
1

Vol.:(0123456789)

Scientific Reports |         (2021) 11:9103  | https://doi.org/10.1038/s41598-021-88478-z

www.nature.com/scientificreports

(–)‑Epigallocatechin‑3‑gallate 
induces apoptosis 
and differentiation in leukaemia 
by targeting reactive oxygen 
species and PIN1
Fernanda Isabel Della Via  1, Rodrigo Naoto Shiraishi1, Irene Santos1, 
Karla Priscila Ferro1, Myriam Janeth Salazar‑Terreros1, Gilberto Carlos Franchi Junior  2, 
Eduardo Magalhães Rego  3, Sara Teresinha Olalla Saad  1 & Cristiane Okuda Torello  1*

(–)-Epigallocatechin-3-gallate (EGCG), the major active polyphenol extracted from green tea, has been 
shown to induce apoptosis and inhibit cell proliferation, cell invasion, angiogenesis and metastasis. 
Herein, we evaluated the in vivo effects of EGCG in acute myeloid leukaemia (AML) using an acute 
promyelocytic leukaemia (APL) experimental model (PML/RARα). Haematological analysis revealed 
that EGCG treatment reversed leucocytosis, anaemia and thrombocytopenia, and prolonged survival 
of PML/RARα mice. Notably, EGCG reduced leukaemia immature cells and promyelocytes in the 
bone marrow while increasing mature myeloid cells, possibly due to apoptosis increase and cell 
differentiation. The reduction of promyelocytes and neutrophils/monocytes increase detected in 
the peripheral blood, in addition to the increased percentage of bone marrow cells with aggregated 
promyelocytic leukaemia (PML) bodies staining and decreased expression of PML-RAR oncoprotein 
corroborates our results. In addition, EGCG increased expression of neutrophil differentiation 
markers such as CD11b, CD14, CD15 and CD66 in NB4 cells; and the combination of all-trans retinoic 
acid (ATRA) plus EGCG yield higher increase the expression of CD15 marker. These findings could 
be explained by a decrease of peptidyl-prolyl isomerase NIMA-interacting 1 (PIN1) expression and 
reactive oxygen species (ROS) increase. EGCG also decreased expression of substrate oncoproteins 
for PIN1 (including cyclin D1, NF-κB p65, c-MYC, and AKT) and 67 kDa laminin receptor (67LR) in the 
bone marrow cells. Moreover, EGCG showed inhibition of ROS production in NB4 cells in the presence 
of N-acetyl-L-cysteine (NAC), as well as a partial blockage of neutrophil differentiation and apoptosis, 
indicating that EGCG-activities involve/or are in response of oxidative stress. Furthermore, apoptosis 
of spleen cells was supported by increasing expression of BAD and BAX, parallel to BCL-2 and c-MYC 
decrease. The reduction of spleen weights of PML/RARα mice, as well as apoptosis induced by EGCG 
in NB4 cells in a dose-dependent manner confirms this assumption. Our results support further 
evaluation of EGCG in clinical trials for AML, since EGCG could represent a promising option for AML 
patient ineligible for current mainstay treatments.

(–)-Epigallocatechin-3-gallate (EGCG) is a gallate ester obtained by the condensation of gallic acid with the 
(3R)-hydroxy group of the catechin (–)-epigallocatechin. EGCG is considered the most biologically active and 
abundant catechin found in green tea, accounting for at least 50% of the total amount of catechins1–3. Green tea 
(Camellia sinensis) represents 20% of the total tea produced and consumed worldwide4,5; production involves 
steaming or pan-frying the freshly harvested leaves, in order to inactive enzymes such as polyphenols oxidase 
thus preserving the active chemical polyphenolic characteristics of catechins3,5,6. Epidemiologic studies have 
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linked green tea consumption to a decreased risk of cancer7–9. Inhibition of tumour formation and growth due 
to the presence of catechins has also been described in animal models5. EGCG is known to have multiple trans-
duction pathways and enzyme activities that could induce apoptosis, and suppress cell proliferation, invasion, 
angiogenesis and metastasis in cancers.

Haematological cancers remain a global health problem. Acute myeloid leukaemia (AML) is a clinically 
heterogeneous haematological malignancy, characterized by abnormal proliferation of immature myeloid pro-
genitors resulting in bone marrow failure10. AML is commonly regarded as the result of genetic changes in hae-
matopoietic stem cells leading to an irreversible dysregulation of critical gene functions such as differentiation, 
proliferation and apoptosis11. Despite the fact that advances in the treatment of AML have led to better survival 
of young patients, the treatment for elderly patients, who represent the majority of the new cases, remains a 
challenge since these patients present worse survival and are ineligible for aggressive therapies or for bone mar-
row transplantation12. Recently, hypomethylating agents such as azacytidine have been the treatment option for 
these patients inducing haematological improvement and prolonging survival; however, positive haematological 
responses occur in only 30% of elderly patients13. In this context, the search for new treatment options for these 
AML patients remains a challenge.

Green tea and EGCG have been reported to present anti-proliferative and pro-apoptotic effects in myeloid 
leukaemia cell lines1,14–16 as well as in vivo in AML xenografts14,15. Several molecular targets for EGCG have been 
reported, but the mechanisms of its anticancer activities are not yet clearly understood. EGCG can induce the 
production of reactive oxygen species (ROS) in cancer cells and induce apoptosis, and paradoxically may act as 
an antioxidant, decreasing ROS and inhibiting cancer development17. EGCG is also known to bind and modulate 
the activities of enzymes, receptors, and signalling molecules that affect cell growth and proliferation18. EGCG 
can inhibit peptidyl-prolyl isomerase NIMA-interacting 1 (PIN1) activity, an enzyme that binds to and catalyses 
the conversion of proline-directed serine/threonine phosphorylation, could disrupt the balance of oncogenes and 
tumour suppressors promoting oncogenesis19–21, which point out the therapeutic potential of PIN1 inhibitors in 
cancer therapy. EGCG is also described to bind 67 kDa laminin receptor (67LR) inducing cancer cell apoptosis22.

