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Abstract
Melanoma is a very aggressive form of skin cancer. Although BRAF inhibitors have 
been utilized for melanoma therapy, advanced melanoma patients still face a low 
five-year survival rate. Recent studies have shown that CRAF can compensate for 
BRAF depletion via regulating DNA synthesis to remain melanoma proliferation. 
Hence, targeting CRAF either alone or in combination with other protein pathways is 
a potential avenue for melanoma therapy. Based on our previously reported CRAF-
selective inhibitor for renal cancer therapy, we have herein discovered an analogue 
(complex 1) from the reported CRAF library suppresses melanoma cell proliferation 
and melanoma tumour growth in murine models of melanoma via blocking the S100B 
and RAF pathways. Intriguingly, we discovered that inhibiting BRAF together with 
S100B exerts a novel synergistic effect to significantly restore p53 transcription ac-
tivity and inhibit melanoma cell proliferation, whereas blocking BRAF together with 
CRAF only had an additive effect. We envision that blocking the pan-RAF and S100B/
p53 pathways might be a novel synergistic strategy for melanoma therapy and that 
complex 1 is a potential inhibitor against melanoma via blocking the pan-RAF and 
S100B pathways.
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1  | INTRODUC TION

Melanoma is a highly aggressive form of skin cancer with high resis-
tance to chemotherapeutic drugs.1 While BRAF inhibitors have shown 
some improvement in survival for melanoma therapy, advanced mela-
noma patients are still faced with low five-year survival rates.1-7 Marais 
et al reported that BRAF depletion can suppress MEK/ERK signalling 
to mediate p53-dependent apoptosis in melanoma cells, whereas 
CRAF might compensate for BRAF depletion to maintain melanoma 
cell viability via regulating DNA synthesis.8 An in vivo study revealed 
that CRAF is needed for maintaining tumours in a mouse model of 
skin cancer.9,10 Gray-Schopfer et al reported that CRAF is required for 
melanoma cell proliferation and suggested that pan-RAF inhibitors 
might be better than BRAF-specific inhibitors for melanoma therapy.1 
Although these studies do not completely validate CRAF, they sug-
gest that CRAF could play an important role for melanoma therapy.11 
Sorafenib is a multi-kinase inhibitor that selective targets CRAF over 
other proteins or kinases and has been reported to induce apoptosis 
in melanoma cells.10 AZ628 is a new pan-RAF inhibitor that targets 
CRAF with nanomolar potency and has been reported to specifically 
inhibit most tumour cells including melanoma cells.12 Overall, the case 
for targeting CRAF together with BRAF or other protein pathways is 
becoming increasingly compelling.11,13 In this respect, Ir(III) complexes 
possess distinct geometries, and their properties can tailored to recog-
nize specific protein binding surfaces via modification of their auxiliary 
ligands.14-21 In a previous work, we have reported a CRAF-selective 
iridium-based inhibitor for renal cancer therapy.22 In this study, we 
report that an analogue (complex 1) from the reported CRAF library 
suppresses melanoma cell proliferation and melanoma tumour growth 
in murine models of melanoma via blocking the S100B and RAF path-
ways. In addition, we demonstrate that blocking the BRAF and S100B 
pathways is a novel synergistic strategy to control melanoma growth 
via restoring p53 function.

2  | MATERIAL S AND METHODS

2.1 | Flow cytometry protein interaction assay

After conjugating S100B protein with biotin to polystyrene beads in 
Ca2+ buffer,23 the mixture was incubated with FITC-labelled human 
p53 peptide. Then, the FITC fluorescence of the complex was de-
tected by flow cytometry.

2.2 | Animal experiments

The animal experiments were approved by the Laboratory Animal 
Care and Use Committee (IACUC) of the Experimental Animal Center 

of the Biotechnology Center. All the animal experiments were per-
formed at the Academia Sinica Common Animal Facility IACUC. 
NOD.CB17-Prkdcscid/ NcrCrl (NOD/ SCID) female mice (6-8 weeks) 
were purchased from Experimental Animal Center (BioLASCO, 
Taiwan Co., Ltd) and then were housed at temperature-controlled 
room (22 ± 2°C, humidity 55% ± 10%), on a light/dark schedule with 
free access to food and water.

2.3 | Melanoma xenograft assay

NOD/ SCID female mice at 8 weeks of age were injected with 
A375 cells. The injection site was sanitized using 70% ethyl alcohol. 
1 × 106 A375 cells were suspended in 0.1 mL of PBS and subcutane-
ously implanted into mice. The mice were observed for 7 to 10 days, 
until the tumour grew to an appropriate size (about 100 mm3). Then, 
complex 1 was administrated via subcutaneous injection to mice and 
the therapeutic effect on melanoma tumours was observed.22

2.4 | Statistical analysis

For statistical analysis, data were analysed using one-way analysis of 
variance (ANOVA) with GraphPad Prism 5.0.

