ANTICANCER RESEARCH 38: 6217-6224 (2018)
doi:10.21873/anticanres.12976

Oolong Tea Extract Induces DNA Damage and Cleavage and
Inhibits Breast Cancer Cell Growth and Tumorigenesis
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Abstract. Background/Aim: Breast cancer is the most
prevalent and devastating malignant disease among women
worldwide. Green tea has been extensively studied for its
anti-cancer effects, however, existing literature on the
correlation of other types of tea with breast cancer is very
limited. Materials and Methods: We used six different breast
cancer cell lines (ER*, PRY or HER2" and triple-negative),
treated under different concentrations of green, oolong,
black and dark tea extracts, and determined their biological
effects. Results: We determined cell viability, observed the
changes of cell morphology, measured DNA damage and
cleavage, and analyzed the effect on soft agar colony
formation and growth. Conclusion: Oolong tea, same as
green tea, can induce DNA damage and cleavage, play an
inhibitory role in breast cancer cell growth, proliferation and
tumorigenesis, and was a great potential as a chemo-
preventive agent against breast cancer.

Breast cancer is the most prevalent and devastating malignant
disease and the leading cause of cancer-related death among
women worldwide (1). In 2018, it is estimated that over
268,670 women in the United States will be diagnosed with
breast cancer and more than 41,400 will die (2). Breast cancer
varies regarding its genomic background, clinical presentation,
morphological feature, and response to therapy (3, 4). With
longer life expectancy and other reasons, breast cancer
incidence is increasing in both developed and developing
countries (1, 2). Fortunately, due to breast cancer screening,
early diagnosis, molecular subtype classification and
improvements in treatment, its death rate over the last decade
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is declining (3-6). However, breast cancer is still one of the
most challenging diseases, which is responsible for a large
fraction of cancer-related morbidities and mortalities in
women. Undoubtedly, there is greater need for more effective
and less toxic therapeutic drugs and chemo-preventive
strategies, in particular, for high-risk and receptor-negative
breast cancer.

Over the past several decades, extensive research has
identified numerous dietary and phytochemical compounds
that have anti-cancer activity (7-9). These compounds can be
daily used under conventional dosing with very low or no
cytotoxicity. Green tea and its main constituent,
epigallocatechin-3-gallate (EGCG), exhibit a wide range of
promising pharmacological properties including cancer
prevention (10, 11). Tea, originated in China, has been used
for medicinal purposes since ancient days. According to
fermentation which causes the oxidation of catechins and
alters their components, tea can be broadly classified into six
categories: unfermented green tea, mildly-fermented white
and yellow teas, semi-fermented oolong tea and intensively-
fermented black and dark teas. About 78% the of world’s tea
production is black tea, 20% green tea and 2% oolong tea
which is majorly produced in Fujian, China (12, 13). Tea
leaves are rich in catechins (about 25% of the dry mass of a
fresh tea leaf) including catechin, epicatechin, gallocatechin,
epigallo-catechin, epicatechin-3-gallate and EGCG (14).
EGCG is the most abundant catechin and accounts for more
than 40% of total catechins in green tea leave (14). The
lower incidence of breast cancer and the higher level of
green tea consumption in the Asian population have made
extensively studies on its anti-cancer property (10, 11). Over
the past decades, green tea extract and EGCG have been
shown to inhibit proliferation of breast cancer cells and
carcinogenesis (14-17), which indicates their great potential
as chemo-preventive agents. However, a small amount of
attention has been paid to other types of tea.

Studies in in vitro cell models have demonstrated that either
green tea extract or EGCG regulate multiple signaling
pathways that control cell growth, proliferation, angiogenesis,
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apoptosis, migration and tumor invasion, and target many
proteins such as EGFR, HER-2, VEGF, ErbB2/3, ERK, cyclin
D and E, CDKI1 and 4, P27, FAK, RTK, PI3-K, Akt, mTOR,
STAT, HIF, TNFa, NF-xB, PARP-1, Fas, p53, caspases,
Bcl-x, Bax, cytochrome ¢, Apaf-1, INK, c-Jun, FOXO3, Snail,
etc. (9). Animal model and epidemiological studies also
showed the association of green tea consumption with the
reduced risk of breast cancer (17-26). To test the anticancer
property of oolong tea extracts, we analyzed the effect of five
different tea extracts on DNA damage and cleavage, cell
viability and morphology, and soft agar colony formation in six
different breast cancer cell lines and found that oolong teas,
like green tea, play an inhibitory role in breast cancer cell
growth, proliferation and tumorigenesis.