We previously reported that green tea (whole extract) decreased leucocytosis and promoted a reduction 
of immature cells in the bone marrow and spleen of PML/RARα mice by inducing apoptosis23. As the in vivo 
effects of isolated EGCG in AML have not yet been evaluated, the aim of this study was to evaluate the molecular 
mechanisms involved in anti-leukaemia activity of EGCG using the acute promyelocytic leukaemia (APL) model 
(PML/RARα). This is a well-established transgenic model of APL23–25. APL is a subtype of AML characterized by 
a specific chromosomal translocation, t(15;17) that encodes a fusion of the proteins of promyelocytic leukaemia 
(PML) and retinoic acid receptor-α (RARα)26. The oncoprotein PML/RARα drives to deregulation of transcrip-
tion, differentiation arrest, and enhanced self-renewal of leukaemia-initiating blast cells27,28.

Results
EGCG ameliorates the haematological parameters and prolonged survival of PML/RARα 
mice.  EGCG treatment of PML/RARα mice decreased leukocytes number whereas increased platelets num-
ber and haemoglobin levels (Fig. 1A–C). In addition, differential counts obtained from peripheral blood Leish-
man-Wright-Giemsa-stained smears showed a reduction in the percentage of blasts parallel to an increase of 
neutrophils (Fig. 1D–F). Moreover, PML/RARα mice treated with EGCG showed a significant (P < 0.001) longer 
survival than vehicle-treated mice (Fig. 1G). 

EGCG reduces leukaemia immature cells and promyelocytes in the bone marrow, spleen and 
peripheral blood.  Total cells from the bone marrow, peripheral blood and spleen of PML/RARα mice were 
incubated with CD45, CD34 and CD117 markers. The percentage of CD45 positive cells were selected to exclude 
erythroid lineage, and subsets were then generated to evaluate the expression of CD34 (hematopoietic stem 
cells) and CD117 (promyelocytes) markers (Fig. 2A). The CD34 marker represents leukaemia stem cells, typi-
cally observed in AML29; the CD117 marker is the c-kit proto-oncogene encoding the receptor tyrosine kinase 
involved in the proliferation of leukaemia cells found in the stage one of myeloid differentiation30. EGCG treat-
ment reduced the percentage of CD45+CD34+ cells in the bone marrow (Fig. 2B) and spleen (Fig. 2C) of PML/
RARα mice, and also reduced the percentage of CD45+CD117+ cells in the bone marrow (Fig. 2B) and spleen 
(Fig. 2C). In the peripheral blood, we observed a reduction of CD45+CD117+, with no changes in CD45+CD34+ 
cells (Fig. 2D). 

EGCG induces cellular differentiation.  EGCG treatment also increased the percentage of myeloid cells 
(CD11b+Gr-1+) in the bone marrow of PML/RARα mice (Fig. 3A). Corroborating these findings, we further 
observed an increase of circulating granulocytes (CD45+Gr-1+ cells) (Fig. 3B) and monocytes (CD45+CD11b+ 
cells) (Fig. 3C). To support these results, we studied EGCG effects on PML bodies of total bone marrow cells of 
PML/RARα mice by imaging flow cytometry. EGCG treatment decreased diffuse staining of PML bodies in the 
bone marrow cells of PML/RARα mice while increasing aggregated staining (Fig. 3D). In addition, decreased 
expression of PML/RAR oncoprotein was detected in the bone marrow cell lysates of PML/RARα mice by west-
ern blotting (Fig. 3E). Furthermore, in vitro assays performed in NB4 cells corroborate our in vivo results show-
ing that EGCG treatment (12.5–20.0 µl), similarly to all-trans retinoic acid (ATRA; the drug approved for APL 
therapy), increased the expression of neutrophil differentiation markers such as CD11b, CD14, CD15 and CD66 
in NB4 cells in a dose-dependent manner after 96 hours incubation (Fig. 3F). It is important to mention that 
EGCG is less potent than ATRA, however the combination ATRA plus EGCG yields a higher increase in the 
expression of CD15 marker (Fig. 3G). 
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EGCG induced differentiation by decreasing PIN1 expression and ROS increase.  To understand 
the molecular mechanisms involved in anti-leukemic activity of EGCG, we investigated PIN1, the substrate 
oncoproteins for PIN1 (including cyclin D1, NF-κB p65, c-MYC, c-Jun and AKT), and 67LR. EGCG treatment 
induced a decrease in the expression of PIN1, cyclin D1, NF-κB p65, c-MYC, AKT and 67LR in the bone mar-
row cell lysates (Fig. 4A), with no effects in c-Jun expression. In addition, since oxidative stress is important 
for APL treatment and EGCG displays both pro-oxidant and anti-oxidant effects, we investigated the role of 
EGCG in ROS levels of the bone marrow cells. EGCG increased mean fluorescence intensity (MFI) of ROS in 
CD45+CD34+ cells (Fig. 4B), in CD45+CD117+ cells (Fig. 4C), and in CD45+Gr-1+ granulocytes (Fig. 4D). Sup-
porting these findings, we observed an increase in ROS after 2 hours treatment of the NB4 cells with EGCG 
(12.5–50.0 μg/ml) (Fig. 4E). Furthermore, treatment of the NB4 cells with the antioxidant N-acetyl-L-cysteine 
(NAC), together with EGCG, induced inhibition of the intracellular ROS production (Fig. 4F), as well as led to a 
partial blockage of neutrophil differentiation (Fig. 4G-J) and apoptosis (Fig. 4K), compared to NB4 cells treated 
with EGCG alone, indicating that EGCG-activities involve/or are in response of oxidative stress. 

