:\' frontiers
in Oncology

ORIGINAL RESEARCH
published: 18 June 2021
doi: 10.3389/fonc.2021.698888

OPEN ACCESS

Edited by:
Eugene Kandel,
University at Buffalo, United States

Reviewed by:

Anfernee Kai Wing Tse,

Caritas Institute of Higher Education,
Hong Kong, SAR China

Nicolas Dumaz,

Institut National de la Santé et de la
Recherche Médicale (INSERM),
France

*Correspondence:
Jinbao Liu
Jliu@gzhmu.edu.cn
Yuning Liao
liaoyuningm1@126.com
Xiaoshi Zhang
zhangxsh@sysucc.org

TThese authors have contributed
equally to this work

Specialty section:

This article was submitted to
Skin Cancer,

a section of the journal
Frontiers in Oncology

Received: 22 April 2021
Accepted: 02 June 2021
Published: 18 June 2021

Citation:

Tan Y, Zhong X, Wen X, Yao L,
Shao Z, Sun W, Wu J, Wen G,
Tang D, Zhang X, Liao Y and Liu J
(2021) Bilirubin Restrains the
Anticancer Effect of Vemurafenib on
BRAF-Mutant Melanoma Cells
Through ERK-MNK1 Signaling.
Front. Oncol. 11:698888.

doi: 10.3389/fonc.2021.698888

Check for
updates

Bilirubin Restrains the Anticancer
Effect of Vemurafenib on BRAF-
Mutant Melanoma Cells Through
ERK-MNK1 Signaling

Yufan Tan?, Xiaoyu Zhong "??, Xizhi Wen*®?, Leyi Yao, Zhenlong Shao’,
Wenshuang Sun’, Jiawen Wu', Guanmei Wen, Daolin Tang*, Xiaoshi Zhang®”,
Yuning Liao ** and Jinbao Liu™?*

1 Affiliated Cancer Hospital & Institute of Guangzhou Mediical University, Guangzhou Municipal and Guangdong Provincial
Key Laboratory of Protein Modification and Degradation, School of Basic Medical Sciences, Guangzhou Medical University,
Guangzhou, China, 2 Institute of Digestive Disease of Guangzhou Medical University, The Sixth Affiliated Hospital of
Guangzhou Medical University, Qingyuan People’s Hospital, Qingyuan, China, 3 Biotherapy Center, State Key Laboratory of
Oncology in South China, Collaborative Innovation Center for Cancer Medicine, Sun Yat-sen University Cancer Center,
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Melanoma, the most threatening cancer in the skin, has been considered to be driven by the
carcinogenic RAF-MEK1/2-ERK1/2 signaling pathway. This signaling pathway is usually
mainly dysregulated by mutations in BRAF or RAS in skin melanomas. Although inhibitors
targeting mutant BRAF, such as vemurafenib, have improved the clinical outcome of
melanoma patients with BRAF mutations, the efficiency of vemurafenib is limited in many
patients. Here, we show that blood bilirubin in patients with BRAF-mutant melanoma treated
with vemurafenib is negatively correlated with clinical outcomes. In vitro and animal
experiments show that bilirubin can abrogate vemurafenib-induced growth suppression of
BRAF-mutant melanoma cells. Moreover, bilirubin can remarkably rescue vemurafenib-
induced apoptosis. Mechanically, the activation of ERK-MNK1 axis is required for bilirubin-
induced reversal effects post vemurafenib treatment. Our findings not only demonstrate that
bilirubin is an unfavorable for patients with BRAF-mutant melanoma who received
vemurafenib treatment, but also uncover the underlying mechanism by which bilirubin
restrains the anticancer effect of vemurafenib on BRAF-mutant melanoma cells.

Keywords: bilirubin, vemurafenib, ERK, MNK1, BRAF-mutant melanoma

INTRODUCTION

Malignant melanoma is one of the most aggressive cancer that initially develops from melanocytes
(1), accounting for approximately 90,000 newly diagnosed cases and 10,000 deaths each year (2).
Compared with many other cancers, cutaneous melanoma has a particularly poor prognosis and
extremely low survival rate due to its high potential of metastasis and a shortage of effectively
targeted therapies, leading to a highly undesirable socioeconomic impact for past decades (3, 4).
The highly activated MAPK signaling pathway results from alterations of the BRAF and NRAS
genes is the key driver for the development and progression of the majority of cutaneous melanoma
(5, 6). Aberrant activation of ERK1/2 results from alterations at multiple levels of the MAPK
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signaling is also observed in cutaneous melanoma (7). Therefore,
MAPK signaling-targeted therapy is gradually being proposed as
an important strategy for the treatment of melanoma. The
application of vemurafenib, a potent BRAF V600E inhibitor,
has provided unprecedentedly therapeutic benefits for patients
with cutaneous melanoma over recent years. Nevertheless,
acquired resistance to vemurafenib that causes patients to
relapse has become a major challenge that needs to be solved
urgently (8-10). There are several identified molecular
mechanisms underlying the acquired resistance to vemurafenib,
including but not limited to NRAS mutation, emergence of BRAF
splicing, and BRAF amplification (11-13). However, these
mechanisms cannot explain resistance to BRAF inhibitors in
approximately 40% of cases (14, 15). Therefore, it is necessary
to further eliminate the vemurafenib resistance beyond the
genetic modification to finally fight cutaneous melanoma.

Bilirubin is well characterized as a catabolic product of
hemoglobin in liver cells. Bilirubin can be conjugated with
glucuronic acid in healthy hepatic cells and excreted into the
intestine. Under the condition of injury of hepatic cells, bilirubin
can be released into the blood and tightly bound to the serum
albumin. Therefore, blood bilirubin level is also clinically utilized
as a critical predictor for liver function (16). Once bilirubin
permeates through the blood brain barrier, it may lead to
irreversibly severe encephalic neurotoxicity (17-19). Our recent
study shows that interfering the serum bilirubin/albumin
concentrations in dementia patients with AP deposition
through intravenous albumin infusion can improve their
clinical outcomes (20). Bilirubin has also been shown to be
associated with other diseases, such as cardiovascular protection
(21) and obesity reduction (22). Mechanically, bilirubin is
recognized as an endogenous antioxidant (23-25) and a potent
inhibitor of the proteasomal USP14 and UCHLS5 (26).