3  | RESULTS AND DISCUSSION

3.1 | Complex 1 inhibits melanoma cell proliferation

The combination of targeting CRAF with other protein pathways 
is becoming increasingly compelling for melanoma therapy.11,13 In 
a previous work, we have reported a potent selective CRAF inhibi-
tor (CI) (Figure S1) for renal cancer therapy.22 To discover a potent 
inhibitor for melanoma therapy via targeting multiple key pathways 
including CRAF, we initially tested three analogues (iridium(III) com-
plexes 1-3) and CI (Figure S1) that had exhibited measurable activ-
ity against CRAF in our previous work for anti-melanoma activity.22 
Intriguingly, complex 1 displayed the greatest cytotoxicity against 
two melanoma cell lines (A375 cells and A2058 cells), while CI 
showed only slight cytotoxicity under the same conditions (Table 1, 
Figure S2A,B). This result indicated that unlike with renal cancer, 
blocking the CRAF pathway alone insufficient to inhibit melanoma 
cell proliferation. We thus speculated that besides targeting CRAF, 
complex 1 might target another, possibly redundant, pathway to 
exert higher cytotoxicity in melanoma cells.

The previous study had indicated that both of C^N and N^N li-
gands were important for CRAF inhibition.22 In this study, replac-
ing the N^N ligand of complex 1 led to a significant decrease in 
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cytotoxicity of complexes 2 and CI, despite two of these complexes 
having the same C^N ligand as complex 1 (Table 1, Figure S2A,B). 
To enhance cytotoxicity against melanoma cells as well as retaining 
CRAF inhibition, we tested a set of reported iridium(III) complexes 
4-6 with the same C^N ligand as complex 1 while bearing with dif-
ferent N^N ligands (Figure S1). However, complexes 4-6 were cyto-
toxic to the normal liver cell line LO2 with similar IC50 values to those 
against melanoma cells. In contrast, complex 1 displayed low cyto-
toxicity against LO2 cells (Table 1, Figure S2A, B, C). Hence, complex 
1 was chosen as a candidate for further study against melanoma cell 
proliferation.

Rhodium(III) complexes have emerged as antitumour candi-
dates.14-19,24,25 To investigate whether the iridium(III) metal centre 
of complex 1 is important for inhibiting melanoma cell prolifer-
ation, the corresponding rhodium(III) congener of 1 was tested 
(Figure S1). However, the rhodium(III) complex 7 showed lower 
cytotoxicity than its iridium(III) counterpart 1, despite sharing 
the same C^N and N^N ligands (Table 1, Figure S2A, B). This re-
sult demonstrates the critical role of iridium(III) metal centre in 
anti-melanoma activity. In addition, the chemical stability results 
revealed that complex 1 was stable in acetonitrile/Tris-HCl buffer 
(pH = 7.4) (8:2, v/v) solution and DMSO-d6/D2O (9:1, v/v) solution 
for at least seven days (Figure S3). These results further encour-
aged us to investigate the applications and mechanisms of action 
of complex 1 against malignant melanoma.

3.2 | Complex 1 blocks the MEK/ERK 
pathway and suppresses DNA replication via 
targeting BRAF and CRAF

Accumulating evidence suggests that BRAF is necessary to main-
tain melanoma proliferation,8 while inhibiting the BRAF/MEK/ERK 
(MAPK) pathway has been reported as a potential approach for sup-
pressing melanoma.26 Meanwhile, concomitant targeting of CRAF 
and BRAF has been suggested to be desirable for optimal antitu-
mour activity in melanomas.27 To investigate whether the strong 
cytotoxicity of complex 1 against melanoma cells could be attrib-
uted to the dual inhibition of the BRAF/MEK/ERK pathway along 
with CRAF, we compared the effects of complexes 1-7 and CI on the 

