were of > 95% purity. (Phenomenex C18 reversed- 
column, 4.6 mm × 150 mm, 5 μm, isocratic elution with acetonitrile/ 
H2O = 60/40 or 65/35; flow rate, 1.0 mL/min; detection wavelength, 
254 nm; temperature, 30 ℃). 

3.1.1. Synthesis of 4-(2-chloro-9-methyl-9H-purin-6-yl)morpholine (2) 
[26] 

Morpholine (150 mmol) was added dropwise to the MeOH (500 mL) 
solution of 2,6-dichloropurine (18.900 g, 100 mmol) at 0 ℃. The 
mixture was stirred under room temperature for 2 h until the starting 
materials completely transformed. Then the precipitate was collected by 

filtration, and the filter cake was washed by water (50 mL) and MeOH 
(30 mL), dried under reduced pressure to afford 4-(2-Chloro-9H-purin-6- 
yl)morpholine (21.412 g, 90%) as a white solid. ESI-MS [M + Na]+ (m/ 
z): 262.2. 

Cs2CO3 (24.437 g, 75 mmol) and MeI (4.7 mL, 75 mmol) was slowly 
added to the acetonitrile solution of 4-(2-Chloro-9H-purin-6-yl)mor-
pholine (11.965 g, 50 mmol). The mixture was stirred under room 
temperature for 4 h until the starting materials completely transformed. 
The solvent was removed under reduced pressure and the residue was 
suspended in dichloromethane. The suspension was stirred for 1 h and 
separated by filtration. The filtrate was concentrated under reduced 
pressure to afford the crude product, which was recrystallized by ethyl 
acetate to afford 4-(2-chloro-9-methyl-9H-purin-6-yl)morpholine 
(11.633 g, 91%) as a white solid. ESI-MS [M + Na]+ (m/z): 276.1. 

3.1.2. Synthesis of (2-chloro-9-methyl-6-morpholino-9H-purin-8-yl) 
methanol (3) [26] 

2.5 M solution of n-butyl lithium (9.6 mL.24 mmol) in n-hexane was 
slowly added to the solution of 2 (5.065 g, 20 mmol) in anhydrous 
tetrahydrofuran (30 mL) at − 78 ℃. The resulting mixture was stirred 
under − 78 ℃ for 1 h and anhydrous dimethylformamide (2.3 mL, 30 
mmol) was added, followed by stirring for another 2 h under − 78 ℃. 
Then it was warmed up to room temperature and the reaction mixture 
was poured into cold saturated ammonium chloride solution (100 mL) 
and stirred for 30 min. After filtration, the filter cake was washed with 
ice water (20 mL) and dried under vacuum to afford 2-chloro-9-methyl- 
6-morpholino-9H-purine-8-carbaldehyde as a yellowish solid (5.407 g, 
95%). ESI-MS [M+H]+ (m/z): 284.0. 

Sodium borohydride (0.756 g, 20 mmol) was slowly added to the 
suspension of 2-chloro-9-methyl-6-morpholino-9H-purine-8-carbalde-
hyde (2.830 g.10 mmol) in MeOH (30 mL) at − 10 ℃. The resulting 
mixture was stirred under − 10 ℃ for 1 h until the starting materials 
completely transformed. Then 90 mL of ice water was added to the re-
action mixture and the mixture was stirred for another 10 min. After 
filtration, the filter cake was washed with ice water (20 mL) and dried 
under vacuum to afford the product 3 as a white solid (2.625 g.92%). 
ESI-MS [M + Na]+ (m/z): 308.1. 

3.1.3. Synthesis of (2-(2-ethyl-1H-benzo[d]imidazol-1-yl)-9-methyl-6- 
morpholino-9H-purin-8-yl)methanol (4) [26] 

Under nitrogen atmosphere, a 1,4-dioxane solution of (2-chloro-9- 
methyl-6-morpholino-9H-purin-8-yl)methanol (3) (2.566 g, 9 mmol), 2- 
ethyl-1H-benzo[d]imidazole, Pd2(dba)3 (0.9 mmol), Xphos (1.8 mmol) 
and CsCO3 (18 mmol) was warmed up to 110 ℃ and stirred for 5 h until 
the starting materials completely transformed. the reaction mixture was 
filtered after cooled to room temperature, and the filtrate was purified 
by column chromatography with dichloromethane/methanol (V/V =
100/1–50/1) to afford (2-(2-ethyl-1H-benzo[d]imidazol-1-yl)-9-methyl- 

Fig. 4. Predicted binding modes of WNY1613 with PI3Kδ (A) and PI3Kγ (B). Hydrogen bonds are shown as green dashed lines. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 3 
IC50 values of Idelalisib and WNY1613 against a panel of NHL cell lines.  

Cell lines Idelalisib 
(IC50: μM) 

WNY1613 
(IC50: μM) 

U2932 >10 >10 
OCI-LY-10 >10 >10 
OCI-LY-3 5.2 ± 2.3 1.6 ± 0.2 
DB >10 >10 
SU-DHL-4 0.30 ± 0.13 0.048 ± 0.029 
WSU-DLCL-2 >10 5.0 ± 1.7 
SU-DHL-6 0.12 ± 0.03 0.038 ± 0.011 
JEKO-1 0.12 ± 0.06 0.077 ± 0.023 
Granta-519 1.7 ± 0.8 0.55 ± 0.15 
NAMALVA 9.2 ± 2.9 2.0 ± 0.6 

a. IC50 values for the antiproliferative activity of Idelalisib and WNY1613 are the 
mean of three independent measurements and represented as mean ± SD. 
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6-morpholino-9H-purin-8-yl)methanol (4) as a yellowish solid (1.874 g, 
53%). ESI-MS [M + H]+ (m/z): 396.2. 

3.1.4. Synthesis of 4-(8-(chloromethyl)-2-(2-ethyl-1H-benzo[d]imidazol- 
1-yl)-9-methyl-9H-purin-6-yl)morpholine (5) [26] 

SOCl2 (9 mmol) was slowly added to the dichloromethane solution of 
4 (1.778 g, 4.5 mmol) at 0 ℃ over 10 min. The reaction mixture was 
stirred under room temperature for 2 h until the starting materials 
completely transformed. After concentrated under reduced pressure, the 
residue was suspended in water (20 mL) and stirred for 1 h. After 
filtration, the filter cake was washed by cold water (10 mL) and dried 
under vacuum to afford 4-(8-(chloromethyl)-2-(2-ethyl-1H-benzo[d] 
imidazol-1-yl)-9-methyl-9H-purin-6-yl)morpholine (5) as a yellowish 
solid (1.719 g, 92%). ESI-MS [M + H]+ (m/z): 414.3. 

