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Radiosensitization effect of Huaier on breast cancer cells
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Abstract. Radiotherapy is a critical treatment strategy for
breast cancer. However, its wide application is sometimes
restricted by radioresistance and radiotoxicity. Trametes
robiniophila Murr. (Huaier), an officinal fungus used as a
traditional Chinese medicine (TCM), is reported to have
multi-biological functions during cancer treatment. Yet, its
radiosensitization effects have not been evaluated to date. In
the present study, using HTA 2.0 transcriptome microarray
assay, Huaier was found to downregulate genes related to the
cell cycle, cell division, cell cycle phases and DNA repair. This
investigation utilized a colony formation assay to confirm the
ability of Huaier to sensitize breast cancer cells to radiotherapy.
Flow cytometry, immunofluorescence staining and western
blotting were used to illustrate the sensitization mechanism.
Our findings suggest that Huaier causes GO/G1 arrest through
downregulation of cell cycle-regulating proteins in MCF-7 and
MDA-MB-468 cells, prolongs the persistence of y-H2Ax foci
after radiotherapy and interferes with the homologous recom-
bination (HR) pathway of DNA repair by downregulating
RADS5I. These results suggest that Huaier has the ability to
sensitize breast cancer cells to radiotherapy through regulation
of the cell cycle and DNA repair pathway. Thus, Huaier may be
a promising radiosensitizer for the treatment of breast cancer.

Introduction

Breast cancer is one of the most prevalent cancers worldwide
and is the main cause of cancer-related mortality among
females (1). Conventional treatment strategies mainly include
surgery, systemic agents (hormone therapy, chemotherapy
and targeted therapy) and radiotherapy. Radiation is a critical
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component of breast cancer treatment modalities and is highly
effective in improving locoregional control and allowing
for breast conservation without any detrimental effects on
survival (2). However, its curative effect is sometimes limited
by radioresistance of the cancer cells, in addition to radiation
toxicity to normal tissue (2,3). As is well established, the
four factors that influence radioresistance are i) repair of
DNA, ii) reoxygenation, iii) redistribution of the cell cycle
and iv) repopulation (the ‘4 R's’). Thus, any pharmacologic
agents aimed at sensitizing cells to radiotherapy would need
to target one or more of these factors. While many agents
have been explored based on this principle, the side-effects of
the agent itself often prohibits its successful use as a radio-
sensitizer (4-6). Thus, finding novel radiosensitizing agents
with minimal side-effects has become an area of interest for
radiation oncology investigators. More recently, the interest
in plant-derived natural products for breast cancer treatment
and symptom management has increased (7-10). Given the
multiple antitumor effects of many traditional Chinese medi-
cines (TCMs), exploring these agents as radiosensitization
agents is of interest.

Trametes robiniophila Murr. (Huaier) is classified as an
officinal fungus which has been used in China as a traditional
medicine for many years (11). Previous investigations suggest
that Huaier displays multiple antitumor effects against hepa-
tocarcinoma (12,13), gastrointestinal (14), breast (15,16) and
lung cancer (17). Several mechanisms for the antitumor activi-
ties of Huaier have been suggested including the induction of
apoptosis, anti-angiogenesis, reversal of drug-resistance, anti-
metastasis and activation of the immune system (15,18-22). In
addition, in recent years, as a complementary drug, Huaier has
been routinely used in liver and breast cancer.

Previously, our research group investigated the mecha-
nisms of action of Huaier and demonstrated the multi-targeted
antitumor effects of Huaier (23). We found that a microarray
assay of MCF-7 cells treated with Huaier demonstrated that
the effects were related to the cell cycle, cell division and DNA
repair. Consequently, Huaier may have a radiosensitization
effect on breast cancer and the present study was carried out
to assess the combined effects of Huaier and radiotherapy on
breast cancer.
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Materials and methods

Cell lines and reagents. The human breast cancer cell lines,
MCEF-7 and MDA-MB-468, were obtained from the American
Type Culture Collection (ATCC; Rockefeller, MD, USA),
and were routinely cultured in Dulbecco's modified Eagle's
medium (DMEM; Gibco, Rockville, MD, USA) with 10% fetal
bovine serum (FBS; Clark Bioscience, Seabrook, MD, USA),
100 U/ml penicillin and 100 pg/ml streptomycin in 5% CO,
at 37°C. The antibodies utilized included anti-Ku70, -Ku86
and -RADS5I (Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA), mouse anti-y-H2AX antibody (Millipore, Billerica,
MA, USA), Rhodamine-labeled secondary antibody (Jackson
ImmunoResearch, West Grove, PA, USA) and HRP-labeled
secondary antibodies (KPL, Gaithersburg, MD, USA). Huaier
aqueous extract, a kind gift from Gaitianli Medicine Co. Ltd.
(Jiangsu, China), was dissolved in DMEM in a storage concen-
tration of 100 mg/ml. All other chemicals were obtained
from Sigma-Aldrich (St. Louis, MO, USA) unless specifically
described.

