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Abstract. Background/Aim: Sorafenib is now standard
treatment for advanced hepatocellular carcinoma (HCC).
However, therapeutic efficacy is not as good as was
predicted. Many efforts are being made to improve HCC
sensitivity to sorafenib. Our previous study demonstrated
that co-treatment with chrysin enhanced sorafenib
sensitivity through inhibition of ATP-binding cassette super-
family G member 2 (ABCG2). Whether there is another
mechanism other than inhibition of ABCG2 underlying
chrysin-mediated synergistic effect is still not completely
elucidated. Materials and Methods: Phosphorylation of
extracellular signal-regulated protein kinases 1 and 2
(ERK1/2) was examined by western blot. Cell viability was
examined by crystal violet staining. The importance of
ERK1/2 phosphorylation was assessed by overexpression and
blockage of mitogen-activated protein kinase kinase 1
(MEKI). Results: Chrysin induced sustained ERKI/2
phosphorylation of HCC cells in both time- and dose-
dependent manners. Overexpression of MEKI enhanced,
whereas blockage of MEK]I led to loss of chrysin-synergized
sorafenib effect, through modulating ERK1/2 phosphorylation
level. Conclusion: These results identify another novel
mechanism underlying chrysin-mediated synergistic effect on
sorafenib activity in HCC cells.
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Sorafenib (Nexavar®, BAY43-9006), is an orally active
multikinase inhibitor targeting not only tumor cell
proliferation, through inhibition of rapidly accelerated
fibrosarcoma (RAF)-dependent signaling pathway, but also
tumor angiogenesis via blockage of vascular endothelial
growth factor receptors, platelet-derived growth factor
receptor 3, FMS-like tyrosine kinase 3, c-KIT protein as well
as RET receptor tyrosine kinase (1, 2). Since advanced
hepatocellular carcinoma (HCC) is characterized by strong
angiogenesis and sorafenib is well tolerated in HCC,
sorafenib is now the only drug approved by the US Food and
Drug Administration for the standard treatment of advanced
HCC. However, the therapeutic response is not as predicted
(3, 4). Many efforts are being made to elucidate the
mechanisms underlying resistance to sorafenib therapy and
to develop strategies for maximizing its treatment efficacy.
Our previous study demonstrated that ATP-binding cassette
super-family G member 2 (ABCG2), well-known as being
involved in drug efflux and multidrug resistance to cancer
chemotherapy (5, 6), mediated the efflux of sorafenib by
HCC cells and in turn attenuated its antitumor growth effect.
Co-treatment with chrysin, an inhibitor of ABCG2, greatly
augmented the antitumor activity of sorafenib in HCC cells.
Therefore, ABCG2 is a potential predictor for sorafenib
sensitivity in HCC and blockage of its activity is a strategy
to increase sorafenib efficacy in HCC cells (7).

Chrysin (also known as 5,7-dihydroxyflavone) is a naturally-
occurring flavonoid with biological activity and is commonly
found in food. Among them, propolis particularly has the most
abundance (8, 9). In addition to acting as an inhibitor of
ABCG?2, chrysin per se is reported to have antitumor activities
in several cancer types (10, 11). The underlying mechanism
includes the involvement of cell-cycle arrest and apoptosis (11,
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12). Our recent study indicated that chrysin attenuated cell
viability of human colorectal cancer cells through induction of
autophagy (13). In the present study, we further investigated
whether there are mechanisms other than inhibition of drug
efflux underlying chrysin-mediated synergistic effects on
sorafenib activity in HCC cells.