3.1.5. Synthesis of 1-((2-(2-ethyl-1H-benzo[d]imidazol-1-yl)-9-methyl-6- 
morpholino-9H-purin-8-yl)methyl)piperazin-2-one trifluoroacetate (6) 

t-BuOK (7.5 mmol) was added to the solution of 1-boc-3- 

oxopiperazine (1.005 g, 5 mmol) in anhydrous tetrahydrofuran (20 
mL). The mixture was stirred for 20 min under room temperature after 
by compound 5 (1.653 g, 4 mmol) added. Then the reaction mixture was 
warmed up to room temperature and stirred for another 4 h until the 
starting materials completely transformed. The solvent was removed 
under reduced pressure and the residue was extracted with water and 
ethyl acetate. The organic phase was washed with brine, dried over 
Na2SO4, and concentrated under reduced pressure. The crude product 
was purified by column chromatography with dichloromethane/meth-
anol (V/V = 100/1–50/1) as mobile phase to afford tert-butyl 4-((2-(2- 
ethyl-1H-benzo[d]imidazol-1-yl)-9-methyl-6-morpholino-9H-purin-8- 
yl)methyl)-3-oxopiperazine-1-carboxylate (1.829 g, 79%), which was 
further deprotected of the boc group with trifluoroacetic acid in 
dichloromethane to produce 6 with yield of 100%. 

3.1.6. General procedure for the synthesis of 7a-7d 
DIPEA (1.0 mmol) was added to the isopropanol (5 mL) solution of 

different 1-substituted piperazin-2-ones (0.3 mmol) and 5 (0.083 g, 0.2 

Fig. 5. WNY1613 induced cancer cell apoptosis in NHL cell lines. (A) FCM analysis of the apoptosis cells in four NHL cell lines after treatment with Idelalisib and 
WNY1613 with indicated concentrations for 72 h. (B) Quantification of the FCM analysis. Graphic data were run in triplicate and shown as the mean ± SD, *p < 0.05, 
**p < 0.01, ***p < 0.001. (C) Western blotting analysis of apoptosis related protein levels, including BCL2, Bax and cleaved caspase-3, after treated with Idelalisib or 
WNY1613 with the indicated concentrations for 72 h. 
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mmol). The mixture was stirred under 85℃ for 24 h until the starting 
materials completely transformed. The solvent was removed under 
reduced pressure and the residue was extracted with water/dichloro-
methane, the organic phase was washed with brine and dried over 
MgSO4. The crude product was purified by preparative TLC with 
dichloromethane/methanol (V/V = 10/1) as mobile phase to afford the 
title compounds 7a-7d with yields of 40%-70%. 

1-(cyclopropylmethyl)-4-((2-(2-ethyl-1H-benzo[d]imidazol-1-yl)-9- 
methyl-6-morpholino-9H-purin-8-yl)methyl)piperazin-2-one (7a). White 
solid, yield: 68%. 1H NMR (400 MHz, CDCl3) δ 8.11–7.97 (m, 1H), 
7.87–7.72 (m, 1H), 7.41–7.22 (m, 2H), 4.36 (s br, 4H), 3.89 (d, J = 6.8 
Hz, 6H), 3.84 (s, 3H), 3.45 (t, J = 5.6 Hz, 2H), 3.37 (q, J = 7.5 Hz, 2H), 
3.31 (d, J = 8.9 Hz, 4H), 2.84 (t, J = 5.6 Hz, 2H), 1.46 (t, J = 7.5 Hz, 3H), 
0.98 (d, J = 6.9 Hz, 1H), 0.54 (d, J = 7.6 Hz, 2H), 0.26 (d, J = 5.1 Hz, 
2H). 13C NMR (101 MHz, CDCl3) δ 166.02, 156.93, 153.69 (2C), 150.69, 
146.62, 142.49, 134.58, 122.84, 122.67, 119.04, 117.00, 113.22, 67.01 
(2C), 57.35, 54.23, 50.50, 49.49, 46.40 (2C), 45.68, 29.21, 23.74, 12.39, 
8.96, 3.55 (2C). ESI-MS [M+H]+ (m/z): 530.3. 

1-cyclopentyl-4-((2-(2-ethyl-1H-benzo[d]imidazol-1-yl)-9-methyl-6- 
morpholino-9H-purin-8-yl)methyl)piperazin-2-one (7b). White solid, yield: 

62%. 1H NMR (400 MHz, CDCl3) δ 8.05–7.94 (m, 1H), 7.75 (dd, J = 5.7, 
3.3 Hz, 1H), 7.33–7.19 (m, 2H), 5.03–4.83 (m, 2H), 3.89–3.70 (m, 9H), 
3.65–3.56 (m, 1H), 3.50 (d, J = 5.4 Hz, 1H), 3.42–3.12 (m, 7H), 
2.86–2.71 (m, 2H), 1.92–1.76 (m, 4H), 1.74–1.57 (m, 4H), 1.45 (t, J =
7.5 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 166.14, 156.94, 153.70 (2C), 
150.73, 146.61, 142.60, 134.62, 122.73, 122.65, 119.10, 116.99, 
113.23, 67.02 (2C), 57.60, 54.22, 53.85, 49.66 (2C), 45.89, 40.92, 
29.20, 27.87 (2C), 24.07 (2C), 23.77, 12.38. ESI-MS [M+H]+ (m/z): 
544.3. 

4-((2-(2-ethyl-1H-benzo[d]imidazol-1-yl)-9-methyl-6-morpholino-9H- 
purin-8-yl)methyl)-1-(1-methyl-1H-pyrazol-4-yl)piperazin-2-one (7c). Pale 
solid, yield: 69%. 1H NMR (400 MHz, CDCl3) δ 8.03 (s, 1H), 8.02–7.97 
(m, 1H), 7.80–7.71 (m, 1H), 7.46 (s, 1H), 7.34–7.22 (m, 2H), 4.36 (s, 
4H), 4.01–3.77 (m, 12H), 3.71 (t, J = 5.5 Hz, 2H), 3.43 (s, 2H), 3.35 (q, 
J = 7.5 Hz, 2H), 2.96 (t, J = 5.5 Hz, 2H), 1.45 (t, J = 7.5 Hz, 3H). 13C 
NMR (101 MHz, CDCl3) δ 164.10, 156.93, 153.72 (2C), 150.78, 146.31, 
142.56, 134.59, 129.45, 124.84, 123.08, 122.84, 122.68, 119.08, 
117.01, 113.22, 67.01 (2C), 57.76, 54.11, 49.10, 47.44 (2C), 45.89, 
39.34, 29.22, 23.78, 12.38. ESI-MS [M+H]+ (m/z): 556.3. 