EGCG increases apoptotic cells in the spleen by modulating BAX, BAD, BCL‑2 and c‑MYC.  As 
previously reported, green tea extract reduced leucocytosis and immature cells in the bone marrow and spleen of 
PML/RARα mice by inducing apoptosis23. Thus, we investigated cell death by apoptosis in the bone marrow and 
spleen cells to verify whether isolated EGCG displays this ability. EGCG treatment induced a significant increase 
of apoptotic cells in the spleen of PML/RARα mice (Fig. 5A) and no difference was found in the bone marrow 
cells (Fig.  5B). Consistent with these findings, EGCG treatment also significantly reduced spleen weights of 
PML/RARα mice (Fig. 5C). To support these results, we next evaluated the expression of BAX, BAD, BCL-2 
and c-MYC proteins in the spleen cells lysate. EGCG treatment increased expression of BAX and BAD while 
decreasing expression of BCL-2 and c-MYC (Fig. 5D). Moreover, the in vitro results further demonstrated that 
EGCG (12.5–50 µg/ml) induced cell death in NB4 cells by increasing the percentage of apoptotic cells in a dose-
dependent manner (Fig. 5E). 

Discussion
In the present study, we investigated the effect of EGCG on the well-established transgenic model of APL23–25. 
Treatment of PML-RARα mice with EGCG (25mg/kg/day) for five consecutive days prolonged survival of mice 
and reduced leucocytosis, anaemia, and thrombocytopenia. Earlier results of the same mice model treated with 
green tea extract showed a reduction of leucocytosis only, suggesting that EGCG alone could be more efficient 
in APL when compared to the whole extract from green tea23. In this sense, we evaluated EGCG effect on 
leukaemia immature cells of PML-RARα mice. Reductions of CD45+CD34+ and/or CD45+CD117+ cells were 

Figure 1.   Haematological data of PML/RARα mice submitted to EGCG treatment. At the end of treatment 
(16th day) with EGCG (25 mg/kg/day i.p.) or vehicle (Ctrl), PML/RARα mice were bled from the retro-orbital 
plexus. EGCG induced a reduction of leukocytes (A), and an increase of platelets (B) and haemoglobin levels 
(C) using the CELL-DYN Emerald Haematology System counter. A reduction of blasts percentage (D) and an 
increase of neutrophils percentage (E) were also observed in the differential counts obtained from peripheral 
blood Leishman–Wright–Giemsa-stained smears. Representative images of peripheral blood Leishman–
Wright–Giemsa-stained smears (100 ×) of PML/RARα mice treated with vehicle (Ctrl) or EGCG (F). EGCG 
treatment also increased the survival of PML/RAR mice (G). Statistical significance (Student t test) is indicated, 
as follows: *P < 0.05; ** P < 0.01. For survival curve statistical significance (Log-Rank; Mantel-cox test) is 
indicate, as follow: P < 0.001.
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observed in the bone marrow and peripheral blood of PML/RARα mice treated with EGCG. Leukaemia cells 
of PML/RARα transgenic mice have been well established to display positive expression of CD34 and CD117 
antigens23,25. The CD34 represents the leukaemia stem cells, typically observed in acute myeloid leukaemia29; 
the CD117 is the c-kit proto-oncogene encoding the receptor tyrosine kinase involved in the proliferation of 
leukaemia cells found in stage one of myeloid differentiation30. EGCG treatment also increased the number of 
mature cells (CD11b+/Gr-1+) in bone marrow, and the number of circulating neutrophils and monocytes, sug-
gesting that EGCG induced cell differentiation. To support these findings, we demonstrated that EGCG treatment 
decreased the expression of the PML/RARα oncoprotein and decreased the diffuse stain of PML bodies in the 
bone marrow cells while increasing aggregated stain of PML bodies, indicating a higher degradation of PML/
RARα oncoprotein by EGCG. According to Grimwade31, normal cells have an aggregated stain of PML bodies 
whereas leukaemia cells have a diffuse staining. Moreover, our in vitro results showed increased expression of 
neutrophil differentiation markers such as CD11b, CD14, CD15 and CD66 in NB4 cells after treatment with 
EGCG; and the combination of ATRA plus EGCG yield higher increase the expression of CD15 marker. These 
results are consistent with previous data reporting the ability of EGCG to induce leukaemia cell differentiation. 
Studies in vitro have demonstrated that EGCG upregulated the expression of differentiation markers (CD11B 

Figure 2.   EGCG treatment reduced leukaemia immature cells in bone marrow, spleen and peripheral blood. 
At the end of treatment (16th day) with EGCG (25 mg/kg/day i.p.) or vehicle (Ctrl), total bone marrow and 
spleen cells of PML/RARα mice were incubated with CD45 to exclude erythroid lineage, and then CD34 and 
CD117 antibodies were used to detect hematopoietic stem cells and promyelocytes, respectively (A); EGCG 
induced a reduction of CD45+CD34+ and CD45+CD117+ percentage in bone marrow (B) and spleen (C), as 
well as decreased CD45+CD117+ percentage in the peripheral blood, with no changes in CD45+CD34+ cells (D). 
Statistical significance (Student t test) is indicated as follows: * P < 0.05; ** P < 0.01.
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and CD15) and differentiation-inducing genes (CEBPE and CSF3R); the co-treatment of APL cells with ATRA 
plus EGCG enhanced neutrophil differentiation1, and EGCG further decreased the expression of PML/RARα in 
these cells14,32,33. Wei et al.21 demonstrated in vivo that a lower dose of EGCG (12.5 mg/kg) than the one used in 
our study (25 mg/kg) did not increase mature cells despite effectively reducing PML/RARα protein expression 
in the bone marrow of animals in pre-leukaemia phase.