Materials and Methods

Cell lines and reagents. Hep3B and HepG2 HCC cells from the
American Type Culture Collection (Manassas, VA, USA) were
maintained in Dulbecco’s modified Eagle’s medium/F12 medium
supplemented with 10% fetal bovine serum (FBS) (Logan, UT,
USA). Sorafenib was kindly provided by Dr. Chao-Ming Hung (E-
Da Hospital, Kaohsiung, Taiwan, ROC) and was dissolved in
dimethyl sulfoxide (DMSO) as stock concentration at 100 puM.
Chrysin, DMSO, crystal violet, mitogen-activated protein kinase
kinase 1 (MEK1) inhibitor U0126, 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT), control small interfering RNA
(siRNA), c-RAF small interfering RNA (siRNA), MEK1 siRNA and
antibodies against tubulin, hemagglutinin (HA) tag as well as actin
were from Sigma-Aldrich (St. Louis, MO, USA). Antibodies against
phospho-extracellular signal-regulated protein kinases 1 and 2
(ERK1/2)-Thr202/Tyr204, c-RAF and MEK1 were purchased from
Cell Signaling (Danvers, MA, USA). ERK1/2 antibody was from
Millipore (Burlington, MA, USA). TransIT-2020 transfection
reagent was purchased from Mirus Bio LLC (Madison, WI, USA).

Transfection assay. For qualitative DNA transfection, 1 ug DNA
was transfected into HCC cells with 70-80% confluence in a 6-cm
dish using 1 pl TransIT-2020 transfection reagent. One day later,
cells at a density of 1x105 cells/well were re-seeded on 6-well plates
then experiments were carried out as described below. For
qualitative siRNA transfection, a final concentration of 100 nM
siRNA was transfected into HCC cells with 70-80% confluence in
a 6-cm dish by using 1 pl TransIT-2020 transfection reagent. Two
days later, cells at a density of 1x105 cells/well were re-seeded on
6-well plates and experiments were carried out as described below.

In vitro cell viability assay. In vitro quantitative cell viability assay
was evaluated using the MTT colorimetric assay or crystal violet
staining. For MTT assay, HCC cells at a density of 5x103 cells/well
were seeded on 96-well plates overnight. Then cells were subjected
to pre-treatment with vehicle control (DMSO) or 10 uM U0126 for
1 hour followed by individual treatments with vehicle control
(DMSO), 5 uM sorafenib or 5 uM sorafenib plus 25 uM chrysin for
2 days. Subsequently, 1 pg/ml MTT was added to each well. The
medium was removed after 4-hour incubation and formazan was
solubilized in 100 ul DMSO per well, followed by the measurement
of absorbance at 570 nm for relative cell viability.

HCC cells were seeded at a density of 5x103 cells/well, followed
by treatment with vehicle control DMSO or 25 pM chrysin. Relative
cell growth rate was examined at day 1, 2, and 3 by MTT assay.

For crystal violet staining, HCC cells at a density of 1x105
cells/well were seeded on 6-well plates overnight. Subsequently, cells
were subjected to individual treatments with vehicle control DMSO,
5 pM sorafenib, 25 pM chrysin or 5 uM sorafenib plus 25 pM chrysin
for 2 days. Cells were then washed with 1x phosphate-buffered saline
twice and fixed, followed by staining with 1% crystal violet dissolved
in 30% ethanol for 15-30 minutes at room temperature. Next, cells
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were washed with tap water twice in order to eliminate background
interference. The crystal violet-stained plates were air dried and
subjected to photography and quantification.

For analysis of the effect of FBS concentration on chrysin-
synergized sorafenib activity, HCC cells at a density of 1x105
cells/well were seeded and maintained in medium supplemented
with different FBS concentrations overnight. Similar procedures for
drug treatments and crystal violet staining described above were
then performed.

Western blot. HCC cells were treated with 25 pM chrysin for
different time periods or treated with different concentrations of
chrysin for 24 hours. The whole cell lysates were then harvested,
and subjected to qualitative western blot procedure, including
electrophoresis, gel transfer and blocking. Protein expressions were
examined using antibodies against pp-ERK1/2 Thr202/Tyr204
(1:1,000), ERK1/2 (1:5,000) and actin (1:10,000). Whole cell
lysates from HA-MEK1 DNA transfection for 2 days, si-control/si-
c-RAF/si-MEKI1 transfection for 4 days or treatment with U0126
for 1 hour were individually harvested, and subjected to western
blot procedure described above. Protein expressions were examined
using antibodies against pp-ERK1/2 Thr202/Tyr204 (1:1000),
ERK1/2 (1:5000), actin (1:10000), tubulin (1:10000), HA tag
(1:5000), c-RAF (1:1000) and MEK1 (1:1000).