2-(4-((2-(2-ethyl-1H-benzo[d]imidazol-1-yl)-9-methyl-6-morpholino- 

Fig. 6. WNY1613 showed a dose- and time-dependent downregulation of PI3K pathway related proteins in all four NHL cell lines. (A) Western blotting analysis for 
PI3K pathway related proteins, including p-AKT, AKT, p-S6, S6, p-4EBP1, 4EBP1, p-ERK and ERK, after treatment with Idelalisib or WNY1613 with indicated 
concentrations (μM) for 24 h. (B) Western blotting analysis for PI3K pathway related proteins after treatment with Idelalisib or WNY1613 (1 μM for SU-DHL-6 and 
JEKO-1 cell lines, 3 μM for SU-DHL-4 cell line and 9 μM for NAMALVA cell line) for indicated times. 
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9H-purin-8-yl)methyl)-2-oxopiperazin-1-yl)acetamide (7d). Yellowish 
solid, yield: 43%. 1H NMR (400 MHz, CDCl3) δ 8.08–7.96 (m, 1H), 
7.82–7.69 (m, 1H), 7.27 (q, J = 3.7 Hz, 2H), 6.27 (s, 1H), 5.56 (s, 1H), 
4.35 (s br, 4H), 4.03 (s, 2H), 3.99–3.80 (m, 9H), 3.50 (t, J = 5.5 Hz, 2H), 
3.35 (q, J = 7.7 Hz, 2H), 3.34 (s, 2H), 2.88 (t, J = 5.5 Hz, 2H), 1.45 (t, J 
= 7.5, 3H). 13C NMR (101 MHz, CDCl3) δ 170.22, 167.32, 156.93, 
153.72, 153.67, 150.76, 146.28, 142.50, 134.57, 122.86, 122.70, 

119.06, 117.00, 113.22, 67.00 (2C), 57.03, 54.01, 50.39, 49.33, 48.05 
(2C), 45.79, 29.21, 23.75, 12.38. ESI-MS [M+H]+ (m/z): 533.3. 

3.1.7. Synthesis of 1-((2-(2-ethyl-1H-benzo[d]imidazol-1-yl)-9-methyl-6- 
morpholino-9H-purin-8-yl)methyl)-4-(2,2,2-trifluoroethyl)piperazin-2-one 
(8a) 

2,2,2-Trifluoroethyl methanesulfonate (0.3 mmol) and K2CO3 (0.3 

Fig. 7. In vivo anticancer activity of WNY1613 in NHL xenograft models. Tumor bearing NOD-SCID mice were orally treated with vehicle, Idelalisib (25 mg/kg), 
WNY1613(25 mg/kg) and WNY1613(50 mg/kg) once every day for indicated days. (A) Volume of tumors from sacrificed mice, data are presented as the mean ± SD. 
(B) Weight of tumors from sacrificed mice, data are presented as the mean ± SD. (C) The average body weight changes of the vehicle, Idelalisib, WNY1613 treated 
groups, data are presented as the mean ± SD. (D) Immunohistochemical analysis of p-AKT, p-S6, p-4EBP1and p-ERK levels in tumor tissues of SU-DHL-6 and JEKO-1 
xenograft models from sacrificed mice. (E) Quantification of percentage of positive staining cells, data are presented as the mean ± SD, *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001. 
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mmol) were added to the acetonitrile solution of 6 (0.089 g, 0.15 mmol). 
The mixture was stirred under 85 ℃ for 2 h until the starting materials 
completely transformed. The solvent was removed under reduced 
pressure and the residue was extracted with water and ethyl acetate. The 
organic phase was washed with brine, dried over Na2SO4, and concen-
trated under reduced pressure. The crude product was purified by pre-
parative TLC with dichloromethane/methanol (V/V = 10/1) as mobile 
phase to afford 8a (0.042 g, 50%) as a white solid.1H NMR (400 MHz, 
CDCl3) δ 8.07–7.95 (m, 1H), 7.82–7.70 (m, 1H), 7.33–7.21 (m, 2H), 4.87 
(s, 2H), 4.35 (s br, 4H), 3.86 (t, J = 7.2 Hz, 4H), 3.84 (s, 3H), 3.50 (t, J =
5.8 Hz, 2H), 3.48 (s, 2H), 3.35 (q, J = 7.5 Hz, 2H), 3.08 (q, J = 9.2 Hz, 
2H), 2.97 (t, J = 5.4 Hz, 2H), 1.44 (t, J = 7.5 Hz, 3H). 13C NMR (101 
MHz, CDCl3) δ 166.02, 156.91, 153.68, 153.46, 150.83, 145.96, 142.48, 
134.54, 124.90 (q, J = 279 Hz), 122.89, 122.72, 119.08, 117.27, 
113.23, 66.99 (2C), 57.18, 57.04 (q, J = 29 Hz), 50.03, 46.48 (2C), 
45.89, 42.03, 29.25, 23.78, 12.37. 19F NMR (376 MHz, CDCl3) δ − 69.17. 
ESI-MS [M + H]+ (m/z): 558.2 

3.1.8. General procedure for the synthesis of 8b-8i. 
Sodium acetate (0.3 mmol) and sodium triacetoxyborohydride (0.4 

mmol) was added to the dichloromethane (10 mL) solution of 6 (0.089 g, 
0.15 mmol) and different aldehydes or ketones (0.25 mmol) at 0 ℃. The 
mixture was stirred under room temperature for 12 h until the starting 
materials completely transformed. Then saturated sodium bicarbonate 
solution was added to the reaction mixture and the mixture was stirred 
for another 30 min. After the organic phase separated by extraction, the 
aqueous phase was reextracted with dichloromethane. The combined 
organic phase was washed with brine, dried over MgSO4 and concen-
trated under reduced pressure. The crude product was further purified 
by preparative TLC with dichloromethane/methanol (V/V = 10/1) to 
afford 8b-8i with yields of 30–60%. 

4-cyclopentyl-1-((2-(2-ethyl-1H-benzo[d]imidazol-1-yl)-9-methyl-6- 
morpholino-9H-purin-8-yl)methyl)piperazin-2-one (8b). White solid, yield: 
54%. 1H NMR (400 MHz, CDCl3) δ 8.07–7.93 (m, 1H), 7.84–7.68 (m, 
1H), 7.32–7.19 (m, 2H), 4.87 (s, 2H), 4.48–4.19 (s br, 4H), 3.92–3.79 
(m, 7H), 3.49–3.24 (m, 6H), 2.75 (q, J = 5.4, 2H), 2.57 (t, J = 7.6 Hz, 
1H), 1.98–1.78 (m, 2H), 1.78–1.65 (m, 2H), 1.63–1.51 (m, 2H), 
1.50–1.35 (m, 5H). 13C NMR (101 MHz, CDCl3) δ167.15, 156.95, 
153.67, 153.49, 150.78, 146.24, 142.47, 134.55, 122.89, 122.72, 
119.08, 117.27, 113.24, 67.02 (2C), 66.60, 56.77, 48.66, 46.52 (2C), 
45.89, 41.89, 30.37 (2C), 29.33, 24.05 (2C), 23.77, 12.39. ESI-MS [M +
H]+ (m/z): 544.3. 