Cell treatment and human transcriptome array 2.0 (HTA 2.0)
assay. MCF-7 cells were treated with Huaier aqueous extract
at a concentration of 8 mg/ml for 72 h or treated with DMEM
as a control, and total RNA was isolated according to the
manufacturer's protocol using TRIzol (Invitrogen, Carlsbad,
CA, USA). Equal amounts of 3 samples of RNAs were pooled
together to obtain an average. Gene alterations were detected
using Affymetrix Human Transcriptome Array 2.0 (HTA 2.0)
assay and fold-change was used to identify differentially
expressed genes (DEGs). Next, DEGs were analyzed by Gene
Ontology (GO) analysis, which organizes genes into hierar-
chical categories based on biological processes and molecular
function (24,25).

Ionizing radiation treatment. Cells were irradiated using
a radiotherapy linear accelerator PRIMUS HI (Siemens,
Germany) at room temperature. The X-rays were filtered
through a 12-mm thick special organic glass for dose built-up.
The irradiation dose rate was 200 cGy/min.

Colony formation assay. The radiosensitization effects
of Huaier on breast cancer cells were assessed by colony
formation assay. Briefly, the cells were treated with 4 mg/ml
Huaier or complete DMEM as a control for 24 h, and then
irradiated with incremental doses of radiation (0-4 Gy) at
room temperature. The cells were trypsinized, suspended in
complete medium, counted and plated in 6-well plates and
incubated for 14-21 days to collect cell colonies. Cell colonies
were fixed with methanol and stained with crystal violet. Only
colonies containing >50 cells were counted. The survival
fraction of each given dose (SFD) was calculated using the
linear-quadratic formula: S(D) = S(0)e*P-#P? and the o and
values were obtained to describe survival curve characteristics
relative to radiation dose (26).

Cell cycle analysis by flow cytometry. The cell cycle distribu-
tion was analyzed using a flow cytometer. Briefly, 5x10° cells
were seeded in a 25 cm? flask, and then treated with 4 mg/ml
Huaier or DMEM as control for 24 h before irradiation. The
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Table 1. Top 10 GO categories altered in the Huaier-treated
MCEF-7 cells compared to the control cells.

GO name P-value FDR
Cell division 9.28252E-51  6.45599E-48
DNA replication 1.92587E-50  8.92961E-48
G1/S transition of mitotic 2.89469E-39  1.00663E-36
cell cycle

Mitotic prometaphase 7.24882E-38  2.01662E-35
M phase of mitotic cell cycle 405311E-36  9.39646E-34
S phase of mitotic cell cycle 1.86134E-34  3.69876E-32
DNA repair 7.23594E-32  1.25815E-29
DNA strand elongation involved 1.06698E-30  1.64908E-28
in DNA replication

Mitosis 1.17413E-27  1.63322E-25
Mitotic anaphase 2.69998E-26  3.41424E-24

FDR, false discovery rate; GO, Gene ontology.

cells were then trypsinized, washed with phosphate-buffered
saline (PBS), incubated with 1 ml propidium iodide (PI)
(Liankebio, Zhejiang, China) in the dark for 30 min at room
temperature, and then analyzed using a flow cytometer
(Becton-Dickinson, Franklin Lakes, NJ, USA). The data were
analyzed using ModFit LT V2.0 software (Becton-Dickinson).