Statistical analysis. The statistical analysis was performed using
Student r-test. p-Values of less than 0.05 were considered
statistically significant.

Results

Chrysin induced time- and dose-dependent sustained
phosphorylation of ERK1/2 in HCC cells. We first examined
whether chrysin increases ERK1/2 phosphorylation of HCC
cells to enhance sorafenib anti-tumor effects. HCC cells were
treated for different time periods and dosages of sorafenib
and the results showed that chrysin induced sustained
phosphorylation of ERK1/2 in Hep3B HCC cells and such
ERK1/2 phosphorylation lasted for 24 hours (Figure 1A).
Similar results were observed in HepG2 HCC cells (Figure
1B). Moreover, when the concentration of chrysin was
increased, the level of ERKI1/2 phosphorylation was
gradually enhanced in both Hep3B and HepG2 cells (Figure
1C and D). These results suggest that chrysin induces
sustained ERK1/2 phosphorylation of HCC cells in time- and
dose-dependent manners.

ERK1/2 phosphorylation was required for chrysin-mediated
synergistic effect on sorafenib activity in HCC cells. We further
investigated the importance of ERK1/2 phosphorylation in
chrysin-synergized inhibition of cell viability by sorafenib in
HCC cells. To this end, induction of ERK1/2 phosphorylation
by overexpression of its upstream regulator, MEK1 as well as
inhibition of ERK1/2 phosphorylation by MEK1 inhibitor
U0126 and MEK1 siRNA were applied. As shown in Figure
2A, in the vector control group, sorafenib hardly attenuated cell
viability of Hep3B cells, but clearly inhibited cell viability in
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Figure 1. Chrysin induced time- and dose-dependent phosphorylation of extracellular signal-regulated protein kinases 1 and 2 (ERK1/2) in
hepatocellular carcinoma (HCC) cells. Hep3B and HepG2 HCC cells were treated with 25 uM chrysin for different time periods (A and B,
respectively) or with different concentrations of chrysin for 24 hours (C and D, respectively) and then the whole-cell lysates were harvested and
subjected to western blot. Protein expressions were examined using antibodies to phospho-ERK1/2 (p-ERK1/2)-Thr202/Tyr204, ERK1/2 and actin.

cells co-treated with chrysin. However, when HA-MEK1 was
overexpressed in cells, ERK1/2 phosphorylation was increased
(Figure 2A, lower panel) and chrysin-synergized inhibition of
cell viability by sorafenib was further slightly enhanced (Figure
2A, upper panel). On the other hand, when ERKI1/2
phosphorylation in Hep3B cells was inhibited by U0126
(Figure 2B, right panel), chrysin-enhanced inhibition of cell
viability by sorafenib was somewhat abrogated as compared to
that in the control group (Figure 2B, left panel). Similar results
were observed in HepG2 cells (Figure 2C). In concordance
with this result, when MEK1 expression in HepG2 cells was
silenced by its siRNA (Figure 2D, right panel), the cell viability
inhibition by sorafenib and chrysin combination was slightly
reversed as compared to that in si-control group (Figure 2D,
left and middle panels). Interestingly, such inhibition of cell
viability by sorafenib and chrysin combination observed in the
si-control group was not affected when the expression of
MEKI1 upstream regulator, c-RAF was removed (Figure 2D),
implying that a c-RAF-independent mechanism may be
involved in this regulation. Collectively, these results suggest
that ERK1/2 phosphorylation is required for chrysin-mediated
synergistic effect on sorafenib activity in HCC cells.

