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(�)-epigallocatechin-3-gallate
inhibits T-cell acute lymphoblastic leukemia cell
line HPB-ALL via the regulation of Notch1
expression
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T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive hematological malignancy, and commonly

associated with activating mutations in the Notch1 pathway. (�)-Epigallocatechin-3-gallate (EGCG) is the

most abundant and active catechin and has been shown to regulate Notch signaling. Taking into

account the highly oxidizable and unstable of EGCG, we proposed that EGCG oxides may have greater

potential to regulate Notch signaling than EGCG. In this study, we isolated and identified EGCG oxides

(compound 2–4), using a chemical oxidation strategy, and evaluated for cytotoxicity against T-cell acute

lymphoblastic leukemia cell line (HPB-ALL) by using the MTS assay. We found compound 3 significantly

induced cell proliferation inhibition (38.3858 � 1.67106 mM), cell apoptosis and cell cycle arrest in

a dose-dependent manner. Remarkably, compound 3 inhibited expression of Notch1 compared with

EGCG in HPB-ALL cells. Meanwhile, we found that compound 3 significantly inhibited c-Myc and Hes1,

which are downstream target genes of Notch1. The findings demonstrate for the first time that an

oxidation product of EGCG (compound 3) inhibits T-cell acute lymphoblastic leukemia cell line (HPB-

ALL) and is a promising agent for cancer therapy deserving further research.
1. Introduction

T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive
blood malignancy, which is usually reected as an invasive
tumor and accounts for approximately 25% and 15% of adult
acute lymphoblastic leukemia in adult and pediatric cohorts,
respectively.1,2 Currently, T-ALL treatment schedules consist of
high-dose chemotherapy, which is oen associated with lack
selectivity and displays signicant toxic side effects.3–5 There is
an urgent clinical need for optimized treatment stratication
and more effective antileukemic drugs for the treatment of
human T-ALL. Development of targeted drugs, increase of
tumor selectivity and decrease of toxicity are the key topics
which are currently being studied.

Statistically, activating mutations in Notch1 occur in over
50% of T-ALLs,6–8 The deregulated Notch signaling affects
diverse cellular processes involved in growth, proliferation,
istry of Education, Yunnan Agricultural
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apoptosis and cellular metabolism by driving the expression of
c-Myc, Hes1 and regulating other critical oncogenic signaling
pathways.9–12 Many preclinical and clinical studies have
explored the efficacy of targeting Notch in T-ALL, most
commonly with g-secretase inhibitors (GSIs).13

Natural products with various structures, unique biological
activities and specic selectivity have served as important
sources of lead compounds for antitumor agents which have
been developed for clinical use.14 (�)-Epigallocatechin-3-gallate
(EGCG, 1, Fig. 1) is the most abundant catechin (accounting for
approximately 50% of total catechins) and has been reported to
have stronger physiological activities.15,16 Previously, some
studies have reported that several proteins have been identied
as EGCG direct interactors including the trans-membrane
receptor 67LR, metalloproteinases (MMPs), Pin1 and TGFR-
II13.17 In addition, EGCG has the activity of regulating Notch
signaling in the development of tumor angiogenesis and colo-
rectal cancer.18–21 However, the use of EGCG is oen hindered by
problems such as easy oxidation, ready degradation in aqueous
solutions and the poor intestinal absorbance.16,22

There have been many studies reporting that EGCG encap-
sulated into nanocarriers leads to its strengthened stability and
higher therapeutic effects.23,24 In this study, we isolated and
identied EGCG oxides by a chemical strategy, tested the ability
RSC Adv., 2020, 10, 1679–1684 | 1679
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Fig. 1 The chemical structures of EGCG (1) and its oxides (2–4).