Immunofluorescence staining. Conditions of y-H2AX foci
were detected using immunofluorescence staining. The cells
were grown on coverslips in 24-well plates and pretreated with
4 mg/ml Huaier or DMEM (control) for 24 h before irradia-
tion. The cells were washed in PBS, and then fixed with 4%
paraformaldehyde for 15 min followed by treatment with
0.2% Triton X-100 for 8 min. Then, the cells were washed in
PBS, blocked with 10% normal goat serum in PBS for 1 h,
and incubated with mouse anti-y-H2AX antibody overnight
at 4°C. After washing in PBS, the cells were incubated with
Rhodamine-conjugated anti-mouse secondary antibody in the
dark for 1 h. The cells were then washed in PBS, and stained with
4'6-diamidino-2-phenylindole (DAPI). Then after washing in
PBS for 3 times, the coverslips were mounted on glass slides
with anti-fading medium (Beyotime Institute of Biotechnology,
Jiangsu, China). The fluorescence signal was acquired using a
fluorescence microscope (Olympus, Tokyo, Japan).

Western blot analysis. Cells were lysed with radioimmunopre-
cipitation assay (RIPA) and phenylmethanesulfonyl fluoride
(PMSF) (Biocolors, Shanghai, China), and quantified by the
BCA method (Merck, Darmstadt, Germany). Equal amounts
of protein were loaded on SDS-PAGE gel, and then transferred
to PVDF membranes (Millipore, Bedford, MA, USA). After
blocking in 5% defatted milk for 1 h at room temperature, the
membranes were incubated with the corresponding primary
antibody overnight at 4°C. The next day, the membranes were
washed in TBST three times prior to incubation with the corre-
sponding secondary antibody for 2 h. Signals were detected
using Luminescent Image Analyzer (GE Healthcare Life
Sciences, Sweden). B-actin was used as the loading control.
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Figure 1. Huaier sensitizes breast cancer cells to irradiation. (A) GO analysis results of the MCF-7 cells after Huaier treatment. Huaier altered biological
activities mainly related to cell cycle, cell division, cell cycle phases and DNA repair. The columns indicate the regulated GO categories with -Lg (p-value)
listed on the left. The line chart indicates the count of regulated genes that each category contains. (B) The survival curves derived from the clonogenic assay
experiments treated with or without Huaier were significantly different (p<0.01) in both the MCF-7 and MDA-MB-231 cell lines. The experiments were
performed in triplicate and data are presented as mean + SD of three separate experiments.

Statistical analysis. The data are expressed as the mean + stan-
dard error of the mean (SEM), and each experiment was
conducted for a minimum of 3 times. The SPSS 18.0 soft-
ware (SPSS, Inc., Chicago, IL, USA) was used for statistical
analysis. Student's t-test and linear regression analysis were
used to analyze the statistical significance. A p-value <0.05
was utilized as the threshold for statistical significance.

Results

Huaier alters biological activities related to cell cycle, cell
division and DNA repair. Microarray profiling was obtained
and GO analysis was used to detect the altered biological
function of MCF-7 cells after treatment of Huaier at 8 mg/ml
for 72 h. As shown in Fig. 1A, the top altered categories were
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Figure 2. Results of the cell cycle analysis. Huaier induced GO/G1 arrest in the (A) MCF-7 -and (B) MDA-MB-468 cells. (C and D) After exposure to 6 Gy
irradiation, MCF-7 cells did not exhibit obvious G2/M arrest following treatment with Huaier. Changes in cell cycle progression may be due to cyclin D1 and

CDK4 in the (E) MCF-7 and (F) MDA-MB-468 cells. *

p<0.05 and “p<0.01 indicate a significant difference compared with the control (Student's t-test). The

experiments were performed in triplicate, and data are presented as mean + SD of three separate experiments.

genes mainly related to cell cycle, cell division, cell cycle
phases and DNA repair, with its -Lg (p-value) listed on the left
and DEG count to the right of the figure, respectively. Table I
shows the top 10 GO categories affected by Huaier treatment
in comparison to the control cells.

Huaier sensitizes breast cancer cells to irradiation. The cell
cycle and DNA repair are closely related to irradiation, thus
in order to ascertain whether Huaier has a radiosensitization
effect on breast cancer cells, a colony formation assay was
carried out. Fig. 1B shows the effect of Huaier on MCF-7
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Figure 3. Detection of y-H2AX foci using immunofluorescence staining. In cells without Huaier treatment, most y-H2AX foci appeared at 0. 5 h, decreased at
4 h, and almost cleared at 8 h, while in cells pretreated with Huaier, y-H2AX foci were not completely cleared even at 12 h. Results are shown for (A) MCF-7
and (B) MDA-MB-231 cell lines. Three separate experiments were repeated with similar results.