A possible mechanism that could explain EGCG effect on differentiation is related to its action on PIN1. 
PIN1 is involved in controlling the activity and stability of proteins34. In cancer, PIN is overexpressed and/or 
over activated21, correlating with poor outcomes. PIN1 upregulates >50 oncogenes or proliferation-promoting 
factors while inhibits >20 tumour suppressors or proliferation-restraining factors20. In case of APL, PIN1 stabi-
lize the PML/RARα oncoprotein and the genetic or chemical ablation of PIN1 leads to PML/RAR degradation, 
thus being effective in treating APL mice or patients20,21. There is evidence that EGCG is capable of binding to 
both functional domains of PIN1, WW and PPIase, leading to the suppression of tumour-promoting activity of 

Figure 3.   EGCG induced cell differentiation in bone marrow cells. At the end of treatment (16th day) with 
EGCG (25 mg/kg/day i.p.) or vehicle (Ctrl), bone marrow (BM) and peripheral blood (PB) cells of PML/RARα 
mice were submitted to analysis. EGCG increased myeloid cells (CD11b+Gr-1+) percentage in bone marrow 
(A) and increased the percentage of granulocytes (CD45+Gr-1+) (B) and monocytes (CD45+CD11b+) (C) in 
peripheral blood, analysed by flow cytometry. EGCG decreased diffuse staining of promyelocytic leukaemia 
(PML) bodies in bone marrow cells, parallel to an increase in aggregated stain detected by image flow cytometry 
(D). EGCG decreased PML/RARα expression in BM cells detected by western blotting (E). ECGC increased the 
percentage of neutrophil differentiation markers: CD11b, CD14, CD15 and CD66 in NB4 cells (F–I); and the 
combination of ATRA and EGCG yield higher increase the expression of CD15 marker (J); three independents 
experiments. Gels were run under the same experimental conditions and the images of western blots displayed 
in cropped format. Full-length blots/gels are presented in Supplementary Fig. S1. Statistical significance (Student 
t test) is indicated, as follows: * P < 0.05; ** P < 0.01; *** P < 0.0001.
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Figure 4.   EGCG decreased PIN1, Cyclin D1, c-Myc, NFκB, 67LR, and AKT expression in bone marrow 
(BM) cells detected by western blotting and no difference was found in c-Jun expression (A). EGCG induces 
an increase of intracellular reactive oxygen species (ROS) in bone marrow cells. At the end of treatment (16th 
day) with EGCG (25 mg/kg/day i.p.) or vehicle (Ctrl), bone marrow cells of PLM/RARα mice were incubated 
with CD45, CD34, CD117, CD11b and Gr-1 antibodies, and 2′,7′-dichlorofluorescein diacetate (DCFDA) 
to determine the mean florescence intensity (MFI) of ROS. EGCG induced an increase in MFI of ROS in 
immature cells CD45+CD34+ (B) and CD45+CD117+ (C), and in granulocytes CD45+Gr-1+ (D). EGCG induced 
an increase in MFI of ROS in NB4 cells (E), and the addition of NAC (10 mM) attenuated this effect (F); 
three independents experiments. ECGC led to a partial blockage of neutrophil differentiation (Fig. 4G–J) and 
apoptosis (Fig. 4K) in NB4 cells in the presence of NAC; three independents experiments. Gels were run under 
the same experimental conditions and the images of western blots displayed in cropped format. Full-length 
blots/gels are presented in Supplementary Figs. S2–S3. Statistical significance (Student t test) is indicated as 
follows: * P < 0.05; ** P < 0.01.

PIN135. PIN1 has the property of binding to, and catalysing the conversion of proline-directed serine/threonine 
phosphorylation20, common and central signalling mechanism in oncogenic pathways21. In this context, we 
observed a reduction of cyclin D1, NF-κB p65, c-Myc and AKT proteins in bone marrow cell lysates of PML/
RARα mice after EGCG treatment, those all considered oncogenic proteins for PIN1. The literature proposes a 
correlation between PIN1 and cyclin D1, in which PIN1 increases cyclin D1 transcription directly or by Jun N 
terminal Kinase and/or cytokine-nuclear factor (NF)-κB pathways, resulting in increased proliferation of cancer 
cells20,36. AKT (also called protein kinase B) is another oncogenic protein stabilized by PIN1. PIN1 isomerization 
of AKT is critical for activation of the AKT signalling cascade that in turn activates the transcription of genes 
encoding cyclin D1. In cancer cells, high levels of PIN1 amplify the activation of the AKT cascade thus enhancing 
tumour progression37. Another interesting finding was the reduction of c-Myc expression by EGCG, a transcrip-
tion factor co-overexpressed with PIN1 in human cancer cells38. PIN1 can positively regulate c-Myc transcrip-
tional activity and promoter binding, and this sustained activation of c-Myc can inhibit terminal differentiation39. 
Moreover, we demonstrated herein the decreased expression of 67LR after EGCG treatment, which corroborates 
with literature data showing decreased expression of these receptor (commonly overexpressed in leukaemia cells) 
with the ATRA-induced neutrophil differentiation, in NB4 and HL60 cells1,40. The 67LR receptor is a non-integrin 
cell surface receptor for laminin with high affinity41 and the expression level of the protein correlates with the 
basement membrane invasion and metastasis of cancer cells1,40 as well as the drug resistance42. Interesting, the 
67LR has been identified as surface receptor for EGCG activities2,41,42.