A declining growth pattern through chrysin-mediated
sustained ERK1/2 phosphorylation conferred sensitivity of

HCC cells to sorafenib treatment. Next, we explored the
reason why sustained ERK1/2 phosphorylation enhances the
synergistic effect on sorafenib activity by chrysin in HCC
cells. It is known that the RAF-MEK-ERK1/2 pathway
transduces the mitogenic signal step by step to induce cell
proliferation. It is worth mentioning that these signaling
molecules, including ERK1/2, usually display transient
phosphorylation in order to transmit the signal to next one.
However, it is reported that if ERK1/2 phosphorylation is
maintained, cells will turn to differentiation instead of
proliferation (17-20). Thus, we examined the effect of chrysin
on the growth rate of HCC cells. The results showed that the
growth rates of Hep3B and HepG2 cells with chrysin
treatment were slightly less than that of cells without chrysin
treatment (Figure 3A). To mimic the scenario of a less-
proliferative state, different percentages of serum in cell
culture medium were used. As shown in Figure 3B, the cell
growth was largely slow when the percentage of serum in
culture medium of Hep3B and HepG2 cells was reduced from
10% to 1%. We also examined the ERK1/2 phosphorylation
level under these conditions and found that Hep3B and
HepG2 cells maintained in culture medium with 1% serum
presented a higher level of ERK1/2 phosphorylation than that
in cells with 10% serum (Figure 3C). We next investigated
the sensitivity of cells to sorafenib treatment in culture
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Figure 2. Phosphorylation of extracellular signal-regulated protein kinases 1 and 2 (ERK1/2) is important for chrysin-mediated synergistic inhibition
of cell viability by sorafenib in hepatocellular carcinoma (HCC) cells. Hep3B cells were transfected with or without hemagglutinin-tagged mitogen-
activated protein kinase kinase 1 (HA-MEK]I) expression vector for 24 h (A). Cells in both groups were re-seeded at a density of 1x10° cells/well,
followed by treatment with 25 uM chrysin and 5 uM sorafenib for 2 days. The cell viability was examined by crystal violet staining (upper panel).
HA-MEK] expression was examined by western blot (lower panel). Hep3B (B) and HepG2 (C) cells were pre-treated with 10 uM MEKI inhibitor
U0126 for 1 h, followed by treatment of 25 uM chrysin and 5 uM sorafenib for 2 days. Cell viability was examined by crystal violet staining and
statistically quantified (left panel) and ERK1/2 phosphorylation level was examined by western blot (right panel). D: HepG2 cells were separately
transfected with small-interfering (si)-control, si-c-rapidly accelerated fibrosarcoma (RAF) and si-MEKI . Two days later, cells in each group were
re-seeded at a density of 1x10° cells/well, followed by treatment with 25 uM chrysin and 5 uM sorafenib for 2 days. Cell viability was then examined
by crystal violet staining (left panel) and statistically quantified, and protein expressions of c-RAF and MEK1 were examined by western blot (right
panel). Significantly different at *p<0.05, and ***p<0.001.

medium with different serum percentages. As predicted, examined the effect of chrysin on synergy of sorafenib
Hep3B and HepG2 cells became more sensitive to sorafenib  activity in cells maintained with culture medium containing
treatment when the percentage of serum in cell culture different serum percentages. Since the growth pattern induced
medium was gradually reduced (Figure 3D). We further by culture medium containing 1% serum is similar to that
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Figure 3. Chrysin-mediated sustained phosphorylation of extracellular signal-regulated protein kinases 1 and 2 (ERK1/2) led to a declining growth
pattern conferring sensitivity of hepatocellular carcinoma (HCC) cells to sorafenib treatment. A: Hep3B and HepG?2 cells were seeded at a density
of 5x103 cellsiwell, followed by treatment with or without 25 uM chrysin. Relative cell growth rate was examined at day 1, 2, and 3 by MTT assay
and statistically quantified. B: Hep3B and HepG2 cells were seeded at a density of 1x10% cells/well and maintained in culture medium with 10%
or 1% serum. Three days later, cell growth was examined by crystal staining (left panel) and statistically quantified (right panel). (C) Hep3B and
HepG?2 cells were seeded at a density of 1x10° cells/well and maintained in culture medium with 10% or 1% serum. Three days later, whole cell
lysates were harvested and subjected to western blot for ERK1/2 phosphorylation. D: Hep3B and HepG?2 cells were seeded a density of 1x10°
cells/well and maintained in culture medium with 10%, 5% or 1% serum. The next day, cells were treated with 5 uM sorafenib for 2 days. Cell
viability was examined by crystal staining (left panel) and statistically quantified (right panel). Significantly different at **p<0.01 and ***p<0.001.