transcriptional activity of AP-1, a primary downstream transcription 
factor of the BRAF/MEK/ERK pathway.1,28-30 Intriguingly, complex 1 
displayed a stronger inhibition of AP-1 transcription activity than CI 
in melanoma cells (Figure 1A). This indicated that besides inhibiting 
CRAF activity, the BRAF/MEK/ERK pathway might act as a redun-
dant pathway of complex 1 to regulate cell viability. To further inves-
tigate the action of 1 on the MEK/ERK signalling pathway in cells, 
an immunoblotting assay was performed. Complex 1 strongly inhib-
ited MEK1/2 and ERK1/2 phosphorylation, but had no effects on 
the expression of total MEK1/2 and ERK1/2 (Figure 1B). The cellular 
thermal shift assay (CETSA) is used to study the thermal stabilization 
of proteins by ligands in cells or cell extracts.31,32 The principle of 
CETSA is based on the fact that when ligands bind to a protein, the 
thermal stability of the protein-ligand complex increases compared 
to the free protein alone, which is reflected by an increase in the 
melting temperature. To investigate the potential targets of complex 
1 in the MEK/ERK signalling pathway, CETSA was performed. The 
results showed that complex 1 significantly stabilized BRAF and 
CRAF over MEK and ERK protein in A375 cell lysates compared to 
DMSO-treated control (Figure 1C-F). Performing an isothermal dose-
response fingerprint (ITDRFCETSA)31 revealed that complex 1 bound 
to BRAF and CRAF with Kd values of 0.9 ± 0.1 µM and 1.1 ± 0.1 µM 
respectively (Figure S4A). Taken together, these results indicate that 
complex 1 is a potent inhibitor of the MEK/ERK pathway in cellulo, 
presumably via binding to BRAF and CRAF proteins.

BRAF depletion can suppress the MEK/ERK pathway (while 
CRAF depletion has less effect on ERK activity in melanoma cells).8 
To further verify that complex 1 targets the MEK/ERK pathway via 
engaging BRAF, siRNA was used to knockdown BRAF in A375 cells. 
As shown in Figure S4B, complex 1 treatment phenocopied BRAF 
knockdown in terms of inhibition of MEK1/2 and ERK1/2 phosphor-
ylation in A375 cells. This indicated that the inhibition of MEK/ERK 
pathway by complex 1 might be partly attributed to the inhibition of 
BRAF activity. To further investigate the inhibition activity of com-
plex 1 on BRAF, we evaluated the stability of p53 protein which is 
regulated by BRAF.33 The results showed that complex 1 can sup-
press p53 degradation in melanoma cells, which is phenocopied by 
BRAF knockdown, suggesting that the suppression of p53 degrada-
tion might also be partially attributed to the inhibition of BRAF ac-
tivity by complex 1 (Figure S4C). Overall, these experiments indicate 
that BRAF is a potential target of complex 1 to exert its function 
against the p53 and MEK/ERK pathways. CRAF depletion reduces 
DNA synthesis and induces cell death in melanoma cells.8 To investi-
gate whether complex 1 can suppress DNA replication via engaging 
CRAF, we evaluated the effects of complex 1 on DNA synthesis via 
the 5-ethynyl-2’-deoxyuridine (EdU)-labelling method.34 The results 
revealed that complex 1 treatment phenocopied the CRAF knock-
down group (Figure S4D) in terms of blocking DNA synthesis. Taken 
together, these results demonstrate that complex 1 can inhibit the 
MEK/ERK pathway and suppress p53 degradation via inhibiting 
BRAF activity as well as suppressing DNA replication via suppress-
ing CRAF activity. Our results also suggest that blocking the pan-
RAF pathway might be an effective strategy for melanoma therapy.

TA B L E  1   In vitro cytotoxicity given as IC50 ± SD in μM of 
complexes 1-7 and CI

Complex A375 A2058 LO2

Complex 1 0.16 ± 0.02 0.16 ± 0.05 >1

Complex 2 0.26 ± 0.02 0.32 ± 0.03 >1

Complex 3 >1 >1 >1

Complex 4 >1 >1 >1

Complex 5 0.35 ± 0.04 0.44 ± 0.01 0.21 ± 0.04

Complex 6 0.21 ± 0.02 0.11 ± 0.05 0.12 ± 0.01

Complex 7 >1 >1 >1

CI >1 >1 >1
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3.3 | Complex 1 inhibits the S100B/p53 pathway

S100B is overexpressed in malignant melanoma patients, and its 
expression directly correlates with the degree of malignancy.5 
Impeding the interaction between S100B and the C-terminal do-
main of p53 to restore the anti-apoptotic function of p53 is an 
emerging approach for malignant melanoma therapy.35-40 In a pre-
vious work, we have discovered that complex 2 exhibits S100B/
p53 activity.41 Considering that complex 1 is structurally similar 
to complex 2, differing only in the nature of its N^N ligands, we 

wished to investigate whether the higher cytotoxicity of com-
plex 1 could also be partly attributed to its S100B/p53 inhibitory 
activity. The effects of complexes 1-2 on S100B/p53 PPI inhibi-
tion was monitored by a flow cytometry protein-protein interac-
tion assay (FCPIA). The results revealed that complex 1 shown a 
greater inhibition of the S100B/p53 interaction than complex 2 
(Figure 2A), with an EC50 value of 0.053 ± 0.004 μM (Figure 2B). 
This result revealed that complex 1 might act through inhibit-
ing the S100B/p53 protein-protein interaction in order to exert 
higher cytotoxic activity than complex 2. Literature studies have 