However, the pathophysiology role and the underlying
regulatory mechanism of bilirubin in cancer remain to be
elucidated. It is worth to explore the biomarkers and intrinsic
factors that influence the efficiency of vemurafenib to improve
clinically individual therapy. In this study, our retrospective
analysis showed that bilirubin is a critical intrinsic factor that
negatively correlates with the efficiency of vemurafenib in
patients with BRAF mutant melanoma. Further investigations
in cell lines and mouse models demonstrated that bilirubin can
potentially reverse vemurafenib-induced proliferation inhibition
and apoptosis. Mechanically, we unraveled that the ERK-MNK1
axis is required for bilirubin-induced reversal effects of
vemurafenib treatment. These findings not only provide novel
insights into the mechanisms underlying vemurafenib resistance,
but also may guide the clinical application of vemurafenib for
individual anticancer strategies.

MATERIALS AND METHODS

Materials

Bilirubin (B4126-5G) was purchased from Sigma-Aldrich (USA).
Vemurafenib (S1267), KO-947 (S8569), and LY3214996 (S8534)
were obtained from Selleckchem (Houston, TX). Antibodies,

including anti-PARP (#9532), Caspase 3 (#9662), anti-cleaved
Caspase-3 (Aspl75) (#9661), anti-Caspase 9 (#9502), anti-
cleaved Caspase-9 (Asp315) (#9505), anti-phospho-B-Raf
(Ser445) (#2696), anti-B-Raf (#14814), anti-phospho-MEK1/2
(Ser217/221) (#3958), anti-MEK1/2 (#4694), anti-phospho-
ERK1/2 (Thr202/Tyr204) (#4370), anti-ERK1/2 (#4695), anti-
phospho-MNKI1 (Thr197/202) (#2111), anti-MNK1 (#2195),
anti-phospho-eIF4E (Ser209) (#9741), anti-eIF4E (#2067), anti-
phospho-p70S6K (Thr421/Ser424) (#9204), anti-p70S6K
(#2708), anti-phospho-4eBP1(Thr37/46) (#2855), anti-4eBP1
(#9644), and anti-GAPDH (#5174) were purchased from Cell
Signaling Technology (Beverly, MA).

Patients

The retrospective study included 28 patients with advanced
malignant melanoma who were clinically diagnosed with
BRAF V600 mutation in the Affiliated Tumor Hospital of Sun
Yat-sen University, and the patients’ informed consent was
obtained. These patients were all treated with vemurafenib
alone. Among them, 14 were male patients (50%) and 14 were
female patients (50%); the median age of the patients was 48.5
years. The blood biochemical data was monitored before and
during the treatment, and the medical reference value of each
observation index was used as the standard. The average of the
upper and lower bounds was taken as the threshold, whereas the
clinical outcome was evaluated according to the mRECIST
standard and was divided into: complete remission (CR),
partial remission (PR), stable disease (SD), and disease
progression (PD). Count the number of times each observation
index was higher/lower relative to the threshold during the
treatment period. The relationship between the level of this
indicator and the clinical outcome (CR, PR, SD, and PD)
(Spearman rank correlation) was assayed. The outcome
variable was defined as ordered level variables assigned the
values of 1, 2, 3, and 4, respectively.

Cell Culture

The human BRAF V600 mutant (A375 and SKMEL28) and wild-
type (WM35) melanoma cells were all purchased from ATCC.
These cell lines were validated by short tandem repeat profiling,
and routine mycoplasma examinations were negative for
contamination. These cells were grown in DMEM (Gibco,
Invitrogen, Paisley, UK) with 10% FBS in an incubator under
the condition of 37°C with 5% CO,. The bilirubin treatment was
performed at a concentration of 1% FBS.

RNA Interfering

RNA interfering assay using siRNA transfection was performed
as we previously described (27). Briefly, siRNAs targeting MNK1
or control siRNAs were dissolved in RNA free water and stocked
at -80°C at a concentration of 10 UM, respectively. A375 and
SKMEL28 cells were seeded in 96-well plates or 60 mm dishes.
Subsequently, the transfection system was prepared with RPMI
opti-MEM (Gibco), lipofectamineTM RNAIMAX (Invitrogen),
and siRNAs at a ratio of 500 pl: 10 pl: 10-15 pl. After 10
minutes of incubation, the transfection mixtures were added in
the cultured cells at a final concentration of 30-50 nM siRNAs.
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Further analyses were performed after siRNAs transfection for
48 h.

Cell Proliferation Assay

Cell proliferation assays, including cell viability and clonogenic
assay, were performed according to previous reports (28, 29).
Cell viability was determined by the MTS assay (CellTiter 96
Aqueous One Solution reagent). The absorbance of optical
density was measured with a microplate reader (Sunrise,
Tecan) at wavelength 490 nm. For the clonogenic assay, A375
and SKMEL28 cells were treated with vemurafenib and bilirubin
alone or combination, and then suspended in 30% agarose
supplemented with 20% FCS and 50% DMEM medium. The
resuspended cells were then cultured in 60 mm dishes for 10
days, and then stained with 0.3% crystal violet solution. The
colonies > 60 um were counted under a light microscope. All
experiments were done in triplicate.

Apoptosis Assay

The cell death assay was performed as we previously reported
(30). Briefly, A375 and SKMEL28 cells were treated with
vemurafenib and bilirubin alone or combination. Cells were
digested, harvested, and washed 3 times with cold PBS,
followed by resuspending in binding buffer. Then, the Annexin
V-FITC and PI solution were added into the cells for 30 min in
the dark. Finally, the cells were analyzed by flow cytometry or
kinetically imaged with an inverted fluorescence microscope
equipped with a digital camera (AxioObsever Z1, Zeiss). All
experiments were done in triplicate.