4-cyclohexyl-1-((2-(2-ethyl-1H-benzo[d]imidazol-1-yl)-9-methyl-6- 
morpholino-9H-purin-8-yl)methyl)piperazin-2-one (8c). White solid, yield: 
59%. 1H NMR (400 MHz, CDCl3) δ 8.04–7.96 (m, 1H), 7.80–7.72 (m, 
1H), 7.32–7.22 (m, 2H), 4.87 (s, 2H), 4.30 (s br, 4H), 3.95–3.78 (m, 7H), 
3.45–3.28 (m, 6H), 2.76 (q, J = 5.4, 2H), 2.32 (dd, J = 13.5, 6.1 Hz, 1H), 
1.95–1.78 (m, 4H), 1.44 (t, J = 7.5 Hz, 3H), 1.35–1.05 (m, 6H). 13C NMR 
(101 MHz, CDCl3) δ 167.66, 156.93, 153.58, 153.49, 150.74, 146.34, 
142.39, 134.53, 122.91, 122.74, 119.05, 117.27, 113.25, 67.02 (2C), 
62.36, 53.67, 46.86, 45.90 (3C), 41.98, 29.31, 28.60 (2C), 26.04, 25.43 
(2C), 23.75, 12.39. ESI-MS [M+H]+ (m/z): 558.3. 

4-(4,4-difluorocyclohexyl)-1-((2-(2-ethyl-1H-benzo[d]imidazol-1-yl)- 
9-methyl-6-morpholino-9H-purin-8-yl)methyl)piperazin-2-one (8d). White 
solid, yield: 43%. 1H NMR (400 MHz, CDCl3) δ 8.09–7.96 (m, 1H), 
7.82–7.70 (m, 1H), 7.33–7.20 (m, 2H), 4.87 (s, 2H), 4.35 (s br, 4H), 
3.99–3.78 (m, 7H), 3.43 (dd, J = 6.3, 4.4 Hz, 2H), 3.40–3.27 (m, 4H), 
2.77 (t, J = 5.3 Hz, 2H), 2.42 (d, J = 9.7 Hz, 1H), 2.25–2.04 (m, 2H), 
1.91–1.58 (m, 6H), 1.44 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) 
δ 167.12, 156.92, 153.67, 153.45, 150.79, 146.16, 142.48, 134.54, 
122.87, 122.70, 122.68 (t, J = 239 Hz), 119.05, 117.26, 113.24, 66.99 
(2C), 59.42, 54.17, 46.83, 45.96 (3C), 41.97, 31.86 (t, J = 24.5 Hz, 2C), 
29.27, 24.35 (2C), 23.78, 12.38. ESI-MS [M+H]+ (m/z): 594.3. 

1-((2-(2-ethyl-1H-benzo[d]imidazol-1-yl)-9-methyl-6-morpholino-9H- 
purin-8-yl)methyl)-4-(1-methylpiperidin-4-yl)piperazin-2-one (8e). White 
solid, yield: 39%. 1H NMR (400 MHz, CDCl3) δ 8.01 (d, J = 4.7 Hz, 1H), 

7.74 (d, J = 4.5 Hz, 1H), 7.27 (dd, J = 8.8, 5.3 Hz, 2H), 4.86 (s, 2H), 
3.95–3.75 (m, 7H), 3.44 (d, J = 13.1 Hz, 4H), 3.33 (d, J = 12.5 Hz, 4H), 
3.00 (d, J = 10.9 Hz, 2H), 2.77 (q, J = 5.4, 2H), 2.35 (s, 5H), 2.12 (t, J =
10.3 Hz, 3H), 1.84 (d, J = 9.8 Hz, 2H), 1.68 (dd, J = 30.0, 19.6 Hz, 2H), 
1.41 (t, J = 7.5 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 167.27, 156.94, 
153.65, 153.43, 150.73, 146.20, 142.43, 134.52, 122.89, 122.79, 
119.00, 117.26, 113.24, 66.99 (2C), 59.41, 54.42 (2C), 54.15, 46.79, 
45.90, 45.53 (2C), 45.49, 41.94, 29.27, 27.28 (2C), 23.73, 12.38. ESI- 
MS [M+H]+ (m/z): 573.3. 

1-((2-(2-ethyl-1H-benzo[d]imidazol-1-yl)-9-methyl-6-morpholino-9H- 
purin-8-yl)methyl)-4-(tetrahydro-2H-pyran-4-yl)piperazin-2-one (8f). 
White solid, yield: 45%. 1H NMR (400 MHz, CDCl3) δ 8.07–7.94 (m, 1H), 
7.83–7.70 (m, 1H), 7.37–7.20 (m, 2H), 4.87 (s, 2H), 4.31 (s br, 4H), 4.03 
(dd, J = 11.5, 2.9 Hz, 2H), 3.95–3.76 (m, 7H), 3.53–3.29 (m, 8H), 2.79 
(q, J = 5.4, 2H), 2.48 (m, 1H), 1.91–1.70 (m, 2H), 1.55 (m, 2H), 1.44 (t, 
J = 7.5 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 167.21, 156.92, 153.66, 
153.45, 150.72, 146.21, 142.25, 134.47, 122.95, 122.87, 118.98, 
117.28, 113.26, 66.99 (4C), 59.68 (2C), 53.83, 46.73, 45.89, 45.57 (2C), 
41.96, 29.30, 29.24 (2C), 23.71, 12.39. ESI-MS [M + H]+ (m/z): 560.3. 