Another mechanism that could be related to EGCG action on differentiation is the pro-oxidant profile of 
EGCG. We found increased levels of ROS in immature cells and neutrophils of PML-RARα mice after EGCG 
treatment. This results are consistent with the literature data demonstrating that EGCG induces the generation of 
oxidative stress (ROS formation) in vitro using APL cells, B cells and H1299 cells, as well as in vivo, in xenograft 
mice14,15,43. In previous work, we demonstrated that 250 mg/kg/day of green tea extract also increased ROS in 
neutrophils while decreasing their levels in immature cells23. This difference could be attributed to some addi-
tional component found in green tea as the whole extract was used. In addition, EGCG has been well established 
to be auto-oxidized under cell culture conditions, leading to the formation of ROS molecules, such as superoxide 
radicals and hydrogen peroxide44. In this respect, various drugs, such as anthracyclines and arsenic trioxide, have 
been used for leukaemia therapy and their mechanism of action involve ROS generation45. In APL, the induc-
tion of ROS by arsenic trioxide is a critical regulator both for the biogenesis of PML nuclear bodies and PML/
RARα degradation27. Our in vitro results showed inhibition of ROS production by treatment of the NB4 cells 
with NAC plus EGCG, as well as a partial blockage of neutrophil differentiation and apoptosis, indicating that 
EGCG-activities involve/or are in response of oxidative stress. A down-regulation of ROS by antioxidants, such 
as NAC, blocked the differentiation of APL cell line, while an over-expression of ROS increased cell differentia-
tion has been previously described46. Moreover, in the murine APL model, ROS-inducers lead to PML/RARα 
degradation, regression of the disease and/or longer survival47; our prolonged survival of PML/RARα mice after 
EGCG treatment corroborates these assumption.

The reduction of immature cells found in the spleen cells could be explained by the increase of apoptotic 
cells and regulation of BCL-2 family proteins (EGCG reduced BCL-2 expression, whereas increased BAX and 
BAD expression), and c-Myc protein. These findings are in accordance with literature data showing that green 
tea catechins has the anti-leukaemia activity mainly due to the induction of apoptosis in vitro1,14–16 and in vivo, 
both in murine xenograft model14,15,48,49 and in APL model23. EGCG could affect apoptosis by modulating the 
level of expression of anti-apoptotic BCL-2 or pro-apoptotic BAX and BAD proteins50. In addition, BCL-2 is an 
apoptotic target suppressed by c-Myc 51, thus supporting apoptosis induced by EGCG. Moreover, these findings 
were corroborated by the reduction of spleen weights of PML/RARα mice after EGCG treatment, as well as the 
apoptosis induced by EGCG in NB4 cells in a dose-dependent manner.

Collectively, our results indicate that EGCG reduced leukaemia burden, induced apoptosis and differentia-
tion thus resulting in a longer survival of PML/RARα mice. This was explained by EGCG ability to modulate 
oxidative stress activity inducing ROS production and bind to molecules leading to inhibition of enzymes activi-
ties (PIN1), modulation of signalling molecules (BCL-2, BAX, BAD, Cyclin D1, c-Myc, NF-κB p65, AKT) and 
modulation of receptors function (67LR), converging to the induction of apoptosis and differentiation in APL 
cells (Supplementary Fig. S6), thus providing new insights to the mechanisms of EGCG in leukaemia. Hence, as 
EGCG clinical effects has been reported in hematologic malignancies such as chronic lymphocytic leukaemia7–9, 

◀
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Figure 5.   EGCG induces apoptosis of spleen cells by regulating BAX, BAD, BCL-2 and c-MYC expression. 
At the end of treatment (16th day) with EGCG (25 mg/kg/day i.p.) or vehicle (Ctrl), bone marrow (BM) and 
spleen cells of PLM/RARα mice were analysed by flow cytometry using Annexin-V/Propidium iodide and 
western blot. EGCG induced an increase of apoptosis in spleen cells (A), with no changes in bone marrow (B); 
representative dot plots of apoptosis analysis on the right. EGCG reduced spleen weights of PML/RARα mice 
(C) and increased expression of BAX and BAD whereas decreasing expression of BCL-2 and c-MYC (D). EGCG 
induced an increase in apoptosis in NB4 cells in a dose-dependent manner (E); three independents experiments. 
Gels were run under the same experimental conditions and the images of western blots displayed in cropped 
format. Full-length blots/gels are presented in Supplementary Figs. S4 and S5. Statistical significance (Student t 
test) is indicated as follows: * P < 0.05; ** P < 0.01; *** P < 0.0001.
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EGCG, associated or not with chemotherapies, could represent a promising option for patients ineligible for 
current mainstay treatments.

Methods
APL model.  Mice were bred and maintained under pathogen-free conditions at the University of Campi-
nas. Cells from leukaemia hCG-PML/RAR transgenic mice were resuspended in RPMI supplemented with 3% 
FBS. After 4–6 h 2Gy irradiation, 1×106 cells were injected in the caudal vein of 12‒16-week-old female NOD.
CB17-Prkdcscid/J mice, 18–20 g (The Jackson Laboratory, USA). Twelve days after transplantation, animals were 
diagnosed with leukaemia, characterized by leucocytosis (leukocytes >30 × 10,000/µL) and/or anaemia (haemo-
globin levels < 10 g/dL) and/or thrombocytopenia (platelets < 500 × 10,000/µL) plus the presence of at least 1% 
of peripheral blood blast23–25. Mice were then randomly selected (n = 10 per group) to receive i.p. administration 
of EGCG (25mg/kg/day) (Cayman Chemical Co.) or vehicle (saline) for five consecutive days. At the end of 
the treatment (16th day), peripheral blood was collected for analysis and mice were then deepening anaesthe-
tized for the sacrifice. Bone marrow cells were obtained using PBS flushing, and splenic cells were obtained by 
mechanical disruption with PBS. For survival analysis, mice (n = 10 per group) were submitted to the same treat-
ment until the date of death. All experiments were conducted according to National Institutes of Health guide for 
the care and use of Laboratory Animals and ARRIVE guidelines, and were approved by the Ethics Committee for 
Animals of the University of Campinas (number 3995-1/A).

Flow cytometry analysis.  Cell suspensions from bone marrow, peripheral blood or spleen were stained 
with specific antibodies for 20 min at room temperature in order to characterize cell populations. The antibodies 
employed were anti-CD45 PERCP (pan leukocyte marker), anti-CD34 APC (hematopoietic stem cells), anti-
CD117 FITC (immature myeloid cells), anti-CD3 APC (lymphocyte), anti-CD11b PE (mature myeloid cells, 
monocyte/macrophage), and anti-Gr-1 FITC (mature myeloid cells, neutrophil). A total of 30,000 events/sample 
were acquired on a FACSCalibur cytometer and analysed using FlowJo software.