Western Blotting

This assay was performed after the protein preparation and protein
determination at 4°C as we previously reported (31, 32). Blue SDS
loading buffer was added into the protein solution and subjected toa
boiling water bath for 5 minutes. The protein was concentrated by
5% SDS-PAGE for 30 min, separated by 12% SDS-PAGE for 1 h,
and then transferred to a PVDF membrane. 5% non-fat milk was
utilized to block the membrane for 1 h at room temperature. The
membrane was incubated with indicated primary antibodies at 4°C
overnight, and then subjected to secondary antibodies at room
temperature for 1 h. Finally, the ECL detection reagents (Thermo
Scientific) were used to link to the secondary antibodies and react to
X-ray films.

Animal Study

SPF grade BALB/c male nude mice weighting about 20-22g
(Guangdong Provincial Animal Experiment Center) were bred
in the Animal Center of Guangzhou Medical University. This
study was approved by Institutional Animal Care and Use
Committee. After 3 days, 1x10° A375 cells were subcutaneously
inoculated into the right axilla of BALB/c nude mice to establish
the xenograft model as we previously reported (33). Then the
mice were randomly divided into 4 groups when the tumor
volume reached 80-100 mm?>. Bilirubin (20 mg/kg/d) was
administered by intraperitoneal injection, whereas vemurafenib
was administered by oral gavage (75 mg/kg/d). The body weight
and tumor size of nude mice were measured every other day.

After administration for 12 days, the nude mice were sacrificed by
cervical dislocation post CO, inhalation.

Statistical Analysis

Data were analyzed using SPSS 16.0 and GraphPad Prism 7
software and presented as mean and standard deviation (SD). To
determine statistical probabilities, an unpaired Student’s t-test or
one-way ANOVA was conducted where appropriate. The rank
correlation was subjected to Spearman rank analysis. P <0.05 was
considered statistically significant.

RESULTS

Clinical Relationship Between Blood
Bilirubin-Related Markers and Outcome

in BRAF Mutant Melanoma

Despite the significance of bilirubin has been gradually
recognized in several diseases, the role of bilirubin in the
treatment of vemurafenib in BRAF mutant melanoma is still
unclear. To investigate the relationship between blood bilirubin-
related markers and clinical outcome of patients with BRAF
mutant melanoma, we first conducted a clinically retrospective
analysis of 28 patients with advanced malignant melanoma who
were diagnosed with BRAF V600 mutation and were treated with
vemurafenib alone in the Affiliated Tumor Hospital of Sun Yat-
sen University. There was no correlation between age/gender and
clinical outcome of patients with BRAF V600 mutation
(Figure S1). The results showed that the time of total bilirubin
(TBIL), direct bilirubin (DBIL), or indirect bilirubin (IBIL) below
the threshold level was positively correlated with the clinical
outcome of these patients (Figures 1A-C). In contrast, the time
of albumin (ALB) higher than the threshold level was not
significantly related to the clinical outcome of patients
(Figure 1D). Additionally, the time of TBIL/ALB, DBIL/ALB,
or IBIL/ALB below the threshold level was also positively
correlated with the clinical outcome of patients (Figures 1E-G).
These findings demonstrate that blood bilirubin not only predicts
the poor outcome for melanoma patients, but also may act as a
negative factor in the treatment of BRAF mutant melanoma
with vemurafenib.

Bilirubin Abrogates Vemurafenib-Induced
Growth Inhibition of Melanoma Cells

In Vitro and In Vivo

Since the level of bilirubin was negatively correlated with the
clinical outcome of patients who were treated with vemurafenib,
we wondered whether bilirubin could abrogate the anti-cancer
effects of vemurafenib in BRAF mutant melanoma models. First,
we validated the cell proliferative inhibition of vemurafenib in
two BRAF V600 mutant cell lines (A375 and SKMEL28) and the
wide-type cell line WM35. The results showed that BRAF V600
mutant cell lines were more sensitive to the treatment of
vemurafenib than the wide-type cell line (Figure 2A).
Subsequently, we determined the cell viability of A375 and
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FIGURE 1 | Relationship between blood bilirubin and clinical outcome in patients with BRAF mutant melanoma. Statistical analysis of blood biochemical data during
hospitalization of 28 patients with BRAF V600 mutant malignant melanoma who received vemurafenib alone. (A) Spearman correlation analysis between the time of
TBIL below the threshold and the clinical outcome. (B) Spearman correlation analysis between the time of DBIL below the threshold and the clinical outcome.

(C) Spearman correlation analysis between the time of IBIL below the threshold and the clinical outcome. (D) Spearman correlation analysis between the time of ALB
higher than the threshold and the clinical outcome. (E-G) Spearman correlation analysis between the time of TBIL/ALB below the threshold and the clinical outcome,
DBIL/ALB below the threshold and the clinical outcome, and IBIL/ALB below the threshold and the clinical outcome.

SKMEL28 cells following vemurafenib treatment in the absence
or presence of bilirubin. We found that bilirubin significantly
reversed vemurafenib-induced cell viability inhibition in two
BRAF V600 mutant cell lines (Figure 2B). Additionally, the
colony formation assay showed that vemurafenib-induced long-
term proliferative suppression was rescued by the treatment of
bilirubin (Figures 2C, D). To further address whether bilirubin
could abrogate anti-cancer effects of vemurafenib in vivo, BALB/c
nude mice models were established and treated with vemurafenib
and bilirubin alone or in combination for 12 days. The results
showed that the tumor size and weight of the vemurafenib
treatment group were much lower than those of the control
group, and this anti-tumor effect in vivo was reversed by
bilirubin treatment (Figures 2E-H). Taken together, these
findings demonstrate that bilirubin can effectively block the
growth inhibition effects of vemurafenib on BRAF V600 mutant
melanoma in cell lines and xenograft models.