and MDA-MB-468 breast cancer cells relative to radiation.
The survival fraction at 2 Gy (SF2) was used to evaluate the
radiosensitivity. In the MCF-7 cells, SF2 was 28.55+0.03%
for cells pretreated with Huaier and 54.54+0.12% for the
control, with a significant reduction of ~47.65% (p=0.018).
Next, the linear quadratic formula was used to analyze the
o and 3 components. The a and f values were 0.529+0.095/
Gy and 0.033+0.037/Gy? for cells pretreated with Huaier,
-0.094+0.349/Gy and 0.034+0.054/Gy? for the control cells,
suggesting two significantly different curves using linear
regression analysis (p<0.01). For the MDA-MB-468 cells,
SF2 was 30.19+0.08% for cells pretreated with Huaier, and
50.96+0.06% for the control cells respectively, with a reduction
of 40.76% (p=0.026). The o and 3 values were calculated at
0.703+0.170/Gy and -0.019+£0.052/Gy? for cells pretreated
with Huaier, and 0.297+0.034/Gy and 0.007+0.010/Gy? for the
control cells, again, demonstrating significant differences with
and without Huaier (p<0.01), suggesting the radiosensitizing
potential of Huaier.

Huaier treatment causes GO/GI arrest. Flow cytometry
was used to analyze cell cycle progression. As shown in
Fig. 2A and B, when cells were treated with Huaier at 4 mg/ml
for 24 h, a significant increase in the percentage of cells in the
GO/G1 phase was observed (from 32.33+1.64 to 49.49+0.86%
in MCF-7 cells, p<0.01; from 46.44+1.89 to 66.04+2.35% in

MDA-MB-468 cells, p<0.01), accompanied by an obvious
decrease in the percentage of cells in the S phase (from
65.07+1.89 to 45.04+0.85% in MCF-7 cells with p<0.01, and
from 42.79+2.01 to 26.02+1.05% in MDA-MB-468 cells with
p<0.01). Within 24 h after irradiation, the MCF-7 radiated
cells (6 Gy) were found to have a block at the G2/M phase,
whereas in cells pre-treated with Huaier this radiation-induced
G2/M phase block was not obvious (Fig. 2C and D). To deter-
mine the mechanism of GO/G1 arrest, we detected the protein
levels of cell cycle-regulating proteins by western blotting (as
shown) and were able to demonstrate that two important cell
cycle-regulating proteins, cyclin D1 and CDK4, were obvi-
ously decreased in both cell lines following treatment with
Huaier, which may explain the GO/Gl1 cell cycle arrest for both
cell lines (Fig. 2E and F).

Huaier pre-treatment prolongs the persistence of DNA
double-strand breaks (DSBs). v-H2AX foci were detected
using immunofluorescence staining to evaluate conditions of
DNA double-strand breaks (DSBs) (27) at 0,0.5,4,8 and 12 h
after 1 Gy irradiation in both the MCF-7 and MDA-MB-468
cells. Both cell lines displayed similar phenomenon as shown
in Fig. 3. In cells without Huaier treatment, y-H2AX foci
appeared most prominently at 0. 5 h, decreased at 4 h, and
almost cleared at 8 h, while in cells pretreated with Huaier,
v-H2AX foci were not completely cleared even at 12 h. Thus,
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Figure 4. Huaier interferes with DNA repair through the homologous recombination (HR) pathway. For both (A) MCF-7 and (B) MDA-MB-468 cells, pre-
treatment with 4 mg/ml Huaier led to an obvious decrease in RADS1 but not Ku70 and Ku86. Following treatment with 6 Gy irradiation, the RAD51 level

decreased time-dependently (0, 2, 6 and 24 h) in cells pre-treated with Huaier compared to cells of the control. Three separate experiments were repeated with
similar results. p<0.05 and * p<0.01 indicate a significant difference.

pre-treatment with Huaier prior to radiation appears to be asso- ~ Huaier interferes with DNA repair through the homologous
ciated with a longer interval of DSBs, which may contribute to  recombination (HR) pathway. Ku70 and Ku86 are markers of
its radiosensitization effect. non-homologous end joining (NHEJ), while RADS51 is related
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to homologous recombination (HR). Fig. 4 shows the protein
levels of Ku70, Ku86 and RADS5I. In the MCF-7 cells, pre-
treatment of 4 mg/ml Huaier led to a decrease in RADS51 but
not Ku70 and Ku86. In cells pre-treated with Huaier compared
to the control cells, treatment with 6 Gy irradiation resulted in
decreased RADSI levels in a time-dependent fashion (0, 2, 6
and 24 h). However, protein levels of Ku70 and Ku86 were not
changed in either group (Fig. 4A). These results were similarly
found in the MDA-MB-468 cells (Fig. 4B).