Materials and Methods

Reagents. Green tea was obtained from the Dongsheng Tea
Company (Shangdong, China). Black tea was obtained from
Unilever Liptun Tea Company (Shanghai, China). Pu’er tea, a kind
of dark tea (post-fermented) was obtained from Fengqiao Tea
Company (Yunnan, China). Two oolong teas, Tieguanyin and
Dahongpao, were obtained from Richun Tea Company (Fujian,
China). All chemicals were purchased from Sigma Chemicals (St.
Louis, MO, USA) or Fisher Scientific (Pittsburgh, PA, USA) unless
specified otherwise. RPMI 1640 medium and fetal bovine serum
(FBS) were purchased from Hyclone (Logan, UT, USA). The
monoclonal anti-GAPDH antibody (0411, SC-47724) was obtained
from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). The
polyclonal anti-Phospho-Histone H2A . X (Ser139, pH2AX) antibody
(20E3, #9718) was purchased from Cell Signaling Technology
(Danvers, MA, USA). Cell Titer 96® Non-Radioactive Cell
Proliferation Assay kit (MTT) was purchased from Promega
(Madison, WI, USA). Halt protease and phosphatase single-use
inhibitor cocktail, SuperSignal West Pico chemiluminescent
substrate and BCA protein assay reagent were obtained from
Thermo Scientific (Rockford, IL, USA).

Preparation of tea extracts. Six grams of dry tea leaves (green,
black, dark and two oolong teas) were cut to small pieces and
placed in 50 ml tubes. Boiling water was added to each tube
according to 4:1 ratio (4 ml water/1 g tea) and screwed the caps.
After 30 min immersion, tea extracts were sterilized by filtration
using a 0.22-pm filter under force pressure. Tea extracts were stored
in —80°C refrigerator for further use.

Cell culture, treatment and analysis. MCF-7 cells were originally
provided by Dr. Marvin Rich (Michigan Cancer Foundation, Detroit,
MI, USA), and T47D, SKBR3, MDA-MB-231, MDA-MB-436 and
MDA-MB-468 cells were purchased from the American Type
Culture Collection. The Cells were grown in RPMI 1640 medium
supplemented with 10% FBS, 200 U/ml penicillin and 200 pg/ml
streptomycin. For cell viability assay, different breast cancer cells
were plated in 96-well plates at a concentration of 10,000 cells per
well in 100 pl of culture medium with or without different
concentrations of tea extracts. After 72 h treatment, cell viability was
determined using Promega’s Cell Titer 96® Non-Radioactive Cell
Proliferation Assay kit (MTT), according to manufacturer’s
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Table 1. Comparison of breast cancer incidence and death rate in
China*.

Crude incidence % Death %
(1/10%) (1/10%)
Whole nation! 41.82 100.0 990 100.0
Fujian Province? 2721 65.1 6.18 624
Oolong tea drinking area3 20.59 492 3.24 32.7

*The data from Chinese and Fujian province Cancer Registry Annual
Report (30, 31). !Data derived from Chen et al. (30). 23Data derived
from Zheng et al. (31)

instructions and recorded at absorbance 570 nm using a Biotek
Epoch plate Reader (27). For cell morphology, different breast cancer
cells were cultured in 6-well plates and treated with or without 1%
different tea extracts for 24 h, the cultures were observed and
photographed by AMG EVOS Core Cell Imaging System.

DNA damage and cleavage assay. For DNA damage and cleavage
assay, the cells cultured in 6-well plates with 85% confluence were
treated with 1% different tea extracts for 24 h, and the floating and
attached cells were harvested and washed once with 1 x PBS. The
samples were lysed with a buffer contained 5 mM Tris-HCI, pH 8.0,
20 mM EDTA, and 0.5% Triton X-100 on ice for 30 min. Cell lysates
were centrifuged at 14,500 rpm for 20 min, and cellular proteins in
the supernatant were measured using the BCA protein assay reagent,
with BSA as a standard. Equal amount of cellular protein was
precipitated by acetone, the pellet was re-suspended in 1 x loading
buffer, the samples were incubated at >99°C for 10 min. The samples
(15 pg/lane) were subjected to SDS-PAGE, and processed for
immunoblotting using the antibodies against pH2AX and GAPDH
(28). The supernatant containing 300 ug cellular protein was also
precipitated by an equal volume of isopropyl alcohol overnight. The
samples were centrifuged at 14,500 rpm for 20 min, and the pellets
were re-suspended in 30 pl Tris-EDTA buffer with proteinase K and
RNase A for 2-3 h at 45°C. DNA fragments were separated on a 1.2%
agarose gel, and photographed by the Fisher’s Image System.