Bilirubin Reverses

Vemurafenib-Induced Apoptosis

Cell apoptosis is a key biological process in the inhibition of
proliferation of BRAF V600 mutant melanoma induced by
vemurafenib. Hence, we wondered whether bilirubin may alter
the percentage of vemurafenib-induced apoptosis. The Annexin
V-FITC and propidium iodide (PI) double staining followed by
flow cytometry analysis was performed in A375 and SKMEL28
cells treated with vemurafenib and bilirubin alone or in
combination. As expected, bilirubin reversed vemurafenib-
induced apoptosis in BRAF V600 mutant melanoma cells
(Figures 3A, B). Next, we examined apoptosis-driven
molecular events, such as the expression of activated caspase 9,
activated caspase 3, and the cleavage form of PARP, in A375 and

SKMEL28 cells following treatment with vemurafenib and
bilirubin alone or in combination. The results of western
blotting showed that bilirubin markedly reversed vemurafenib-
induced the activation of caspase 9, caspase 3, and PARP
cleavage (Figure 3C). To observe the morphological changes,
we further performed Annexin V-FITC and PI double staining
and subjected to an inverted fluorescence microscope in A375
and SKMEL28 cells. Indeed, additional morphological evidence
confirmed that bilirubin is able to block vemurafenib-induced
apoptosis (Figures 4A-D). Taken together, these findings
illustrate that bilirubin reversed vemurafenib-induced
proliferation suppression mainly by blocking apoptosis in
BRAF V600 mutant melanoma cells.

Bilirubin Reactivates ERK Signaling

After Vemurafenib Treatment

To further explore the underlying molecular mechanism by
which bilirubin reversed vemurafenib-induced proliferation
inhibition, we first determined whether it may involve the
potential chemical-chemical interactions. Determination of the
polarities of vemurafenib and bilirubin alone or in combination
was performed using adsorption thin layer chromatography.
This assay showed that vemurafenib does not interact with
bilirubin (Figures 5A-C), indicating that chemical-chemical
interaction is not involved in this process. Next, we determined
the activation of B-Raf-MEK1/2-ERK1/2 signaling pathway by
detecting the expression of phospho-B-Raf, phospho-MEK1/2,
and phospho-ERK1/2 in A375 and SKMEL28 cells treated with
vemurafenib in the absence or presence of bilirubin. Western
blot analysis showed that bilirubin reactivated ERK1/2, but not
B-Raf and MEK1/2, in A375 and SKMEL28 cells (Figure 5D). To
determine whether the reactivation of ERK1/2 is required for
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bilirubin reversed proliferation inhibition induced by
vemurafenib, we used two specific inhibitors of ERK1/2,
LY3214996 and KO-947. Bilirubin failed to reverse the
proliferation inhibition induced by vemurafenib after the
pharmacological inhibition of ERK1/2 by LY3214996 or KO-
947 (Figures 5E, F). Collectively, reactivation of ERK1/2
signaling is required for bilirubin reversed vemurafenib-
induced proliferation inhibition.

The ERK-MNK1 Axis Plays a Critical Role
in Bilirubin-Induced Reversal Effects in
Melanoma Cells With BRAF Mutants

We further determined the expression of several key downstream
regulators of ERK1/2 (e.g., MNKI, eIF4E, p70S6K, and 4eBP1) in
A375 and SKMEL28 cells in response to vemurafenib with or
without bilirubin. Bilirubin only reversed the expression levels of
phospho-MNK1 and pan-MNKI1, but not other downstream
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(A) from triplicate was shown. Mean+SD (n = 3). *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001. (C) A375 and SKMEL28 cells were treated with Vem, Bil, and
V+B for 24 h. Western blot assay was performed using PARP, cleaved caspase 3, caspase 3, cleaved caspase 9, caspase 9, and GAPDH antibodies.

regulators (Figure 6A). To investigate the role MNKI1 in
regulating bilirubin activity, we determined the expression of
PARP cleavage in wild type and MNKI-knockdown A375 and
SKMEL28 cells following treatment with vemurafenib and
bilirubin. Of note, bilirubin failed to reverse the expression of
PARP cleavage triggered by vemurafenib after the depletion of
MNKI1 by siRNAs in BRAF mutant melanoma cells (Figure 6B).
Our cell viability assay also showed that bilirubin failed to rescue
vemurafenib-triggered proliferation suppression (Figures 6C, D).
Altogether, these findings demonstrate that the ERK1/2-MNK1
axis is critical to bilirubin-induced blockage of vemurafenib in
BRAF V600 mutant melanoma cells.

DISCUSSION

Acquired or adaptive resistance to vemurafenib is a challenge in
melanoma therapy. Although several molecular mechanisms

underlying the resistance to vemurafenib have been identified,
they hardly cover all cases of patients with vemurafenib
resistance. In this study, our retrospective analysis found that
the time of TBIL, DBIL, or IBIL below the threshold levels was
positively correlated with the clinical outcome of patients with
BRAF mutant melanoma who received only vemurafenib
therapy. Further experiments in cell lines and nude mice
bearing xenografts of BRAF mutant melanoma confirmed that
bilirubin is able to strongly restrain the anticancer effect of
vemurafenib. More importantly, we unraveled that the ERK1/2-
MNK1 axis is required for bilirubin-induced reversal of apoptosis
and growth suppression triggered by vemurafenib. These findings
may enrich our understanding of the microenvironmental factors
underlying vemurafenib resistance and provide experimental
evidence for clinical guidelines.