induced by chrysin treatment, sorafenib induced dramatic  effect on sorafenib-mediated viability inhibition (Figure 4A,
inhibitory effect on cell viability of Hep3B cells maintained  upper panel). Similar results were obtained in HepG2 cells
in culture medium with 1% serum (Figure 4A, upper panel).  (Figure 4B). Taken together, our findings show chrysin
Co-treatment of chrysin thus hardly enhanced the synergistic ~ induced sustained phosphorylation of ERK1/2 and further
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Figure 4. Co-treatment of chrysin did not further enhance the synergistic effect on sorafenib-mediated inhibition of viability in hepatocellular
carcinoma (HCC) cells maintained in culture medium with 1% serum. Hep3B (A) and HepG?2 (B) cells were seeded at a density of 1x103 cells/well
and maintained in culture medium with 10% or 1% serum. The next day, cells were treated with 25 uM chrysin and 5 uM sorafenib for 2 days.
Cell viability was examined by crystal staining (upper panel) and statistically quantified (lower panel). The relative cell viability in the group treated

with vehicle alone was set at 100%. ***Significantly different at p<0.001.

made HCC cells be in a declining growth state, eventually
resulting in a better response to sorafenib treatment.

Discussion

In this study, we found that chrysin induced sustained
phosphorylation of ERK1/2 and in turn enhanced sorafenib-
mediated inhibition of cell viability, unraveling another
mechanism underlying chrysin-mediated synergy of sorafenib
activity. Our study also supports previous findings that a
higher basal level of ERK1/2 phosphorylation predicts better
response to sorafenib in vitro and in vivo (14-16), implying
the importance of ERK1/2 phosphorylation level. A strategy
to elevate the level of ERK1/2 phosphorylation may be thus
a promising way to enhance sorafenib efficacy.

On the other hand, sorafenib, due to its ability to inhibit
tumor cell proliferation and angiogenesis, was approved by
the US Food and Drug Administration for the treatment of
advanced renal cell carcinoma in 2006, and as the only
standard targeted therapy for advanced HCC in 2007.
However, the therapeutic results have not been those
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observed in RCC (3, 4). Many studies explored the
mechanisms underlying sorafenib resistance in HCC. For
example, activation of epidermal growth factor receptor,
signal transducer and activator of transcription 3 as well as
ABCG?2 identified in our previous study are indicated as
determinants of sorafenib sensitivity (7, 21-23). Selection of
patients with HCC using these predictive determinants for
sorafenib treatment or development of combination therapy
with sorafenib may be promising strategies for increasing
sorafenib efficacy. Since the mechanisms underlying
sorafenib resistance are diverse, development of a drug
overcoming multiple resistance mechanisms will be the best
way to effectively enhance sorafenib efficacy. Chrysin is one
such candidate. In our previous study, co-treatment of HCC
cells with chrysin greatly augmented the anti-tumor activity
of sorafenib through inhibiting transporter activity of
ABCG2 (7). In this study, we demonstrate that chrysin
induced sustained phosphorylation of ERK1/2 and rendered
HCC cells to exhibit a declining growth pattern, which in
turn made HCC cells more sensitive to sorafenib treatment
(Figures 1-3). Therefore, chrysin may be applied as an
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effective sensitizer to increase sorafenib efficacy through
multiple mechanisms at the same time, which awaits further
validation in the clinical scenario.
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