Soft-gel colony formation assay. For soft agar colony formation assay,
equal volumes of pre-warmed RPMI 1640 containing 20% FBS and
melted 1.2% agarose solution were mixed and added 150 pl mixed
medium into each 12 well plates. Agarose-containing medium quickly
spread to whole well and the plates were placed at 4°C for 30 min to
solidify the bottom agar layer. Different breast cancer cells were
dissociated into a single-cell suspension by incubated with 0.25%
trypsin-EDTA solution and passed through 40 um nylon cell strainers.
Next, 100 pl of cell suspension contained 2500 cells in 10% FBS-
RPMI 1640 medium was mixed with 200 pl of the mixture of 20%
FBS-RPMI 1640 medium and 1.2% agarose solution. The cell
mixtures were placed on the bottom agar layer, and then immediately
solidified at 4°C for 15 min. After 24 hrs, the wells were added 50 pl
of 10% FBS-RPMI 1604 medium with or without 1% different tea
extracts according to experimental design and cultured at 37°C and
5% CO, incubator. To keep cell health growth, every 5 days was
added 50 pl 10% FBS-RPMI 1640 medium with or without 1%
different tea extracts and continued for 4 weeks. The colonies were
photographed by the AMG EVOS Core Cell Imaging System and
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Figure 1. Effect of tea extracts on different breast cancer cell viability. MCF-7, T47D, SKBR3, MDA-MB-231, MDA-MB-436 and MDA-MB-468
cells were treated with or without 1 or 2% dark (D), green (G), black (B), oolong (Tieguanyin, O1; Dahongpao, O2) tea extracts for 72 h. Cell
viability was determined by the MTT assay (n=12). Data represent quadruple samples in three experiments.

quantified by Promega’s Cell Titer 96® Non-Radioactive Cell
Proliferation Assay kit (MTT) (29).

Data analysis. The data were analyzed for significance using one-
way repeated measures of ANOVA followed by Tukey’s test for
comparisons between the experimental groups shown in the figures.

Results

Oolong tea consumption potentially prevents breast cancer and
reduces mortality. Because 78.22% Chinese oolong tea
production in 2015 was from Fujian, China (13), in order to
investigate the correlation between oolong tea consumption and
breast cancer incidence and death rate, we adapted 2014 data
from Chinese and Fujian province cancer registry annual report
(30, 31). Table I shows that both the incidence and death rate
of breast cancer in the Fujian province was much lower than
the national average, 35% decreased in the incidence and 38%
decreased in death rate. The incidence in high oolong tea
consumption area decrease another 25% compared to the
average of Fujian and only about 50% of national level. The
death rate reduced 68% of national average. The lower
incidence and death rate of breast cancer and the higher oolong
tea consumption indicate that oolong tea has a great potential
of anti-cancer property against breast cancer.

Oolong teas inhibit growth and proliferation of different
breast cancer cells. To test the anticancer property of oolong
tea extracts, we used six different breast cancer cell lines
[two ERT and PR™ cell lines (MCF-7 and T47D), one HER2*
cell line (SKBR3) and three triple-negative cell lines (MDA-
MB-231, MDA-MB-436 and MDA-MB-468)], treated under
different concentrations of green, black, oolong and dark tea
extracts for 72 h, and determined cell viability. As shown in
Figure 1, increasing concentration of green and two oolong
tea extract resulted in reducing cells viability in all six breast
cancer cell lines. However, the effect of cell viability treated
with black and dark tea extracts showed no effect or some
increase. These results indicate that oolong tea, like green
tea, has a similar inhibitory effect in breast cancer cell
growth and proliferation.