Apoptosis assays.  Total bone marrow and spleen cells were resuspended in Annexin-V binding buffer (BD 
Pharmingen, San Diego, CA, USA) containing 1 µg/mL APC labelled Annexin-V and incubated for 15 min at 
room temperature in the dark. Propidium iodide was added 10 min before flow cytometry analysis. Samples 
were acquired on a FACSCalibur cytometer and analysed using FlowJo software.

Measurement of intracellular ROS.  Bone marrow cell suspensions were first stained with the antibodies 
anti-CD34 APC, anti-CD45 PERCP, anti-CD117 APC and anti-Gr-1 PE; and then incubated with 25 µmol/L of 
2’,7’-dichlorofluorescein diacetate (DCFDA)-FITC for 30 min at 37 °C. Samples were acquired on a FACSCalibur 
cytometer and analysed using FlowJo software.

Western blot analysis.  Protein was extracted in RIPA buffer from total bone marrow or spleen cells and 
quantified using Bradford reagent. Equal protein amounts were loaded on 8–15% SDS polyacrylamide gels 
and electrophoretically transferred to a nitrocellulose membrane. Nonspecific binding sites were blocked by 
incubation with buffer containing Tris (10 mmol/L, ph7.4), NaCl (150 mmol/L), Tween 20 (0.1%), and fat-
free powdered milk (5%). Membranes were incubated overnight with a specific antibody at 4 ºC, followed by 
horseradish peroxidase conjugated secondary antibody, for one hour at room temperature. Immunoreactivities 
were visualized by ECL Western Blot Analysis System (Amersham Pharmacia Biotech). Quantification of band 
intensity was performed by UN-SCAN-IT gel 6.1 (Silk Scientific, Orem, UT, USA). The antibodies employed 
were ACTIN (sc-1616), AKT1/2/3 (sc-8312), BAD (sc-8044), BAX (sc-20067), BCL-2 (sc-492), PML (sc-5621), 
c-JUN (sc376488), CYCLIN D1(sc8396) from Santa Cruz Biotechnology (Texas, CA, USA); PIN1 (#3722), NFκB 
p65 (#4764) from Cell Signaling Technology (Beverly, MA, USA); PML+RARα (ab43152), c-MYC (ab32072), 
laminin receptor (67LR or 67kDa; ab137388) from Abcam (Cambridge, MA, USA).

Imaging flow cytometry.  Bone marrow cell suspensions were stained with the antibodies anti-CD117 
APC, anti-CD34 APC, PML Alexa-488 and 7-AAD (nuclear stain), from BD biosciences (San Jose, CA, USA) 
and fixed with BD Cytofix/Cytoperm Kit. A total of 5,000 events were acquired on the ImageStreamX (Amnis/
EMD Millipore, Seattle, WA, USA) and the image analysis was performed using IDEASVR software31.

Cell culture and differentiation assay.  Human APL cell line, the NB4, obtained from the Deutsche 
Sammlung von Mikroorganismen and Zellkulturen Gmbh (DSMZ, Braunschweig, Germany) were cultured 
in RPMI supplemented with 10% fetal bovine serum (FBS), penicillin/streptomycin and amphotericin B, and 
maintained at 37 °C in a 95% humidified atmosphere (incubator), containing 5% CO2. 1 × 105/ml cells were 
seeded into petri dishes and they were treated with ATRA (1 µM), or EGCG (12.5 and 20 µg/ml) in the presence 
or absence of NAC (10 mM), from Sigma Chemical Co. (St. Loius, MO, USA) for three hours. After 96h, the 
expression of the differentiation markers was determined by flow cytometric analysis; the antibodies employed 
were anti-CD11b FITC, CD14 PE, CD15 APC and CD66 PE. For apoptosis assays, the NB4 cells was seeded as 
described above and treated with EGCG (12.5–50 µg/ml) for 48h in the presence or absence of NAC (10 mM).

Statistical analysis.  Statistical analyses were performed using GraphPad Instat 5 (GraphPad Software, Inc., 
San Diego, CA, USA). For comparisons, the Student t test was used. Results are presented as mean ± SD. A P 
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value of < 0.05 was considered as statistically significant. Survival of the PML/RARα mice treated with EGCG 
was analysed by Log-Rank (Mantel-cox) test.

Received: 10 December 2019; Accepted: 1 March 2021

References
	 1.	 Britschgi, A., Simon, H. U., Tobler, A., Fey, M. F. & Tschan, M. P. Epigallocatechin-3-gallate induces cell death in acute myeloid 

leukaemia cells and supports all-trans retinoic acid-induced neutrophil differentiation via death-associated protein kinase 2. Br. 
J. Haematol. 149, 55–64 (2010).

	 2.	 Negri, A., Naponelli, V., Rizzi, F. & Bettuzzi, S. Molecular targets of epigallocatechin—gallate (EGCG): a special focus on signal 
transduction and cancer. Nutrients 10, 1936 (2018).

	 3.	 Kanwar, J. et al. Recent advances on tea polyphenols. Front. Biosci. (Elite Ed) 4, 111–131 (2012).
	 4.	 Auger, C., Mullen, W., Hara, Y. & Crozier, A. Bioavailability of polyphenon e flavan-3-ols in humans with an ileostomy. J. Nutr. 