1-((2-(2-ethyl-1H-benzo[d]imidazol-1-yl)-9-methyl-6-morpholino-9H- 
purin-8-yl)methyl)-4-(tetrahydro-2H-thiopyran-4-yl)piperazin-2-one (8 g). 
White solid, yield: 51%. 1H NMR (400 MHz, CDCl3) δ 8.00 (d, J = 6.8 Hz, 
1H), 7.76 (d, J = 6.6 Hz, 1H), 7.32 (d, J = 32.2 Hz, 2H), 4.87 (s, 2H), 
4.35 (s br, 4H), 3.95–3.75 (m, 7H), 3.45–3.30 (m, 6H), 2.80–2.57 (m, 
6H), 2.47–2.32 (m, 1H), 2.21–2.02 (m, 2H), 1.72–1.64 (m, 2H), 1.44 (t, 
J = 7.5 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 167.44, 156.90, 153.66, 
153.44, 150.65, 146.29, 142.00, 134.40, 122.94, 122.86, 118.92, 
117.31, 113.28, 67.00 (2C), 61.39, 53.23, 46.95, 45.64, 45.43 (2C), 
42.01, 29.93 (2C), 29.29, 28.34 (2C), 23.65, 12.42. ESI-MS [M+H]+ (m/ 
z): 576.3. 

4-(1,1-dioxidotetrahydro-2H-thiopyran-4-yl)-1-((2-(2-ethyl-1H-benzo 
[d]imidazol-1-yl)-9-methyl-6-morpholino-9H-purin-8-yl)methyl)piperazin- 
2-one (8 h). White solid, yield: 33%. 1H NMR (400 MHz, CDCl3) δ 
8.06–7.96 (m, 1H), 7.81–7.70 (m, 1H), 7.33–7.20 (m, 2H), 4.87 (s, 2H), 
4.35 (s br, 4H), 3.99–3.78 (m, 7H), 3.48 (dd, J = 6.3, 4.4 Hz, 2H), 
3.41–3.29 (m, 4H), 3.27–3.12 (m, 2H), 2.99–2.86 (m, 2H), 2.78 (t, J =
6.3 Hz, 2H), 2.58 (d, J = 3.2 Hz, 1H), 2.33–2.12 (m, 4H), 1.44 (t, J = 7.4 
Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 166.30, 156.90, 153.70, 153.44, 
150.87, 145.89, 142.50, 134.54, 122.89, 122.73, 119.10, 117.30, 
113.25, 66.99 (2C), 57.10, 54.27, 48.64 (2C), 46.63, 45.75 (3C), 41.92, 
29.30, 25.80 (2C), 23.81, 12.38. ESI-MS [M + H]+ (m/z): 608.3. 

1-((2-(2-ethyl-1H-benzo[d]imidazol-1-yl)-9-methyl-6-morpholino-9H- 
purin-8-yl)methyl)-4-(1,4-dioxaspiro[4.5]decan-8-yl)piperazin-2-one (8i). 
8i was prepared from 6 (0.3 mmol) as a white solid, yield: 57%. 1H NMR 
(400 MHz, CDCl3) δ 8.00 (d, J = 5.4 Hz, 1H), 7.82–7.69 (m, 1H), 7.26 (d, 
J = 4.9 Hz, 2H), 4.86 (s, 2H), 4.35 (s br, 4H), 3.93 (s br, 4H), 3.87 (s, 
4H), 3.83 (s, 3H), 3.46–3.24 (m, 6H), 2.77 (q, J = 5.4, 2H), 2.45–2.35 
(m, 1H), 1.88–1.49 (m, 8H), 1.44 (t, J = 7.5, 3H). 13C NMR (101 MHz, 
CDCl3) δ 167.55, 156.92, 153.66, 153.47, 150.74, 146.29, 142.45, 
134.54, 122.87, 122.70, 119.04, 117.27, 113.24, 108.17, 67.00 (2C), 
64.37, 64.29, 60.51, 54.12, 46.95, 45.91 (3C), 41.99, 33.18 (2C), 29.28, 
25.36 (2C), 23.76, 12.38. ESI-MS [M + H]+ (m/z): 616.3. 

3.1.9. Synthesis of 1-((2-(2-ethyl-1H-benzo[d]imidazol-1-yl)-9-methyl-6- 
morpholino-9H-purin-8-yl)methyl)-4-(4-oxocyclohexyl)piperazin-2-one 
(8j) 

THF(10 mL) and concentrated hydrochloric acid (2 mL) was added to 
a solution of 8i (0.092 g, 0.15 mmol) in dichloromethane (10 mL) under 
0 ℃. The mixture was stirred under refluxing for 4 h. The solvent was 
removed under reduced pressure and the residue was dissolved in 
dichloromethane and purified by preparative TLC with dichloro-
methane/methanol (V/V = 10/1) as mobile phase to afford 8 l (0.069 g, 
80%) as a pale solid. 1H NMR (400 MHz, CDCl3) δ 8.07–7.95 (m, 1H), 
7.82–7.69 (m, 1H), 7.27 (q, J = 2.2 Hz, 2H), 4.88 (s, 2H), 4.35 (s br, 4H), 
3.94–3.78 (m, 7H), 3.47 (t, J = 6.3 Hz, 2H), 3.43–3.27 (m, 4H), 2.82 (t, J 
= 6.3 Hz, 2H), 2.77–2.67 (m, 1H), 2.55–2.45 (m, 2H), 2.38–2.27 (m, 
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2H), 2.14–1.98 (m, 2H), 1.94–1.82 (m, 2H), 1.44 (t, J = 7.5 Hz, 3H). 13C 
NMR (101 MHz, CDCl3) δ 209.89, 166.97, 156.91, 153.68, 153.48, 
150.84, 146.10, 142.52, 134.55, 122.87, 122.72, 119.11, 117.27, 
113.23, 67.00 (2C), 59.03, 54.37, 46.76, 46.20 (2C), 45.80, 41.95, 38.43 
(2C), 29.29, 27.74 (2C), 23.80, 12.38. ESI-MS [M + H]+ (m/z): 572.3. 

3.1.10. Synthesis of 1-((2-(2-ethyl-1H-benzo[d]imidazol-1-yl)-9-methyl- 
6-morpholino-9H-purin-8-yl)methyl)-4-(4-hydroxycyclohexyl)piperazin-2- 
one (8k) 

Sodium borohydride (0.2 mmol) was slowly added to the suspension 
of 8 l (0.052 g, 0.09 mmol) in MeOH (5 mL) at 0 ℃. The resulting 
mixture was stirred under room temperature for 2 h until the starting 
materials completely transformed. Then the solvent was removed under 
reduced pressure and the residue was dissolved in dichloromethane and 
purified by preparative TLC with dichloromethane/methanol (V/V =
10/1) as mobile phase to afford 8k (0.039 g, 76%) as a pale solid.. 1H 
NMR (400 MHz, CDCl3) δ 8.09–7.94 (m, 1H), 7.84–7.69 (m, 1H), 
7.41–7.18 (m, 2H), 4.87 (d, J = 3.3 Hz, 2H), 4.35 (s br, 4H), 3.92–3.73 
(m, 7H), 3.66–3.52 (m, 1H), 3.52–3.23 (m, 6H), 2.77 (t, J = 5.5 Hz, 2H), 
2.42–2.26 (m, 1H), 2.16–1.96 (m, 2H), 1.96–1.50 (m, 4H), 1.44 (t, J =
7.4 Hz, 3H), 1.37–1.21 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 167.42, 
156.92, 153.66, 153.48, 150.79, 146.25, 142.52, 134.56, 122.86, 
122.70, 119.08, 117.26, 113.22, 70.09, 67.01 (2C), 61.35, 53.96, 46.87, 
46.25 (2C), 45.77, 41.97, 34.08 (2C), 29.29, 26.25 (2C), 23.78, 12.38. 
ESI-MS [M+H]+ (m/z): 574.3. 