Bilirubin has been considered as a catabolic waste of
hemoglobin for a long time. Despite the increase in biological
activities (such as antioxidation and proteasome inhibition) in
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FIGURE 4 | Morphological findings of bilirubin reversal of vemurafenib-induced apoptosis. A375 and SKMEL28 cells were treated with Vem, Bil, and V+B for 24 h.
Cells were stained with Annexin V-FITC and PI for 30 min. (A, B) Representative images of Annexin V-FITC-positive (green) and Pl-positive (red) A375 and SKMEL28
cells were shown. (C, D) Quantification of Annexin V-FITC-positive (green) and PI-positive (red) A375 and SKMEL28 cells from triplicate was shown. Mean+SD

certain models has been established (17, 26), the roles of bilirubin
in various diseases are still mysterious. Our previous study has
been demonstrated that bilirubin-induced encephalopathy in
newborn rats leads to protein hyperphosphorylation of Tau and
AP accumulation, thereby inducing AD-like pathological
alterations in their later life (19). Subsequent study has been
shown that interfering with the ratio of serum bilirubin/albumin
by albumin infusion improves the outcome of dementia patients
with the deposition of AP (20). For the treatment of BRAF-mutant
melanoma, the drug instructions have clearly pointed out that
vemurafenib can cause abnormal liver function. Therefore, liver
enzymes and bilirubin in patients must be monitored monthly
during the treatment with vemurafenib. In this study, we
wondered whether bilirubin may influence the clinical outcome
of patients with BRAF mutant melanoma. Our current
retrospective study showed that not only the time of TBIL,
DBIL, and IBIL, but also TBIL/ALB, DBIL/ALB and IBIL/ALB
below the threshold levels, were positively correlated with their
clinical outcome after vemurafenib treatment. These findings not
only indicate that bilirubin is a critical microenvironmental factor
that negatively affects the efficacy of vemurafenib in patients with
BRAF mutant, but also suggest that the melanoma patients with
jaundice may reduce the efficacy of vemurafenib and predict poor
prognosis. Thus, our study may provide a basis for guiding the
clinical application of vemurafenib in patients with melanoma.

Our clinical observations on the relationship between blood
bilirubin and clinical outcome of patients treated with vemurafenib
further prompted us to explore the effect of bilirubin on
vemurafenib activity in vitro and in vivo. Consistently with the
retrospective findings, we found that bilirubin significantly
inhibited the antitumor effect of vemurafenib in BRAF mutant
melanoma cell lines and xenografts. Since vemurafenib can inhibit
the growth of BRAF mutant melanoma cells via apoptosis
induction (34, 35), we explored whether apoptosis is involved in
bilirubin-induced reversal effect of proliferation suppression
triggered by vemurafenib. Our flow cytometry and immunoblot
assays collectively confirmed that bilirubin effectively rescues
caspase-mediated apoptosis induced by vemurafenib in both
A375 and SKMEL28 cells. Thus, bilirubin restrains the antitumor
effects of vemurafenib by inhibiting vemurafenib-induced
apoptosis, and further confirmed the rationality and causality of
our clinically retrospective observations.

In regard to exploring the molecular mechanisms of bilirubin
inhibiting the efficacy of vemurafenib in the treatment of
melanoma, this study first excluded the chemical-chemical
interaction between bilirubin and vemurafenib through an
adsorption thin layer chromatography assay. On the contrary,
bilirubin may reverse the phosphorylation level of ERK, but not
the phosphorylation of BRAF and MEK. Additionally, the
pharmacological inhibition of ERK1/2 with LY3214996 or KO-
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FIGURE 5 | Bilirubin reactivates ERK phosphorylation after vemurafenib treatment in melanoma. (A, B) Chemical structural formula of Bil and Vem.

(C) Determination of the polarities of Vem, Bil, and V+B by adsorption thin layer chromatography. (D) A375 and SKMEL28 cells were treated with indicated doses of
Vem, Bil, and V+B for 24 h. Western blot was performed using PARP, p-B-Raf, B-Raf, p-MEK, MEK, p-ERK, ERK, and GAPDH antibodies. (E, F) A375 and
SKMEL28 cells were treated with Vem, Bil, or V+B for 24 h with or without LY3214996 (10 uM) or KO-947 (2 uM). Cell viability was performed for triplicate.
Mean+SD (n = 3). *P < 0.05, **P < 0.01, **P < 0.001, ns, not significant.
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947 significantly abrogates bilirubin-induced reversal effects of ~ which may help to develop new anti-tumor strategies in patients

growth suppression triggered by vemurafenib. These results were ~ with BRAF mutant melanoma.

partly consistent with previous findings that the MEK/ERK axis

is involved in vemurafenib resistance in BRAF mutant

melanoma (36, 37). MNKI1, eIF4E, p70S6K, and 4eBP1 are key

downstream effectors of ERK1/2 (38-41). Notably, this study DATA AVAILABILITY STATEMENT

unravels that MNKI is the key effector responsible for the

bilirubin-induced reversal effects due to the following findings: ~ The original contributions presented in the study are included in

1) bilirubin can reverse the downregulation of MNK1 and  the article/Supplementary Material. Further inquiries can be

phosphorylated MNK1, but not other effectors triggered by  directed to the corresponding authors.

vemurafenib; 2) bilirubin failed to display the reversal effects of

growth inhibition and apoptosis induction triggered by

vemurafenib after MNK1 depletion. Collectively, we proposed

that the ERK1/2-MNKI1 axis is required for bilirubin-induced ~ ETHICS STATEMENT

reversal of growth inhibition and apoptosis induction in BRAF

mutant melanoma following vemurafenib treatment. The animal study was reviewed and approved by The ethics
Overall, our current study reveals that bilirubin is a  committee of Guangzhou Medical University. Written informed

microenvironmental factor that can inhibit the activity of  consent was obtained from the individual(s) for the publication of

vemurafenib via reactivation of the ERK1/2-MNKI signaling,  any potentially identifiable images or data included in this article.

Frontiers in Oncology | www.frontiersin.org 9 June 2021 | Volume 11 | Article 698888


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Tan et al.

Bilirubin in BRAF-Mutant Melanoma

AUTHOR CONTRIBUTIONS

JL, YT, GW and YL designed experiments. YT, XW and XSZ
performed the correlation analysis in retrospective study. YT,
XYZ, LY, ZS, JW, and WS performed laboratory experiments. JL,
YL and DT wrote and revised the manuscript. All authors
contributed to the article and approved the submitted version.
YT, XYZ and XW contributed equally to this work.