Table 1 1H-NMR and 13C-NMR data for EGCG and EGCG oxides 2–4

C position

EGCG (d) Compound 2 (d)

dC dH dC dH

2 78.6 5.56 (brs) 78.6 5.52 (d, J ¼ 2.4
3 69.9 4.92 (s) 69.9 4.96 (d, J ¼ 2.0
4 26.8 3.03–2.92 (m, H) 26.8 3.02–2.90 (m, H
5 (7) 157.8 157.9
6 96.5 5.94 (s) 96.4 5.93 (s)
8 95.9 5.94 (s) 95.8 5.93 (s)
9 157.8 157.9
10 99.4 99.4
10 130.8 130.7
20 106.9 6.49 (s) 106.8 6.48 (s)
30 146.7 146.7
40 133.8 133.8
50 146.7 146.7
60 106.9 6.49 (s) 106.8 6.48 (s)
100 (1000)
200

300

400

500

600

700 (900)
800 (8000)
1000 (10000)
2000

3000

4000

5000 (7000)
6000

9000

Galloyl 0 167.7 167.6
Galloyl 1 121.4 121.4
Galloyl 2 (6) 110.2 6.94 (s, 2H) 110.2 6.93 (2H, s)
Galloyl 3 (5) 146.7 146.7
Galloyl 4 139.8 139.7
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of oxides with EGCG to inhibit T-cell acute lymphoblastic
leukemia cell line (HPB-ALL), and further developed more
effective antileukemic drugs for the treatment of human T-ALL.

2. Results and discussion
2.1. Chemical oxidation and structural determination

The chemical oxidation of EGCG has been reported under
various oxidative conditions, including K3[Fe(CN)6],25 CuSO4,26

and CuCl2.25 In this research, the oxidation of EGCG was based
on X. C. Wan and R. G. Bailey et al. method27,28 with some
modication. EGCG was reacted with K3[Fe(CN)6]/NaHCO3 at
25 �C for 15 min to yield the EGCG oxides 2–4 in 1.3–6.3% yields
(Fig. 1).

Compound 2 was obtained as a white amorphous powder
and shown to have the same molecular formula as EGCG by its
HRESIMS. In the 1H-NMR spectra (Table 1), the proton at C-2
(5.52 ppm, d, J ¼ 2.4 Hz) and C-3 (4.96 ppm, d, J ¼ 2.0 Hz)
appear as a double peak, indicating a cis-relationship between
H-2 and H-3. Compound 3 was isolated as a yellow amorphous
powder. The negative HRESIMS at m/z 913.7339 [M–H]� (calcd
Compound 3 (d) Compound 4 (d)

dC dH dC dH

Hz) 76.3 5.23 (brs) 94.0 4.47 (s)
Hz) 69.0 4.90 (s) 69.3 4.47 (s)
) 26.9 4.72 (s) 27.1 3.16–3.12 (m, H)

157.7 157.7
96.6 5.88 (s) 96.8 5.92 (d, J ¼ 2.3 Hz)
95.9 5.87 (s) 95.8 5.90 (d, J ¼ 2.3 Hz)
157.7 157.0
99.0 99.7
129.5 156.5
108.3 6.74 (s) 54.9 3.34 (s)
146.9 110.2
134.4 148.0
146.9 200.3
108.3 6.74 (s) 124.0 5.96 (s)
129.5 128.0
76.3 109.2 6.42 (s)
69.0 5.23–5.25 (m) 140.1
20.8 3.31–3.29 (m) 130.9
157.3 148.5
96.6 5.91 (d, J ¼ 2.3 Hz) 114.9
157.7
112.3 95.7 5.75 (d, J ¼ 2.3 Hz)
99.0 99.2
108.3 6.74 (s) 78.5 5.45 (brs)
145.4 66.4 4.57 (s)
134.4 27.0 2.89–2.82 (m)
145.4 157.7
108.3 6.74 (s) 96.6 5.80 (d, J ¼ 2.3 Hz)

157.0
167.8 167.7
121.4 121.1
110.3 6.91 (s, 2H) 110.2 6.95 (s, 2H)
146.3 146.3
139.8 139.8