3.1.11. Synthesis of (S)-1-((2-(2-ethyl-1H-benzo[d]imidazol-1-yl)-9- 
methyl-6-morpholino-9H-purin-8-yl)methyl)-4-(2-hydroxypropanoyl) 
piperazin-2-one (8l) 

Triethylamine (0.3 mmol), HOBT (0.25 mmol) and EDCI (0.3 mmol) 
was added to the dichloromethane (5 mL) solution of 6 (0.089 g, 0.15 
mmol) and L-lactic acid (0.3 mmol). The mixture was stirred under room 
temperature for 12 h. Then the mixture was extracted with dichloro-
methane/water. The organic phase was washed with brine, dried over 
MgSO4 and concentrated under reduced pressure. The crude product 
was further purified by preparative TLC with dichloromethane/meth-
anol (V/V = 10/1) to afford 8l (0.053 g, 65%) as a white solid. 1H NMR 
(400 MHz, CDCl3) δ 8.06–7.95 (m, 1H), 7.80–7.71 (m, 1H), 7.27 (q, J =
3.9 Hz, 2H), 4.87 (s, 2H), 4.51–4.09 (m, 8H), 3.92–3.72 (m, 7H), 
3.79–3.55 (m, 4H), 3.34 (q, J = 7.5 Hz, 2H), 1.44 (t, J = 7.4 Hz, 3H), 
1.36 (d, J = 6.7 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 169.49, 165.01, 
156.91, 153.70, 153.40, 150.93, 145.41, 142.47, 134.50, 122.92, 
122.77, 119.08, 117.28, 113.22, 66.96 (2C), 64.51, 48.39, 46.03, 45.84 
(2C), 42.49, 39.72, 29.26, 23.79, 21.06, 12.37. ESI-MS [M+H]+ (m/z): 
548.3. 

3.1.12. General procedure for the synthesis of 8m-8t 
Different acyl chloride or sulfonyl chloride (0.3 mmol) was slowly 

added to the dichloromethane (5 mL) solution of 6 (0.089 g, 0.15 mmol) 
and triethylamine (0.3 mmol) at 0 ℃. The mixture was stirred under 
room temperature for 3–12 h until the starting materials completely 
transformed. Then the mixture was extracted with dichloromethane/ 
water. The organic phase was washed with brine, dried over MgSO4 and 
concentrated under reduced pressure. The crude product was further 
purified by preparative TLC with dichloromethane/methanol (V/V =
10/1) to afford 8 m-8 t with yields of 40%-70%. 

4-acetyl-1-((2-(2-ethyl-1H-benzo[d]imidazol-1-yl)-9-methyl-6-morpho-
lino-9H-purin-8-yl)methyl)piperazin-2-one (8m). White solid, yield: 62%. 
1H NMR (400 MHz, CDCl3) δ 8.06–7.95 (m, 1H), 7.81–7.70 (m, 1H), 
7.33–7.22 (m, 2H), 4.88 (d, J = 4.6 Hz, 2H), 4.33 (s br, 6H), 3.92–3.72 
(m, 9H), 3.63–3.53 (m, 2H), 3.34 (q, J = 7.5 Hz, 2H), 2.13 (s, 3H), 1.44 
(t, J = 7.5 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 168.91, 165.64, 
164.68, 156.91, 153.70, 150.91, 145.53, 142.52, 134.53, 122.90, 
122.74, 119.10, 117.29, 113.22, 66.97 (2C), 49.68, 46.39, 46.05 (2C), 
42.46, 38.54, 29.23, 23.80, 21.34, 12.37. ESI-MS [M+H]+ (m/z): 518.3. 

1-((2-(2-ethyl-1H-benzo[d]imidazol-1-yl)-9-methyl-6-morpholino-9H- 

purin-8-yl)methyl)-4-isobutyrylpiperazin-2-one (8n). White solid, yield: 
54%. 1H NMR (400 MHz, CDCl3) δ 8.05–7.95 (m, 1H), 7.82–7.73 (m, 
1H), 7.27 (q, J = 4.7 Hz, 2H), 4.88 (s, 2H), 4.30 (s br, 6H), 3.92–3.72 (m, 
9H), 3.56 (s br, 2H), 3.35 (q, J = 7.5 Hz, 2H), 2.82–2.69 (m, 1H), 1.44 (t, 
J = 7.5 Hz, 3H), 1.15 (d, J = 6.8 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 
170.08, 165.96, 156.89, 153.68, 153.40, 150.82, 145.09, 142.20, 
134.44, 122.98, 122.83, 119.01, 117.31, 113.23, 66.97 (2C), 49.11, 
46.45, 46.13 (2C), 42.43, 38.86, 30.55, 29.24, 23.70, 19.17 (2C), 12.38. 
ESI-MS [M+H]+ (m/z): 546.3. 

4-(cyclopropanecarbonyl)-1-((2-(2-ethyl-1H-benzo[d]imidazol-1-yl)-9- 
methyl-6-morpholino-9H-purin-8-yl)methyl)piperazin-2-one (8o). White 
solid, yield: 53%. 1H NMR (400 MHz, CDCl3) δ 8.05–7.95 (m, 1H), 
7.81–7.69 (m, 1H), 7.31–7.21 (m, 2H), 4.89 (s, 2H), 4.35 (s br, 6H), 
3.95–3.82 (m, 9H), 3.57 (s, 2H), 3.35 (q, J = 7.5 Hz, 2H), 1.74–1.58 (m, 
1H), 1.44 (t, J = 7.5 Hz, 3H), 1.04–1.00 (m, 2H), 0.91–0.77 (m, 2H). 13C 
NMR (101 MHz, CDCl3) δ172.0, 165.1, 156.93, 153.68, 153.41, 150.84, 
145.15, 142.38, 134.49, 122.94, 122.77, 119.02, 117.30, 113.24, 66.98 
(2C), 48.97, 46.63, 46.02 (2C), 42.48, 39.04, 29.27, 23.75, 12.38, 11.12, 
8.23. ESI-MS [M+H]+ (m/z): 544.3. 