138, 1535S-1542S (2018).
	 5.	 Yang, C. S., Wang, X., Lu, G. & Picinich, S. C. Cancer prevention by tea: animal studies, molecular mechanisms and human rel-

evance. Nat. Rev. Cancer 9, 429–439 (2009).
	 6.	 Ahmad, N. & Mukhtar, H. Tea polyphenols: Prevention of cancer and optimizing health. Am. J. Clin. Nutr. 71, 1698S-1704S (2000).
	 7.	 Shanafelt, T. D. et al. Clinical effects of oral green tea extracts in four patients with low grade B-cell malignancies. Leuk. Res. 30, 

707–712 (2006).
	 8.	 Shanafelt, T. D. et al. Phase I trial of daily oral polyphenon e in patients with asymptomatic rai stage 0 to ii chronic lymphocytic 

leukemia. J. Clin. Oncol. 27, 3808–3814 (2009).
	 9.	 Shanafelt, T. D. et al. Phase 2 trial of daily, oral polyphenon E in patients with asymptomatic, Rai stage 0 to II chronic lymphocytic 

leukemia. Cancer 119, 363–370 (2013).
	10.	 De Kouchkovsky, I. & Abdul-Hay, M. ‘Acute myeloid leukemia: A comprehensive review and 2016 update’. Blood Cancer J. 6 (2016).
	11.	 Hu, T., Murdaugh, R. & Nakada, D. Transcriptional and microenvironmental regulation of lineage ambiguity in leukemia. Front. 

Oncol. 7, 1–7 (2017).
	12.	 Klepin, H. D. Elderly acute myeloid leukemia: Assessing risk. Curr. Hematol. Malig. Rep. 10, 118–125 (2015).
	13.	 Abel, G. A. & Klepin, H. D. Frailty and the management of hematologic malignancies. Blood 131, 515–524 (2018).
	14.	 Zhang, L. et al. Catechins induced acute promyelocytic leukemia cell apoptosis and triggered PML-RARα oncoprotein degradation. 

J. Hematol. Oncol. 7, 1–9 (2014).
	15.	 Nakazato, T. et al. Catechin, a green tea component, rapidly induces apoptosis of myeloid leukemic cells via modulation of reactive 

oxygen species production in vitro and inhibits tumor growth in vivo. Haematologica 90, 317–325 (2005).
	16.	 Ly, B. T. K. et al. Inhibition of FLT3 expression by green tea catechins in FLT3 mutated-AML cells. PLoS ONE 8, e66378 (2013).
	17.	 Liou, G. Y. & Storz, P. Reactive oxygen species in cancer. Free Radical Res. 44, 479–496 (2010).
	18.	 Negri, A., Naponelli, V., Rizzi, F. & Bettuzzi, S. Molecular targets of epigallocatechin—gallate (EGCG): A special focus on signal 

transduction and cancer. Nutrients 10 (2018).
	19.	 Lu, K. P. & Zhou, X. Z. The prolyl isomerase PIN1: A pivotal new twist in phosphorylation signalling and disease. Nat. Rev. Mol. 

Cell Biol. 8, 904–916 (2007).
	20.	 Zhou, X. Z. & Lu, K. P. The isomerase PIN1 controls numerous cancer-driving pathways and is a unique drug target. Nat. Rev. 

Cancer 16, 463–478 (2016).
	21.	 Wei, S. et al. Active Pin1 is a key target of all-trans retinoic acid in acute promyelocytic leukemia and breast cancer. Nat. Med. 21, 

457–466 (2015).
	22.	 Umeda, D., Yano, S., Yamada, K. & Tachibana, H. Green tea polyphenol epigallocatechin-3-gallate signaling pathway through 

67-kDa laminin receptor. J. Biol. Chem. 283, 3050–3058 (2008).
	23.	 Torello, C. O. et al. Reactive oxygen species production triggers green tea-induced anti-leukaemic effects on acute promyelocytic 

leukaemia model. Cancer Lett. 414, 116–126 (2018).
	24.	 He, L.-Z. et al. Acute leukemia with promyelocytic features in PML/RAR transgenic mice. Proc. Natl. Acad. Sci. 94, 5302–5307 

(1997).
	25.	 Ferreira, A. K. et al. Synthetic phosphoethanolamine has in vitro and in vivo anti-leukemia effects. Br. J. Cancer 109, 2819–2828 

(2013).
	26.	 Nasr, R. et al. Eradication of acute promyelocytic leukemia-initiating cells through PML-RARA degradation. Nat. Med. 14, 1333–

1342 (2008).
	27.	 Jeanne, M. et al. PML/RARA oxidation and arsenic binding initiate the antileukemia response of As2O3. Cancer Cell 18, 88–98 

(2010).
	28.	 de Thé, H., Le Bras, M. & Lallemand-Breitenbach, V. Acute promyelocytic leukemia, arsenic, and PML bodies. J. Cell Biol. 198, 

11–21 (2012).
	29.	 Santana, B. A. A. et al. Asynchronous expression of myeloid antigens in leukemic cells in a PML/RARalpha transgenic mouse 

model. Braz. J. Med. Biol. Res. 39, 615–620 (2006).
	30.	 Rossi, G. et al. CD117-CD15 in acute myeloid leukemia: No role as LAIP in the study of minimal residual disease. Eur. J. Haematol. 

90, 171–174 (2013).
	31.	 Grimwade, L. F., Fuller, K. A. & Erber, W. N. Applications of imaging flow cytometry in the diagnostic assessment of acute leu-

kaemia. Methods 112, 39–45 (2017).
	32.	 Yao, S. et al. Epigallocatechin-3-gallate promotes all-trans retinoic acid-induced maturation of acute promyelocytic leukemia cells 

via PTEN. Int. J. Oncol. 51, 899–906 (2017).
	33.	 Moradzadeh, M., Roustazadeh, A., Tabarraei, A., Erfanian, S. & Sahebkar, A. Epigallocatechin-3-gallate enhances differentiation 

of acute promyelocytic leukemia cells via inhibition of PML-RARα and HDAC1. Phyther. Res. 32, 471–479 (2018).
	34.	 Yeh, E. S. & Means, A. R. PIN1, the cell cycle and cancer. Nat. Rev. Cancer 7, 381–388 (2007).
	35.	 Urusova, D. V. et al. Epigallocatechin-gallate suppresses tumorigenesis by directly targeting Pin1. Cancer Prev. Res. 4, 1366–1377 

(2011).
	36.	 Cheng, C. W. & Tse, E. PIN1 in cell cycle control and cancer. Front. Pharmacol. 9, 1–10 (2018).
	37.	 Liao, Y. et al. Peptidyl-prolyl cis/trans isomerase pin1 is critical for the regulation of pkb/akt stability and activation phosphoryla-

tion. Oncogene 28, 2436–2445 (2009).
	38.	 Farrell, A. S. et al. Pin1 regulates the dynamics of c-Myc DNA binding to facilitate target gene regulation and oncogenesis. Mol. 