This journal is © The Royal Society of Chemistry 2020
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View Article Online
for C44H34O22, 913.7340) supporting a molecular formula of
C44H34O22. The

1H-NMR and 13C-NMR spectra of compound 3
(Table 1) corresponded to the data reported in the literature.29

Compounds 4, a yellow amorphous powder, was assigned the
molecular formula of C44H34O23 determined by the negative
HRESIMS at m/z 929.1450 [M–H]� (calcd for C44H34O23,
929.1490), as well as from its NMR data (Table 1), which dis-
played a signal pattern similar to the data reported in the
literatures.30,31

2.2. Compound 3 is identied as the most potent cytotoxic
compound against HPB-ALL cells

We tested the stability of compounds with H2O2 quantitative
assay kit. As shown in Fig. 2A, EGCG was oxidized signicantly.
However, the stability of the compound 2, 3 and 4 was signi-
cantly improved compared with EGCG.

Previous studies have identied several T-ALL cell lines that
are sensitive to GSI treatment.6,32 To identify anticancer activity
of EGCG oxides, we treated HPB-ALL cells with EGCG and its
oxides in different concentrations and measured the cell
viability using MTS assay (Fig. 2B). As shown in Fig. 2B,
compound 3 appeared to be the most potent of these oxides.
The IC50 value of compound 3 was 38.3858 � 1.67106 mM in the
HPB-ALL cells.

2.3. Compound 3 blocks Notch1 processing in HPB-ALL cells

Cell growth and proliferation can be regulated by Notch1 in T-
ALL.33 Previous studies have shown that EGCG regulates the
inammatory response by targeting Notch.34,35 In addition,
compound 3 is a dimeric EGCG derivative, share a similar
chemical structure with EGCG. Therefore, we speculated that the
cytotoxicity of compound 3may be partly due to the inhibition of
Fig. 2 The stability of compounds and the effects on the proliferation
of HPB-ALL cells. (A) The HPB-ALL cells were treated with EGCG and
compounds 2–4 (3.125, 6.25, 12.5, 25, 50 and 100 mM) for 48 h. Cell
proliferation was measured by MTS assay. (B) The stability of
compounds was assessed by determining the H2O2 content using
a H2O2 quantitative assay kit. Data represent the average of three
independent experiments (mean � SEM). ***p < 0.001 vs. the control.
###p < 0.001 vs. EGCG.

This journal is © The Royal Society of Chemistry 2020
Notch1 signaling pathway. To investigate the effects of
compound 3 on Notch1 signaling pathway, we examined the
expression of Notch1 and the downstream proteins in HPB-ALL
cells (Fig. 3). As shown in Fig. 3B–F, HPB-ALL cells were treated
with compound 3 at the concentration of 5, 10, 20, 40, 60 mM for
12 h and the expression level of Notch1, cleaved-Notch1, c-Myc
and Hes1 were signicantly decreased.7 Meanwhile, we also
found that the expression of proliferation marker Ki67 was
signicantly reduced (Fig. 3B and G). These ndings suggest that
compound 3 inhibited the proliferation of HPB-ALL cells may be
through down-regulating the expression of Notch1 and Ki67.

2.4. Compound 3 induces cell cycle G2 arrest in HPB-ALL
cells

Given that compound 3 inhibited HPB-ALL cells proliferation, we
wondered whether 3 causes cell cycle arrest. We treated the HPB-
ALL cells with compound 3 (5, 10, 20, 40, 60 mM) for 48 h and
analyzed their cell cycle proles by propidium iodide (PI) staining
(Fig. 4). As shown in Fig. 4A and B, in the HPB-ALL cells,
compound 3 signicantly increased the percentage of cells in G2
phase compared to control. Meanwhile, we examined the protein
levels of several cell cycle (CDK2, cyclin E, cyclin D1). As shown in
Fig. 4C–F, compound 3 reduced the expression levels of CDK2
and cyclin E, increased the expression levels of cyclin D1.