4-(cyclobutanecarbonyl)-1-((2-(2-ethyl-1H-benzo[d]imidazol-1-yl)-9- 
methyl-6-morpholino-9H-purin-8-yl)methyl)piperazin-2-one (8p). White 
solid, yield: 65%. 1H NMR (400 MHz, CDCl3) δ 8.04–7.96 (m, 1H), 
7.80–7.72 (m, 1H), 7.32–7.22 (m, 2H), 4.87 (s, 2H), 4.35 (s br, 4H), 4.11 
(s, 1H), 3.95–3.78 (m, 9H), 3.61 (s, 1H), 3.54 (t, J = 6.5 Hz, 2H), 3.35 (q, 
J = 7.5 Hz, 2H), 3.29–3.19 (m, 1H), 2.41–1.95 (m, 6H), 1.44 (t, J = 7.5 
Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 173.24, 164.90, 156.90, 153.67, 
153.40, 150.84, 145.58, 142.36, 134.48, 122.94, 122.78, 119.03, 
117.28, 113.22, 66.97 (2C), 48.55, 46.64, 46.06 (2C), 42.47, 38.80, 
37.11, 29.22, 24.89 (2C), 23.75, 17.91, 12.37. ESI-MS [M+H]+ (m/z): 
558.3. HRMS m/z calculated for C29H36N9O3

+ [M + H]+: 574.2936, 
found 558.2948. 

4-(cyclopentanecarbonyl)-1-((2-(2-ethyl-1H-benzo[d]imidazol-1-yl)-9- 
methyl-6-morpholino-9H-purin-8-yl)methyl)piperazin-2-one (8q). White 
solid, yield: 49%. 1H NMR (400 MHz, CDCl3) δ 7.99 (dd, J = 5.7, 3.2 Hz, 
1H), 7.81–7.71 (m, 1H), 7.35–7.20 (m, 2H), 4.88 (s, 2H), 4.47–4.16 (m, 
6H), 3.90–3.83 (m, 9H), 3.63–3.49 (m, 2H), 3.35 (q, J = 7.5 Hz, 2H), 
2.96–2.70 (m, 1H), 1.89–1.69 (m, 6H), 1.65–1.53 (m, 2H), 1.43 (t, J =
7.5 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ174.70, 165.0, 156.96, 
153.69, 153.41, 150.83, 145.60, 142.29, 134.46, 122.96, 122.80, 
119.03, 117.30, 113.22, 66.98 (2C), 49.13, 46.52, 46.10 (2C), 42.48, 
41.28, 38.94, 30.00 (2C), 29.23, 26.04 (2C), 23.69, 12.40. ESI-MS [M +
H]+ (m/z): 572.3. 

1-((2-(2-ethyl-1H-benzo[d]imidazol-1-yl)-9-methyl-6-morpholino-9H- 
purin-8-yl)methyl)-4-(methylsulfonyl)piperazin-2-one (8r). White solid, 
yield: 57%. 1H NMR (400 MHz, CDCl3) δ 8.08–7.95 (m, 1H), 7.84–7.69 
(m, 1H), 7.28 (q, J = 5.8 Hz, 2H), 4.88 (s, 2H), 4.35 (s br, 4H), 4.00 (s, 
2H), 3.92–3.72 (m, 7H), 3.66 (d, J = 5.4 Hz, 2H), 3.55 (t, J = 5.4 Hz, 
2H), 3.35 (q, J = 7.5 Hz, 2H), 2.89 (s, 3H), 1.44 (t, J = 7.5 Hz, 3H). 13C 
NMR (101 MHz, CDCl3) δ 163.99, 156.92, 153.71, 153.41, 150.93, 
145.45, 142.54, 134.55, 122.90, 122.73, 119.10, 117.27, 113.23, 66.98 
(2C), 48.63, 46.78 (2C), 45.83, 42.66, 42.40, 36.41, 29.25, 23.81, 12.37. 
ESI-MS [M+H]+ (m/z): 554.2. 

1-((2-(2-ethyl-1H-benzo[d]imidazol-1-yl)-9-methyl-6-morpholino-9H- 
purin-8-yl)methyl)-4-(propylsulfonyl)piperazin-2-one (8 s). White solid, 
yield: 51%. 1H NMR (400 MHz, CDCl3) δ 8.00 (dd, J = 7.5, 2.1 Hz, 1H), 
7.82–7.70 (m, 1H), 7.32–7.21 (m, 2H), 4.88 (s, 2H), 4.34 (s br, 4H), 4.04 
(s, 2H), 3.86 (d, J = 8.1 Hz, 7H), 3.70–3.52 (m, 4H), 3.35 (q, J = 7.4 Hz, 
2H), 3.04–2.91 (m, 2H), 1.92–1.76 (m, 2H), 1.44 (t, J = 7.4 Hz, 3H), 
1.07 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 164.26, 156.91, 
153.70, 153.43, 150.89, 145.50, 142.46, 134.52, 122.91, 122.75, 
119.08, 117.28, 113.23, 66.99 (2C), 52.68, 48.59, 47.09 (2C), 45.89, 
42.73, 42.47, 29.24, 23.78, 16.98, 13.00, 12.37. ESI-MS [M + H]+ (m/ 
z): 582.3. 

4-(cyclopropylsulfonyl)-1-((2-(2-ethyl-1H-benzo[d]imidazol-1-yl)-9- 
methyl-6-morpholino-9H-purin-8-yl)methyl)piperazin-2-one (8 t). White 
solid, yield: 62%. 1H NMR (400 MHz, CDCl3) δ 8.08–7.96 (m, 1H), 
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7.81–7.71 (m, 1H), 7.35–7.22 (m, 2H), 4.88 (s, 2H), 4.35 (s, 4H), 4.06 (s, 
2H), 3.94–3.78 (m, 7H), 3.72–3.55 (m, 4H), 3.35 (q, J = 7.5 Hz, 2H), 
2.37–2.25 (m, 1H), 1.44 (t, J = 7.5 Hz, 3H), 1.25–1.19 (m, 2H), 
1.10–0.99 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 164.25, 156.91, 
153.71, 153.42, 150.91, 145.52, 142.46, 134.52, 122.91, 122.75, 
119.09, 117.27, 113.24, 66.98 (2C), 49.08, 46.83 (2C), 45.88, 43.02, 
42.36, 29.27, 26.58, 23.79, 12.38, 4.79 (2C). ESI-MS [M+H]+ (m/z): 
580.3. 