Oolong tea extracts lead to the changes of different breast
cancer cell morphology. Next, we investigate the effect of tea
extract on different breast cancer cell morphology. Six breast
cancer cells were treated with 1% different tea extracts for 24
h, and the cells were observed and photographed by AMG
EVOS Core Cell Imaging System. Figure 2 illustrated that
different breast cancer cells treated with green and oolong tea
extracts caused cell shrinkage and plasma membrane damage,
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Figure 2. Effect of tea extracts on the morphology of different breast cancer cells. Different breast cancer cells were treated with or without 1%
dark, green, black, oolong-1 (Tieguanyin) and oolong-2 (Dahongpao) tea extracts for 24 h and then the cells were observed and photographed by
an AMG EVOS Core Cell Imaging System. Data represent duplicate samples in at least three experiments.

as well as some cell detachment, while black and dark tea
extracts had no effect on MCF-7, T47D and SKBR3 cells, and
a minus effect on MDA-MB-231, MDA-MB-436 and MDA-
MB-468 cells. Up to 48 or 72 h treatment, there were more
plasma membrane damage, cell shrinkage and detachment.

Oolong tea extracts cause different breast cancer cell DNA
damage and cleavage. DNA damage represents a persistent and
ubiquitous threat to genomic stability and the backbone of cancer
treatments still rely on drug causing cancer cell DNA damage to
accomplish their role (32). Formation of the pH2AX is a well-
established marker of DNA double strand breaks induced by
DNA-damaging compounds (33). We treated six different breast
cancer cell lines with different tea extracts, and then cell lysates
were processed for immunoblotting to analyze H2AX
phosphorylation. As shown in Figure 3A, all five tea extracts can
dramatically induce the formation of pH2AX in MDA-MB-231,
MDA-MB-436 and MDA-MB-468 cells, however, only green
and oolong tea extracts stimulate H2AX phosphorylation in
MCEF-7, T47D and SKBR3 cells. DNA in all living organisms
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continually incurs a myriad of types of damage, but cells have
devised ingenious mechanisms for tolerating and repairing the
damage (34). Next, to test whether DNA damage induced by
different tea extracts can be repaired or further lead to cleavage
(unreversed changes), we isolated total DNA in the cell lysates
and then analyzed the samples. Figure 3B showed that green and
oolong tea extracts caused DNA cleavage in six different breast
cancer cell lines. Like cell viability, DNA cleavage in black and
dark tea extract treated cells were much weaker.

Oolong tea extracts inhibit soft agar colony formation and
growth. The colony formation in soft agar is a gold-standard
assay for monitoring cellular transformation in vitro and used for
a broad range of applications documenting the tumorigenicity of
cancer cells (35). We used this technique to test the efficacy of
tumor growth inhibition by tea extracts on the tumorigenicity of
different breast cancer cells. As shown in Figure 4A-F, the soft
agar colonies formed in the wells where different breast cancer
cells were planted, although their colony sizes were different.
The colonies in soft agar were incubated with or without 1%
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Figure 3. Tea extracts induced H2AX phosphorylation and DNA cleavage in different breast cancer cells. Different breast cancer cells were treated
with or without 1% dark (D), green (G), black (B), oolong (Tieguanyin, O1; Dahongpao, O2) tea extracts for 24 h, harvested, and lysed. The
samples were processed for immunoblotting using antibodies against pH2AX and GAPDH. The samples were also used for total DNA isolation,
and separated on a agarose gel with exACTGene 100 bp DNA ladder. Data represent duplicate samples in at least three experiments.
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Figure 4. Tea extracts inhibited breast cancer cell soft agar colony formation and growth. Images of MCF-7 (A), T47D (B), SKBR3 (C), MBA-MD-
231 (D), MDA-MB-436 (E) and MBA-MD-468 (F) colony in soft agar. Different breast cancer cells were grown in soft agar without tea extracts
for 4 weeks, and the colonies were photographed by an AMG EVOS Core Cell Imaging System. G: Quantification of Colony formation and growth.
The cells were incubated with or without 1% green and oolong (Tieguanyin, O1; Dahongpao, O2) tea extracts for 4 weeks, the colonies on the agar
were processed for MTT assay. Data represent triplicate samples in two experiments (n=6).

green or oolong tea extracts. After 30 days, the colonies in the ~ Discussion

cultures were determined by MTT to quantify the effect of tea

extracts on colony formation and growth. Figure 4G shows that
both green and oolong tea extracts dramatically reduced the
formation and growth of soft agar colonies.