2.5. Compound 3 induces apoptosis in HPB-ALL cells

Previous studies have shown that EGCG exhibits the potential to
promote apoptosis of tumor cells.36,37 Compound 3 has good
Fig. 3 The effect of compound 3 on Notch1 processing and down-
stream signaling pathway in HPB-ALL cells. (A) HPB-ALL cells were
treated with DAPT (1, 5, 10, 20 mM), and EGCG (50, 100, 200 mM) for
12 h. (B) HPB-ALL cells were treated with compound 3 (5, 10, 20, 40,
60 mM) for 12 h. The expression levels by western blot (WB) to detect
Notch1, cleaved-Notch1, c-Myc, Hes1 and Ki67. b-Actin was used as
the loading control. (C–G) Quantification of relative cleaved-Notch1,
Notch1, c-Myc and Hes1 protein levels. Data represent the average of
three independent experiments (mean � SEM). *p < 0.01, **p < 0.005,
***p < 0.001 vs. the control.

RSC Adv., 2020, 10, 1679–1684 | 1681
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Fig. 5 Compound 3 induces apoptosis in HPB-ALL cells. (A) Flow
cytometry of T-ALL cells HPB-ALL after treatment with DAPT (5 mM),
EGCG (100 mM) and compound 3 (5, 10, 20, 40, 60 mM) for 48 h. (B) The
ratio of apoptotic cells in each group are expressed as percentages. (C)
The cells were treated with compound 3 (5, 10, 20, 40, 60 mM) for 12 h.
The expression level of cleaved-caspase 3, caspase 3, cleaved-caspase
9, caspase 9, cleaved-PARP 1, and PARP 1 were detected by western
blot (WB). b-Actin was used as the loading control. (D–F) Quantifica-
tion of relative cleaved-caspase 3, cleaved-caspase 9 and cleaved-
PARP 1 protein levels. Data represent the average of three independent
experiments (mean� SEM). *p < 0.01, **p < 0.005, ***p < 0.001 vs. the
control.

Fig. 4 Compound 3 induces cell cycle G2 arrest in HPB-ALL cells. (A)
HPB-ALL cells were treated with DAPT (5 mM), EGCG (100 mM) and
compound 3 (5, 10, 20, 40, 60 mM) for 48 h. The cell cycle distribution
was analyzed by FlowJo software (version 7.6). (B) Quantification of
the cell populations in each phase of the cell cycle was presented in
HPB-ALL cells. (C) HPB-ALL cells were treatedwith compound 3 (5, 10,
20, 40, 60 mM) for 12 h. The protein levels of cell cycle-related protein
were checked by western blot (WB). b-Actin was used as the loading
control. (D–F) Quantification of relative CDK2, cyclin E and cyclin D1
protein levels. Data represent the average of three independent
experiments (mean � SEM). ***p < 0.001 vs. the control.
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cytotoxicity against HPB-ALL cell lines, suggesting that
compound 3 mainly induces cell death in addition to causing
cell cycle arrest. To test whether compound 3 induces apoptosis
in HPB-ALL cells, we treated the cells with DAPT (5 mM), EGCG
(100 mM) and compound 3 (5, 10, 20, 40, 60 mM) for 48 h, and
measured the apoptosis of the HPB-ALL cells by FITC Annexin V
staining and ow cytometry. Compound 3 signicantly induced
Annexin V positive apoptotic cells in HPB-ALL cells (Fig. 5A and
B). Moreover, compound 3 induced the expression levels of
caspase 3, caspase 9 and PARP 1, and increased the expression
levels of cleaved-caspase 3, cleaved-caspase 9 and cleaved-PARP
1 (Fig. 5C–F).
3. Experimental
3.1. Materials and methods