FUNDING

This work was supported by National Natural Science Foundation of
China (81773213 and 81972399), Natural Science Foundation of

REFERENCES

. Gray-Schopfer V, Wellbrock C, Marais R. Melanoma Biology and New
Targeted Therapy. Nature (2007) 445(7130):851-7. doi: 10.1038/nature05661
2. Cronin KA, Lake AJ, Scott S, Sherman RL, Noone AM, Howlader N, et al.
Annual Report to the Nation on the Status of Cancer, Part I: National Cancer
Statistics. Cancer (2018) 124(13):2785-800. doi: 10.1002/cncr.31551

3. Yang XH, Zhu X, Yan ZF, Li CX, Zhao H, Ma LY, et al. Mir-489-3p/SIX1 Axis
Regulates Melanoma Proliferation and Glycolytic Potential. Mol Therapy-
Oncolytics (2020) 16:30-40. doi: 10.1016/j.0omt0.2019.11.001

4. Zhang XM, Yang L, Szeto P, Abali GK, Zhang YF, Kulkarni A, et al. The
Hippo Pathway Oncoprotein YAP Promotes Melanoma Cell Invasion and
Spontaneous Metastasis. Oncogene (2020) 39(30):5267-81. doi: 10.1038/
$41388-020-1362-9

5. Curtin JA, Fridlyand J, Kageshita T, Patel HN, Busam KJ, Kutzner H, et al.
Distinct Sets of Genetic Alterations in Melanoma. N Engl ] Med (2005) 353
(20):2135-47. doi: 10.1056/NEJM0a050092

6. Sinik L, Minson KA, Tentler JJ, Carrico J, Bagby SM, Robinson WA, et al.
Inhibition of MERTK Promotes Suppression of Tumor Growth in BRAF
Mutant and BRAF Wild-Type Melanoma. Mol Cancer Ther (2019) 18(2):278-
88. doi: 10.1158/1535-7163.mct-18-0456

7. Nissan MH, Pratilas CA, Jones AM, Ramirez R, Won H, Liu C, et al. Loss of NF1 in
Cutaneous Melanoma Is Associated With RAS Activation and MEK Dependence.
Cancer Res (2014) 74(8):2340-50. doi: 10.1158/0008-5472.can-13-2625

8. Diaz-Martinez M, Benito-Jardon L, Alonso L, Koetz-Ploch L, Hernando E,
Teixidd J. Mir-204-5p and Mir-211-5p Contribute to BRAF Inhibitor
Resistance in Melanoma. Cancer Res (2018) 78(4):1017-30. doi: 10.1158/
0008-5472.can-17-1318

9. Feddersen CR, Schillo JL, Varzavand A, Vaughn HR, Wadsworth LS, Voigt
AP, et al. SRC-Dependent DBL Family Members Drive Resistance to
Vemurafenib in Human Melanoma. Cancer Res (2019) 79(19):5074-87.
doi: 10.1158/0008-5472.can-19-0244

10. Lee JH, Carlino MS, Rizos H. Dosing of BRAK and MEK Inhibitors in

Melanoma: No Point in Taking a Break. Cancer Cell (2020) 38(6):779-81.
doi: 10.1016/j.ccell.2020.11.010
11. Corcoran RB, Dias-Santagata D, Bergethon K, Iafrate AJ, Settleman J,
Engelman JA. BRAF Gene Amplification can Promote Acquired Resistance
to MEK Inhibitors in Cancer Cells Harboring the BRAF V600E Mutation. Sci
Signal (2010) 3(149):ra84. doi: 10.1126/scisignal.2001148
12. Poulikakos PI, Persaud Y, Janakiraman M, Kong X, Ng C, Moriceau G, et al.
RAF Inhibitor Resistance Is Mediated by Dimerization of Aberrantly Spliced
BRAF(V600E). Nature (2011) 480(7377):387-90. doi: 10.1038/nature10662

13. Long GV, Fung C, Menzies AM, Pupo GM, Carlino MS, Hyman ], et al.
Increased MAPK Reactivation in Early Resistance to Dabrafenib/Trametinib
Combination Therapy of BRAF-Mutant Metastatic Melanoma. Nat Commun
(2014a) 5, 5694. doi: 10.1038/ncomms6694

14. Long GV, Stroyakovskiy D, Gogas H, Levchenko E, de Braud F, Larkin J, et al.

Combined BRAF and MEK Inhibition Versus BRAF Inhibition Alone in

Melanoma. N Engl ] Med (2014b) 371(20):1877-88. doi: 10.1056/

NEJMoal406037

—_

Guangdong Province (2018A0303130024), Natural Science
Foundation research team of Guangdong Province
(2018B030312001), and the open research funds from the Sixth
Aftiliated Hospital of Guangzhou Medical University, Qingyuan
People’s Hospital (202011-204 and 202011-106).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2021.
698888/full#supplementary-material

15. Rizos H, Menzies AM, Pupo GM, Carlino MS, Fung C, Hyman J, et al. BRAF
Inhibitor Resistance Mechanisms in Metastatic Melanoma: Spectrum and
Clinical Impact. Clin Cancer Res (2014) 20(7):1965-77. doi: 10.1158/1078-
0432.ccr-13-3122

16. Hamoud AR, Weaver L, Stec DE, Hinds TD Jr. Bilirubin in the Liver-Gut
Signaling Axis. Trends Endocrinol Metab (2018) 29(3):140-50. doi: 10.1016/
j.tem.2018.01.002

17. Diamond I, Schmid R. Oxidative Phosphorylation in Experimental Bilirubin
Encephalopathy. Science (1967) 155(3767):1288-9. doi: 10.1126/science.
155.3767.1288

18. Brito MA, Lima S, Fernandes A, Falcao AS, Silva RF, Butterfield DA, et al.
Bilirubin Injury to Neurons: Contribution of Oxidative Stress and Rescue by
Glycoursodeoxycholic Acid. Neurotoxicology (2008) 29(2):259-69.
doi: 10.1016/j.neuro.2007.11.002

19. Chen H, Liang L, Xu H, Xu J, Yao L, Li Y, et al. Short Term Exposure to
Bilirubin Induces Encephalopathy Similar to Alzheimer’s Disease in Late Life.
J Alzheimers Dis (2020) 73(1):277-95. doi: 10.3233/jad-190945