Increasing evidence has supported the role of green tea from
a traditional beverage to a source of pharmacologically active
molecules in improving health, possibly offering an effect on
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cancer prevention including breast cancer. Analysis by either
HPLC (36) or Gas chromatography-mass spectrometry (GC-
MS) and liquid chromatography-mass spectrometry (LC-MS)
(37) shows that green tea has a higher content of catechins
than both semi-fermented tea (oolong tea) and fermented teas
(black and dark teas). Zhang et al. analyzed 33 different tea
samples (12 green teas, 12 oolong teas and 9 black teas) by
GC-MS and LC-MS to compare different components and
found 90 metabolites with significant difference in three types
of tea (37). In HPLC-analyzed samples, the four major
catechins are hugely different in green, oolong and black teas.
EGCG ranged from 1.4-103.5 mg/g, epigallocatechin from
3.9-45.3 mg/g, epicatechin gallate from 0.2-45.6 mg/g, and
epicatechin from 0.6-21.2 mg/g (36). From tea component
analysis (36, 37) and breast cancer cell responses to different
tea extracts (Figures 1-3), we believe that catechins
(epicatechin, epigallo-catechin, epicatechin-3-gallate and
EGCG) are not the only components to affect breast cancer
behavior, some unidentified and untested components may
also play an important role in the regulation of breast cancer
cell function.

Either green tea extract or EGCG is involved in the
regulation of varying cell signaling pathways in different
cancer cells (7-12). We focus on the effect of tea extracts on
DNA damage and cleavage. The pH2AX has been widely
recognized as a molecular marker of DNA damage (DNA
double-strand break) (38). Black and dark tea extracts did
not induce H2AX phosphorylation in MCF-7, T47D and
SKBR3 cells (Figure 3A, left panel), but they significantly
increased the phosphorylation of H2AX in three triple-
negative cells (Figure 3A, right panel). DNA damage triggers
a series of signaling cascades promoting cell survival,
including DNA repair, cell-cycle arrest, and autophagy.
Whether damaged DNA is repaired or further leads to DNA
cleavage? In Figure 3B, green tea and oolong tea extracts not
only lead to increasing pH2AX levels, but also cause DNA
cleavage. Although black tea and dark tea extracts can also
induce some levels of DNA damage in three triple negative
cells, the damage is able to be repaired. These results suggest
that triple-negative cells are more sensitive to cause DNA
damage, but possess stronger DNA repair system.

Given the inherent difficulties in the mechanisms of
different breast cancer progression in vivo and the effect of
different tea extracts on breast cancer cell tumorigenesis,
animal models will be more difficult to do and to compare.
However, cell-based assay such as the soft agar colony
formation assay is an effective and useful approach. With the
effect of green and oolong tea extracts on breast cancer cell
morphology and viability and DNA damage and cleavage,
we test the effect of green and oolong tea extracts on soft
agar colony formation of different breast cancer cells. The
results clearly support that oolong tea, like green tea,
inhibited soft agar colony formation and growth.
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Epidemiological data from different cohort studies support
an inverse association between green tea intake and breast
cancer risk. Two Japanese research groups reported that
increased consumption of green tea among 472 surgical breast
cancer patients (24) and 1,160 new surgical cases of female
invasive breast cancers (20) with different stages was
significantly associated with improved prognosis and inhibited
cell proliferation in stage I and II breast cancer. In a
population-based prospective cohort study with 518 women
with confirmed triple-negative breast cancer, tea intake was
associated with improved survival among women with triple-
negative breast cancer (21). A study by interviewing Asian
American (501 breast cancer patients and 594 control subjects)
showed that green tea drinkers had a significantly reduced risk
of breast cancer, in contrast, the risk of breast cancer was not
related to black tea consumption (25). In the European
Prospective Investigation into Cancer and Nutrition (EPIC)
Study, the researchers analyzed 1,064 pre-menopausal and
9,134 postmenopausal breast cancer cases with an average
follow-up of 11 years, and found that tea intake was neither
associated with pre- nor post-menopausal breast cancer (26).
This controversial conclusion may due to most European
traditionally dominated consume black tea. There is no such
study on oolong tea, but the lower incidence and mortality and
the higher oolong tea consumption indicate that oolong tea has
a great potential of anti-cancer activity against breast cancer.
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