3.2. Kinase assay 

The inhibitory activity of WNY1613 against 300 diverse human 
protein kinases including PI3K family was assessed by Reaction Biology 
Corp. Activity of individual kinases was evaluated by the Hot Spot assay 
platform, which contains specific kinase/substrate pairs and required 
cofactors [27]. The reaction mixture, which containing the compound 
and 33P-ATP, was incubated at 25℃ for 2 h and spotted onto P81 ion 
exchange paper and the kinase activity was measured as 33P intensity of 
the spots. The extent of the kinase activity was indicated as a percentage 
of the kinase activity obtained without the compound. The inhibition 
rates were defined as the percentage of the kinase activity decreasing in 
the presence of the compound. The inhibition rate of WNY1613 on all 
the tested kinases were listed in the Supplementary material. 

3.3. Thermal shift assay 

Thermal shift assay was concluded to evaluate whether WNY1613 
binds with PI3Kδ protein [20]. SU-DHL-6 and JEKO-1 cells were har-
vested, washed with PBS, and lysed by RIPA lysis buffer containing 
cocktail (1:1000). Next, centrifugation at 13000 rpm at 4 ℃ for 20 min 
and separated the soluble fraction (lysate) from the cell debris, which 
were then divided into two aliquots, with one aliquot being treated with 
WNY1613 (10 μM) and the other aliquot with control. After 30 min of 
incubation at 25℃, the respective lysates were divided into individual 
50 μL aliquots and heated at different temperatures (35, 40, 45, 50, 55, 
60, 70, 80, 90, 100 ℃) for 6 min and then cooled at 25℃ for 3 min. Then 
the heated lysates were centrifuged at 20000 rpm at 4 ℃ for 20 min and 
removed the denatured proteins, transfering 20 μL of supernatants into 
new microtubes and analyzed by immunoblotting analysis to determine 
the degradation temperature of PI3Kδ protein under WNY1613 or 
control treatment. 

3.4. Molecular modelling 

The 3D structures of the PI3Kδ and PI3Kγ were downloaded from the 
PDB (http://www.rcsb.org/, PDB ID: 2WXP, 3DBS). The protein was 
prepared with Discovery Studio 3.1 and the ligand WNY1613 was 
prepared with ChemBio3D and optimized at molecular mechanical 
level. Then WNY1613 was docked to the hinge and affinity pocket of 
PI3Kδ and PI3Kγ using Autodock 4.2,[28] and the results were visual-
ized by Discovery Studio 3.1. 

3.5. Cell culture and reagents 

All cell lines were purchased from the Cell Bank of the Chinese 
Academy of Sciences (Shanghai, China) and were cultured in Rosewell 
Park Memorial Institute (RPMI) 1640 media supplemented with 20% 
FBS and Penicillin-Streptomycin under humidified conditions with 5% 
CO2 at 37 ℃. 

3.6. Cell proliferation assay 

Cells were seeded in 96-well plates at 6 ~ 8 × 103 cells per well with 
a total volume of 100 μL media and incubated for 24 h. Then different 
doses of compounds in 100 μL media were added to the cells. After 
indicated times, cell viability was determined using the CellTiter 96® 

non-radioactive cell proliferation MTT (Promega, Madison, WI, USA) 
assay [29] for the SAR study in Section 2.2 or the CellTiter 96® 
AQueous MTS (Promega, Madison, WI, USA) assay [30] for the anti-
proliferative activity study in Section 2.5. 

3.7. Cell apoptosis analysis 

The cell apoptosis assay was conducted on flow cytometry (FCM) 
[31], and before analysis, cells were treated with Idelalisib or WNY1613 
for 72 h. Next, the cells were harvested and stained by an Annexin V- 
fluorescein isothiocyanate (FITC)/PI apoptosis detection kit (Roche, 
Indianapolis, IN, USA) according to the manufacturer’s protocol. A 
minimum of 1 × 104 cells was analyzed using BD FACSCanto™ II (BD 
Biosciences, San Jose, CA USA), the data was analyzed by FlowJo soft-
ware (V10.4, Ashland, OR, USA). 

3.8. Immunoblotting analysis 

Cells were treated by Idelalisib or WNY1613 for indicated time and 
then were harvested and washed with PBS. The harvested cells were 
lysed in RIPA buffer (Beyotime, Beijing, China) contained phosphatase 
inhibitors (Roche, Basel, CH) and cocktail (1:1000) for 30 min and 
equalized before loading. The samples were separated by SDS-PAGE gel 
and transferred onto nitrocellulose (NC) filter membranes (Merck Mil-
lipore, MS, USA). Then the membranes were incubated with appropriate 
primary antibody overnight at 4℃, and then corresponding secondary 
antibody [32]. Chemiluminescence detection were used to detect spe-
cific protein bands. The antibodies used in this article are listed in the 
Supplementary material. 

3.9. Xenograft mouse model 

All animal experiments have been approved by the Institutional 
Animal Care and Treatment Committee of Sichuan University in China 
(Permit Number: 20170135) and were carried out in accordance with 
the approved guidelines. NOD-SCID (6- to 9-week-old) mice [33] used in 
this study were purchased from Beijing HFK bioscience Co. LTD, Beijing, 
China and were performed in a specific-pathogen-free (SPF) condition 
facility. Mice injected subcutaneously with ~1 × 107 SU-DHL-6 or 
JEKO-1 cells were randomly divided into four groups: (i) Vehicle 
(Vehicle, n = 4); (ii) Idelalisib (25 mg/kg, n = 4); (iii) WNY1613 (25 
mg/kg, n = 4); (iiii) WNY1613 (50 mg/kg, n = 4). Treatment group or 
the Vehicle consisting of 10% castor oilin normal saline (NS) solution, 
2.5% ethyl alcohol, 2.5% DMSO was administered at the indicated doses 
once a day for 18 or 21 days by oral gavage. Two diameters of tumors 
measured by electronic slide caliper every three days and tumor volumes 
were calculated using the following formula: tumor volume (mm3) =
0.52 × length × width2. The TGI values were calculated with the 
following formula: TGI = [1− (Tn − T0)/(Cn − C0)] × 100%, T0 and Tn 
represent average tumor volume before treatment and that of n days 
after treatment. C0 and Cn represent average tumor volume before 
treatment and that of n days after treatment in vehicle group. 

3.10. Immunohistochemistry (IHC) analysis 

Tumor tissues were fixed in 4% paraformaldehyde overnight and 
embedded in paraffin. Sections were subjected to immunohistochemical 
staining with antibody after cut into 5 μm sections [32]. The antibodies 
used in this article are listed in the Supplementary material. 

3.11. Statistical analysis 

The Student’s t-test was used to examine statistically significant 
differences and all quantitative results are expressed as mean values ±
SD. P < 0.05 indicates statistically significant. 
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