Cell. Biol. 33, 2930–2949 (2013).



11

Vol.:(0123456789)

Scientific Reports |         (2021) 11:9103  | https://doi.org/10.1038/s41598-021-88478-z

www.nature.com/scientificreports/

	39.	 Wu, G. et al. C-MYC and reactive oxygen species play roles in tetrandrine-induced leukemia differentiation. Cell Death Dis. 9 
(2018).

	40.	 Montuori, N. et al. Expression of the 67-kDa laminin receptor in acute myeloid leukemia cells mediates adhesion to laminin and 
is frequently associated with monocytic differentiation. Clin. Cancer Res. 5, 1465–1472 (1999).

	41.	 Fujimura, Y. et al. Green tea polyphenol EGCG sensing motif on the 67-kDa laminin receptor. PLoS ONE 7 (2012).
	42.	 Kumazoe, M. et al. 67-kDa laminin receptor mediates the beneficial effects of green tea polyphenol EGCG. Curr. Pharmacol. Rep. 

6, 280–285 (2020).
	43.	 Li, G. X. et al. Pro-oxidative activities and dose-response relationship of (-)-epigallocatechin-3-gallate in the inhibition of lung 

cancer cell growth: a comparative study in vivo and in vitro. Carcinogenesis 31, 902–910 (2010).
	44.	 Hou, Z. et al. Mechanism of action of (-)-epigallocatechin-3-gallate: Auto-oxidation- dependent inactivation of epidermal growth 

factor receptor and direct effects on growth inhibition in human esophageal cancer KYSE 150 cells. Cancer Res. 65, 8049–8056 
(2005).

	45.	 Gorrini, C., Harris, I. S. & Mak, T. W. Modulation of oxidative stress as an anticancer strategy. Nat. Rev. Drug Discov. 12, 931–947 
(2013).

	46.	 Yang, L. et al. Reactive oxygen species regulate the differentiation of acute promyelocytic leukemia cells through HMGB1-mediated 
autophagy. Am. J. Cancer Res. 5, 714–725 (2015).

	47.	 dos Santos, G. A. S. et al. (+)α-Tocopheryl succinate inhibits the mitochondrial respiratory chain complex I and is as effective as 
arsenic trioxide or ATRA against acute promyelocytic leukemia in vivo. Leukemia 26, 451–460 (2012).

	48.	 Baliga, M. S., Meleth, S. & Katiyar, S. K. Editor’s note: Growth inhibitory and antimetastatic effect of green tea polyphenols on 
metastasis-specific mouse mammary carcinoma 4t1 cells in vitro and in vivo systems. Clin. Cancer Res. 24, 6103 (2018).

	49.	 Calgarotto, A. K. et al. Antitumor activities of Quercetin and Green Tea in xenografts of human leukemia HL60 cells. Sci. Rep. 8, 
3459 (2018).

	50.	 Ran, Z. H., Xu, Q., Tong, J. L. & Xiao, S. D. Apoptotic effect of epigallocatechin-3=gallate on the human gastric cancer cell line 
MKN45 via activation of the mitochondrial pathway. World J. Gastroenterol. 13, 4255–4259 (2007).

	51.	 Eischen, C. M. et al. Bcl-2 is an apoptotic target suppressed by both c-Myc and E2F–1. Oncogene 20, 6983–6993 (2001).

Acknowledgements
The authors would like to thank Raquel S. Foglio for English review, and Márcio Alves da Cruz for his technical 
assistance with the animal’s care. Molecular structure of EGCG was produced using ChemDraw 19.0 software. 
This work was funded by the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq/MCT) 
[Grant Number 303405/2018-0]; the Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP) [Grant 
Numbers 11/51959-0 and 17/21801-2]; and the Coordenação de Aperfeiçoamento de Pessoal de Nível Supe-
rior—Brasil (CAPES) [Finance Code 001].

Author contributions
F.I.D.V., S.T.O.S. and C.O.T. conceived and designed the experiments, F.I.D.V., R.N.S., I.S., K.P.F., M.J.S.T., G.C.F.J., 
E.M.R. and C.O.T. performed the experiments, F.I.D.V., I.S., K.P.F., M.J.S.T., S.T.O.S. and C.O.T. analysed the 
data, S.T.O.S. and C.O.T. revised the paper. All authors approved the final manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​88478-z.

Correspondence and requests for materials should be addressed to C.O.T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-88478-z
https://doi.org/10.1038/s41598-021-88478-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	(–)-Epigallocatechin-3-gallate induces apoptosis and differentiation in leukaemia by targeting reactive oxygen species and PIN1
	Results
	EGCG ameliorates the haematological parameters and prolonged survival of PMLRARα mice. 
	EGCG reduces leukaemia immature cells and promyelocytes in the bone marrow, spleen and peripheral blood. 
	EGCG induces cellular differentiation. 
	EGCG induced differentiation by decreasing PIN1 expression and ROS increase. 
	EGCG increases apoptotic cells in the spleen by modulating BAX, BAD, BCL-2 and c-MYC. 

	Discussion
	Methods
	APL model. 
	Flow cytometry analysis. 
	Apoptosis assays. 
	Measurement of intracellular ROS. 
	Western blot analysis. 
	Imaging flow cytometry. 
	Cell culture and differentiation assay. 
	Statistical analysis. 

	References
	Acknowledgements