Discussion

Radiotherapy is an important and effective treatment strategy
for breast cancer although it is sometimes limited by radio-
resistance and radiotoxicity. Thus, the identification of a
radiosensitizer with a high benefit to risk ratio is needed.
Recently, a wide variety of TCMs have been gaining popu-
larity, and Huaier has been investigated by our group due to
its seemingly low toxicity and antitumor activity (23,28-30).

The biologic effects of Huaier are varied (23), and its
use has widely increased as a complementary treatment for
cancers in recent years. In order to understand its mechanism
of action specifically in breast cancer, a microarray assay of
Huaier-treated MCF-7 breast cancer cells was assessed, which
indicated that among the categories of cell cycle regulation,
its effects are mainly related to cell cycle, cell division and
DNA repair, thus making it a reasonable agent to investigate
as a radiosensitizer. A colony formation assay was utilized
to validate the hypothesis using MCF-7 and MDA-MB-468
breast cancer cells.

Our findings demonstrated that the percentage of cells in
the S phase was significantly decreased in the Huaier-treated
cells compared with the control, which may, in part, explain the
radiosensitization phenomenon of Huaier. Moreover, irradiated
cells pretreated with Huaier exhibited no obvious G2/M arrest,
whereas irradiated cells had a significantly increased signal of
G2/M arrest, suggesting that Huaier combined with radiation
can alter the cell cycle distribution and significantly alleviate
G2/M arrest, increasing sensitization to radiotherapy. These
findings are consistent with other previously published studies
on G2/M arrest and irradiation sensitivity, which have demon-
strated the association between G2/M arrest and sensitization
to irradiation (31,32).

Cell cycle arrest is often related to cell cycle-regulating
proteins. Cyclin D1 is an important regulator in cell cycle
progression in Gl to S transition. By binding to CDK4, it phos-
phorylates Rb to release E2F, which is required for transition
from the GI to S phase (33). In the present study, we found that
the levels of cyclin D1 and CDK4 were significantly decreased
in both cell lines following treatment with Huaier, which may
explain the mechanism of GO/GI arrest, particularly in the
MDA-MB-468 cells. It is likely that Huaier regulates several
cell cycle-related proteins, ultimately resulting in induced
GO/G1 arrest.

It is well-known that the main mechanism of action of
radiation for cell death is related to DNA damage (i.e. double-
strand DNA breaks), thus, cell mortality is proportional to
the unrepaired DNA damage (34). Cells resistant to radiation
develop various DNA repair pathways to protect the damaged
DNA. These protective mechanisms are strong, and include
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DNA repair pathways such as nucleotide excision repair
(NER), mismatch repair (MMR), base excision repair (BER),
non-homologous end joining (NHEJ) and homologous
recombination (HR). In mammalian cells, HR and NHEJ
are the main DNA repair pathways. In the present study,
the western blot assay demonstrated that Huaier treatment
decreased the protein level of RADS1 which is an important
player in HR, but not Ku70 and Ku86 which are members of
NHEIJ. Yet, when irradiated with 6 Gy X-ray, the protein level
of RADSI1 was decreased in a time-dependent manner. This
phenomenon indicates that Huaier treatment may inhibit the
reparatory pathways that are elicited with irradiation. Moreover,
since y-H2AX foci are a biomarker of DNA double-strand
breaks (35), as shown in the immunofluorescence assays, the
DNA damage in Huaier-treated cells persisted for a longer
period of time compared with that in the untreated cells.
Various recent studies support the contention that compared
with normal tissues, tumor cells have defects in DNA repair
pathways in familial breast cancer and other cancers (36,37).
Thus, the ability to diminish one (or more) of the pathways
of DNA repair may result in increased cell kill, and may be a
potential target for increasing radiosensitization.

In conclusion, our results showed that Huaier has the ability
to alter cell cycle progression by regulating protein levels of
cell cycle-regulating proteins, and disrupting DNA repair
through the HR pathway. These results suggest that Huaier
should be investigated further as a potential radiosensitizer
for breast cancer. While clinical correlation studies are needed
to assess the toxicity and efficacy of Huaier treatment, our
current investigation provides the laboratory basis to suggest
that Huaier is promising for further clinical investigation in
breast cancer patients.
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