(�)-Epigallocatechin-3-gallate was purchased from Chengdu
Proifa Technology Development Co., Ltd (Chengdu, China); 3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, inner salt (MTS) purchased from
Promega (Madison, WI, USA). H2O2 quantitative assay kit was
provided by sangon biotech (Shanghai, China). HPB-ALL cell
line were purchased from the American Type Culture Collec-
tion (ATCC, Manassas, Virginia, USA); antibodies against
cleaved-Notch1, Notch1, Hes1, cleaved-caspase 3, caspase 3,
1682 | RSC Adv., 2020, 10, 1679–1684
cleaved-caspase 9, caspase 9, CDK2 and b-actin were obtained
from Cell Signaling Technology (Beverly, MA, USA). Antibodies
against c-Myc, cleaved-PARP1, PARP1 and Ki67 were obtained
from Abcam (Lake Placid, NY, USA). Antibodies against cyclin
E and cyclin D1 were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). All reagents were commercially avail-
able and used without further purication unless indicated
otherwise. The melting points were measured by an X-4
melting point apparatus and were uncorrected. Mass spectra
(MS) and high-resolution mass spectra (HRMS) data were
recorded on an Agilent 6540 Q-Tof (ESIMS) (Agilent, Cal-
ifornia, USA). Proton nuclear magnetic resonance (1H-NMR)
and carbon-13 nuclear magnetic resonance (13C-NMR)
spectra were recorded on Bruker AVANCE III 500 MHz
(Bruker BioSpin GmbH, Rheinstetten, Germany) instruments,
using tetramethylsilane (TMS) as an internal standard:
chemical shis (d) are given in ppm, coupling constants (J)
in Hz, the solvent signals were used as references (CD3OD: dC
¼ 49.0 ppm; residual CH3OH in CD3OD: dH ¼ 4.78 ppm). Silica
gel (200–300 mesh) for column chromatography and silica
GF254 for thin-layer chromatography (TLC) were produced by
Qingdao Marine Chemical Company (China).
This journal is © The Royal Society of Chemistry 2020
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3.2. Oxidation of EGCG and characteristic data of
compounds 2–4

To a solution of EGCG (200 mg, 0.45 mmol) in 10 mL of distilled
water was added dropwise a solution of potassium hex-
acyanoferrate (III) (300 mg, 0.90 mmol) and solium hydrogen
carbonate (100 mg, 1.2 mmol) in 10 mL of distilled water at
25 �C, pH 7.0 for 15 min. Then, the pH of resulting mixture was
adjusted to 2.0 by addition of saturated aqueous citric acid (2
mL). The reaction mixture was extracted with ethyl acetate
(10 mL � 3), and the combined organic layer was dried over
sodium sulfate (s). The solvent was evaporated under vacuum
and the residue was puried by column chromatography (silica
gel, chloroform : methanol ¼ 4 : 1 / 1 : 1, in 0.2% acetic acid)
to afford compound 2 (4.9 mg, 2.5%), compound 3 (12.6 mg,
6.3%), and compound 4 (2.5 mg, 1.3%).

Compound 2: white amorphous powder, 1H-NMR (CD3OD,
500 MHz) and 13C-NMR (CD3OD, 125 MHz) data: see Table 1;
ESIMS:m/z 457 [M–H]�, HRESIMS was calculated for C22H17O11

[M–H]� 457.0849 and was found to be 457.0850. Compound 3:
yellow amorphous powder, 1H-NMR (CD3OD, 400 MHz) and
13C-NMR (CD3OD, 100 MHz) data: see Table 1; ESIMS: m/z 457
[M–H]�, HRESIMS was calculated for C44H33O22 [M–H]�

913.7340 and was found to be 913.7339. Compound 4: yellow
amorphous powder, 1H-NMR (CD3OD, 500 MHz) and 13C-NMR
(CD3OD, 125 MHz) data: see Table 1; ESIMS: m/z 457 [M–H]�,
HRESIMS was calculated for C44H33O23 [M–H]� 929.1490 and
was found to be 929.1450.
3.3. Measurement of the stability of compounds