20. Zhong X, Liao Y, Chen X, Mai N, Ouyang C, Chen B, et al. Abnormal Serum
Bilirubin/Albumin Concentrations in Dementia Patients With A Deposition
and the Benefit of Intravenous Albumin Infusion for Alzheimer’s Disease
Treatment. Front Neurosci (2020) 14:859. doi: 10.3389/fnins.2020.00859

21. Kundur AR, Singh I, Bulmer AC. Bilirubin, Platelet Activation and Heart
Disease: A Missing Link to Cardiovascular Protection in Gilbert’s Syndrome?
Atherosclerosis (2015) 239(1):73-84. doi: 10.1016/j.atherosclerosis.2014.12.042

22. Hinds TD Jr., Creeden JF, Gordon DM, Stec DF, Donald MC, Stec DE.
Bilirubin Nanoparticles Reduce Diet-Induced Hepatic Steatosis, Improve Fat
Utilization, and Increase Plasma -Hydroxybutyrate. Front Pharmacol (2020)
11:594574. doi: 10.3389/fphar.2020.594574

23. Ernster L, Zetterstrom R. Bilirubin, an Uncoupler of Oxidative Phosphorylation in
Isolated Mitochondria. Nature (1956) 178(4546):1335-7. doi: 10.1038/1781335a0

24. Menken M, Weinbach EC. Oxidative Phosphorylation and Respiratory
Control of Brain Mitochondria Isolated From Kernicteric Rats.
J Neurochem (1967) 14(2):189-93. doi: 10.1111/j.1471-4159.1967.tb05892.x

25. Mustafa MG, Cowger ML, King TE. Effects of Bilirubin on Mitochondrial
Reactions. ] Biol Chem (1969) 244(23):6403-14. doi: 10.1016/S0021-9258(18)
63479-9

26. Huang HB, Guo MX, Liu NN, Zhao C, Chen HY, Wang XL, et al. Bilirubin
Neurotoxicity Is Associated With Proteasome Inhibition. Cell Death Dis
(2017) 8. doi: 10.1038/cddis.2017.274

27. Liao Y, Liu Y, Xia X, Shao Z, Huang C, He J, et al. Targeting GRP78-
Dependent Ar-V7 Protein Degradation Overcomes Castration-Resistance in
Prostate Cancer Therapy. Theranostics (2020) 10(8):3366-81. doi: 10.7150/
thno.41849

28. Liao Y, Xia X, Liu N, Cai J, Guo Z, Li Y, et al. Growth Arrest and Apoptosis
Induction in Androgen Receptor-Positive Human Breast Cancer Cells by
Inhibition of USP14-Mediated Androgen Receptor Deubiquitination.
Oncogene (2018) 37(14):1896-910. doi: 10.1038/s41388-017-0069-z

29. Liao Y, Liu N, Xia X, Guo Z, Li Y, Jiang L, et al. USP10 Modulates the SKP2/
Ber-Abl Axis Via Stabilizing SKP2 in Chronic Myeloid Leukemia. Cell
Discovery (2019b) 5. doi: 10.1038/s41421-019-0092-z

Frontiers in Oncology | www.frontiersin.org

June 2021 | Volume 11 | Article 698888


https://www.frontiersin.org/articles/10.3389/fonc.2021.698888/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.698888/full#supplementary-material
https://doi.org/10.1038/nature05661
https://doi.org/10.1002/cncr.31551
https://doi.org/10.1016/j.omto.2019.11.001
https://doi.org/10.1038/s41388-020-1362-9
https://doi.org/10.1038/s41388-020-1362-9
https://doi.org/10.1056/NEJMoa050092
https://doi.org/10.1158/1535-7163.mct-18-0456
https://doi.org/10.1158/0008-5472.can-13-2625
https://doi.org/10.1158/0008-5472.can-17-1318
https://doi.org/10.1158/0008-5472.can-17-1318
https://doi.org/10.1158/0008-5472.can-19-0244
https://doi.org/10.1016/j.ccell.2020.11.010
https://doi.org/10.1126/scisignal.2001148
https://doi.org/10.1038/nature10662
https://doi.org/10.1038/ncomms6694
https://doi.org/10.1056/NEJMoa1406037
https://doi.org/10.1056/NEJMoa1406037
https://doi.org/10.1158/1078-0432.ccr-13-3122
https://doi.org/10.1158/1078-0432.ccr-13-3122
https://doi.org/10.1016/j.tem.2018.01.002
https://doi.org/10.1016/j.tem.2018.01.002
https://doi.org/10.1126/science.155.3767.1288
https://doi.org/10.1126/science.155.3767.1288
https://doi.org/10.1016/j.neuro.2007.11.002
https://doi.org/10.3233/jad-190945
https://doi.org/10.3389/fnins.2020.00859
https://doi.org/10.1016/j.atherosclerosis.2014.12.042
https://doi.org/10.3389/fphar.2020.594574
https://doi.org/10.1038/1781335a0
https://doi.org/10.1111/j.1471-4159.1967.tb05892.x
https://doi.org/10.1016/S0021-9258(18)63479-9
https://doi.org/10.1016/S0021-9258(18)63479-9
https://doi.org/10.1038/cddis.2017.274
https://doi.org/10.7150/thno.41849
https://doi.org/10.7150/thno.41849
https://doi.org/10.1038/s41388-017-0069-z
https://doi.org/10.1038/s41421-019-0092-z
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Tan et al.

Bilirubin in BRAF-Mutant Melanoma

30.

31.

32.

33.

34,

35.

36.

37.

Liao Y, Liu N, Hua X, Cai J, Xia X, Wang X, et al. Proteasome-Associated
Deubiquitinase Ubiquitin-Specific Protease 14 Regulates Prostate Cancer
Proliferation by Deubiquitinating and Stabilizing Androgen Receptor. Cell
Death Dis (2017) 8. doi: 10.1038/cddis.2016.477

Xia XH, Liao YN, Guo ZQ, Li YL, Jiang LL, Zhang FC, et al. Targeting
Proteasome-Associated Deubiquitinases as a Novel Strategy for the Treatment
of Estrogen Receptor-Positive Breast Cancer. Oncogenesis (2018) 7.
doi: 10.1038/541389-018-0086-y

Xia X, Liao Y, Huang C, Liu Y, He J, Shao Z, et al. Deubiquitination and
Stabilization of Estrogen Receptor Alpha by Ubiquitin-Specific Protease 7
Promotes Breast Tumorigenesis. Cancer Lett (2019) 465:118-28. doi: 10.1016/
j.canlet.2019.09.003

Liao Y, Guo Z, Xia X, Liu Y, Huang C, Jiang L, et al. Inhibition of EGFR Signaling
With Spautin-1 Represents a Novel Therapeutics for Prostate Cancer. J Exp Clin
Cancer Res (2019a) 38(1):157. doi: 10.1186/s13046-019-1165-4

Lee JT, Li L, Brafford PA, van den Eijnden M, Halloran MB, Sproesser K, et al.
PLX4032, a Potent Inhibitor of the B-Raf V600E Oncogene, Selectively
Inhibits V600E-Positive Melanomas. Pigment Cell Melanoma Res (2010) 23
(6):820-7. doi: 10.1111/j.1755-148X.2010.00763.x

Tap WD, Gong KW, Dering J, Tseng Y, Ginther C, Pauletti G, et al.
Pharmacodynamic Characterization of the Efficacy Signals Due to Selective
BRAF Inhibition With PLX4032 in Malignant Melanoma. Neoplasia (2010) 12
(8):637-49. doi: 10.1593/ne0.10414

Liu L, Yue Q, Ma J, Liu Y, Zhao T, Guo W, et al. POU4F1 Promotes the
Resistance of Melanoma to BRAF Inhibitors Through MEK/ERK Pathway
Activation and MITF Up-Regulation. Cell Death Dis (2020) 11(6):451.
doi: 10.1038/s41419-020-2662-2

Wu PK, Hong SK, Park JI. Mortalin Depletion Induces MEK/ERK-Dependent
and ANT/Cypd-Mediated Death in Vemurafenib-Resistant B-Raf(V600E)
Melanoma Cells. Cancer Lett (2021) 502:25-33. doi: 10.1016/
j.canlet.2020.12.044

38.

39.

40.

41.

Das R, Xu S, Nguyen TT, Quan X, Choi SK, Kim §J, et al. Transforming
Growth Factor Bl-Induced Apoptosis in Podocytes Via the Extracellular
Signal-Regulated Kinase-Mammalian Target of Rapamycin Complex 1-
Nadph Oxidase 4 Axis. J Biol Chem (2015) 290(52):30830-42. doi: 10.1074/
jbc.M115.703116

Jain S, Wang X, Chang CC, Ibarra-Drendall C, Wang H, Zhang Q, et al. Src
Inhibition Blocks C-Myc Translation and Glucose Metabolism to Prevent the
Development of Breast Cancer. Cancer Res (2015) 75(22):4863-75.
doi: 10.1158/0008-5472.can-14-2345

Korneeva NL, Song A, Gram H, Edens MA, Rhoads RE. Inhibition of
Mitogen-Activated Protein Kinase (MAPK)-Interacting Kinase (Mnk)
Preferentially Affects Translation of Mrnas Containing Both a 5-Terminal
Cap and Hairpin. J Biol Chem (2016) 291(7):3455-67. doi: 10.1074/
jbe.M115.694190

Sun MH, Chen XC, Han M, Yang YN, Gao XM, Ma X, et al. Cardioprotective
Effects of Constitutively Active MEK1 Against H(2)O(2)-Induced Apoptosis
and Autophagy in Cardiomyocytes Via the ERK1/2 Signaling Pathway.
Biochem Biophys Res Commun (2019) 512(1):125-30. doi: 10.1016/
j.bbrc.2019.03.008

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Tan, Zhong, Wen, Yao, Shao, Sun, Wu, Wen, Tang, Zhang, Liao
and Liu. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s) are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

June 2021 | Volume 11 | Article 698888


https://doi.org/10.1038/cddis.2016.477
https://doi.org/10.1038/s41389-018-0086-y
https://doi.org/10.1016/j.canlet.2019.09.003
https://doi.org/10.1016/j.canlet.2019.09.003
https://doi.org/10.1186/s13046-019-1165-4
https://doi.org/10.1111/j.1755-148X.2010.00763.x
https://doi.org/10.1593/neo.10414
https://doi.org/10.1038/s41419-020-2662-2
https://doi.org/10.1016/j.canlet.2020.12.044
https://doi.org/10.1016/j.canlet.2020.12.044
https://doi.org/10.1074/jbc.M115.703116
https://doi.org/10.1074/jbc.M115.703116
https://doi.org/10.1158/0008-5472.can-14-2345
https://doi.org/10.1074/jbc.M115.694190
https://doi.org/10.1074/jbc.M115.694190
https://doi.org/10.1016/j.bbrc.2019.03.008
https://doi.org/10.1016/j.bbrc.2019.03.008
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Bilirubin Restrains the Anticancer Effect of Vemurafenib on BRAF-Mutant Melanoma Cells Through ERK-MNK1 Signaling
	Introduction
	Materials and Methods
	Materials
	Patients
	Cell Culture
	RNA Interfering
	Cell Proliferation Assay
	Apoptosis Assay
	Western Blotting
	Animal Study
	Statistical Analysis

	Results
	Clinical Relationship Between Blood Bilirubin-Related Markers and Outcome in BRAF Mutant Melanoma
	Bilirubin Abrogates Vemurafenib-Induced Growth Inhibition of Melanoma Cells In Vitro and In Vivo
	Bilirubin Reverses Vemurafenib-Induced Apoptosis
	Bilirubin Reactivates ERK Signaling After Vemurafenib Treatment
	The ERK-MNK1 Axis Plays a Critical Role in Bilirubin-Induced Reversal Effects in Melanoma Cells With BRAF Mutants

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions 
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