The medium containing the different compounds (50 mM) was
incubated at 37 �C for 30 min. According to the instructions, the
medium and operating uid was transferred into a 96-well
plate. The plate was shaken for 30 s and le at room tempera-
ture for 20 min. The optical density (OD) values were measured
at 595 nm with a Flex Station 3 Multi-Mode Microplate Reader
(Molecular Devices).
3.4. Cell toxicity assay

HPB-All cells were placed into 96-well plates at a density of
2.0 � 105 cells per well and treated with medium free of
phenol red and different concentrations of EGCG and EGCG
oxides. Cells was incubated at 37 �C for 48 h. 20 mL of MTS
solution was transferred to each well, and then the plate was
incubated at 37 �C for 4 h. The OD values were measured at
490 nm with Flex Station 3 Multi-Mode Microplate Reader
(Molecular Devices).
3.5. Western blot analysis

HPB-ALL cells were seeded in the 100 mm plates at a density of
6.0 � 106 cells per well and treated with compound 3 at
different concentrations in cell culture asks, and then the cells
were harvested and lysed in lysis buffer to assess the expression
of Notch1, c-Myc, Hes1, caspase 3, caspase 9, PARP 1, Ki67,
cyclin E, cyclin D1 and CDK2. Extracted proteins samples were
quantied using bicinchoninic acid (BCA) assays; equal
This journal is © The Royal Society of Chemistry 2020
amounts were loaded 8% SDS-polyacrylamide gel and then
transferred onto polyvinylidene uoride (PVDF) membranes
(EMD Millipore Corporation, Merck Life Sciences, KGaA,
Darmstadt, Germany). Membranes containing protein blots
were blocked with 5% non-fat milk in TBST at room tempera-
ture for 1 h and then incubated with the primary antibodies at
4 �C overnight. Following a wash with TBST, membranes were
incubated with secondary antibodies for 1 h. Detection was
performed using a FluorChem E System (ProteinSimple, Santa
Clara, CA, United States).
3.6. Cell cycle analysis

HPB-ALL cells were seeded in the 6-well plates at a density of 1.0
� 106 cells per well, harvested, and washed twice with PBS. Aer
The cells were synchronized for 48 h in medium containing 3%
FBS in the presence or absence of DAPT, EGCG and compound
3, and then washed in ice-cold PBS and xed in 70% ethanol at
4 �C for 24 h. Then the cells were washed twice with cold PBS
and stained in buffer containing PI (10 mg mL�1) and RNase.
Aer 30 min incubation in the dark on ice, cell cycle distribu-
tions were detected and analyzed by ow cytometry (BD FACS-
Calibur, USA).
3.7. Cell apoptosis assay

HPB-ALL cells were seeded in the 6-well plates at a density of
1.0 � 106 cells per well. Aer the cells were pretreated with
DAPT, EGCG and compound 3 and incubated for 48 h in
medium containing 3% FBS. Following collection and suspen-
sion in binding buffer, the cells were incubated with 5 mL of
Annexin V and 5 mL of PI (BD Biosciences) for 15 minutes in
darkness. Detection was performed using a ow cytometry (BD
FACSJazz TM Cell Sorter, 655487, USA).
4. Conclusions

In summary, we isolated and identied EGCG oxides
(compound 2–4), using a chemical oxidation strategy, and
evaluated for cytotoxicity against T-cell acute lymphoblastic
leukemia cell line (HPB-ALL) by using MTS assay. Among
them, compound 3 showed the highest anticancer activity with
its IC50 values at 38.3858 � 1.67106 mM. We founding that
compound 3 inhibited the proliferation of HPB-ALL cells may
be through down-regulating the expression of Notch1 and
Ki67. Compound 3 induced cell cycle G2 arrest in HPB-ALL
cells, and also induced the expression levels of the apoptotic
maker protein (caspase 3, caspase 9 and PARP 1). We
demonstrated for the rst time that an oxidation product of
EGCG (compound 3) inhibits T-cell acute lymphoblastic
leukemia cell line HPB-ALL via the regulation of Notch1
expression.
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