F I G U R E  1   Complex 1 inhibits MEK/ERK pathway. (A) The effects of complex 1-7 and CI on AP-1 transcription activity. (B) The effects of 
complex 1 on MEK/ERK pathway. (C-F) The effects of complex 1 on the thermal stability of BRAF, CRAF, MEK and ERK. Error bars represent 
standard deviation of the means of the results from three independent experiments
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suggested that besides binding to the C-terminal domain of p53, 
S100B can also bind to the tetramerization domain of p53 to block 
p53 function.36,42 To further investigate the action of complex 1 
on the S100B/p53 interaction, we tested the ability of complex 1 
to disrupt the interaction between S100B with the tetramerization 
domain (residues 325-355) or the C-terminus (residues 367-392) of 
p53. Complex 1 inhibited the interaction between S100B with the 
C-terminus and tetramerization domain of p53 by about 98% and 
25% respectively at 10 μM (Figure 2C), indicating that complex 
1 preferentially disrupts the interaction between p53 C-terminal 
domain with S100B protein. The ability of complex 1 to disrupt 
the S100B/p53 interaction in cellulo was confirmed using a co-
immunoprecipitation (Co-IP) assay (Figure 2D). Meanwhile, a cel-
lular thermal shift assay32 in A375 cell lysates results revealed that 
complex 1 preferentially engaged S100B protein (Kd = 18.6 μM) 
over p53 protein (Figure 2E,F, S4A). ICP-MS results revealed 
that complex 1 localized in the cytoplasm (Figure S5A). Overall, 
these results indicate that complex 1 can impede the interaction 
between S100B with C-terminus of p53 via targeting the S100B 
protein in the cytoplasm.

Disrupting the S100B and p53 protein-protein interaction leads 
to the induction of p53 transcriptional activity at targets including 
Bax and p21.36 To further investigate the function of complex 1 on 
the S100B/p53 pathway, the luciferase reporter assay and an immu-
noblotting assay were performed. The results showed that complex 
1 increased p53 transcriptional activity (Figure 2G) and phenocopied 
S100B knockdown (Figure S5B) in terms of up-regulating p21 and 
Bax protein levels in A375 cells (Figure 2H). The results suggested 
that complex 1 can restore p53 function, presumably via its ability to 
target S100B protein and disrupt its interaction with the C-terminal 
domain of p53 in the cytoplasm.

As p53 plays a major role in regulating malignant cells, restoring 
p53 function would induce malignant cells apoptosis.43 To investi-
gate the effects of complex 1 on melanoma cell apoptosis, the levels 
of pro and anti-apoptotic proteins (Puma, PARP and Mcl-1) in treated 
cells were evaluated. The results showed that complex 1 can induce 
PARP and Puma protein expression, while down-regulating Mcl-1 
protein expression (Figure S5C). The apoptosis results were further 
confirmed by a flow cytometry assay (Figure S5D). The population of 
late-apoptotic annexin V/PI double-stained cells (Annexin V+/PI+) 
increased after treatment with complex 1 at 1 μM for 12 h, indicating 
that complex 1 can induce apoptosis in treated cells. Taken together, 
these results indicated that complex 1 can induce apoptosis in mel-
anoma cells, which might be associated with the restoration of p53 
function leading to modulation of pro-apoptotic and anti-apoptotic 
proteins.

3.4 | Complex 1 acts via synergistically targeting 
S100B and BRAF in melanoma cells

RAF is an indirect negative regulator of p53, and inhibiting the RAF 
pathway would restore p53 transcription activity.33 However, a 

negative feedback loop exists whereby p53 up-regulates S100B ac-
tivity, thus reducing its own activity.44,45 Thus, S100B might act as a 
redundant regulator to impede p53 activity when the BRAF/MEK/
ERK pathway becomes blocked. We have already shown that com-
plex 1 can block S100B and pan-RAF pathway simultaneously via 
binding to BRAF, CRAF and S100B. However, the feedback loop that 
exists between S100B/p53 and BRAF pathway compelled us investi-
gate whether complex 1 exerts a synergistic effect or additive effect 
when blocking these dual pathways. To investigate this, we initially 
evaluated the combination effect when simultaneously blocking the 
S100B and RAF/MEK/ERK pathway by their respective inhibitors. 
A combination index of < 0.3 was calculated from the cytotoxicity 
data after co-treatment of the BRAF inhibitor vemurafenib (2 μM) 
with the S100B inhibitor SBi1 (0-10 μM) in A375 cells (Figure 3A), in-
dicating that there is a synergistic effect by blocking the S100B and 
BRAF pathways simultaneously.46 On the other hand, a combination 
index of > 0.8 was observed during co-treatment of vemurafenib 
(2 μM) with the CRAF inhibitor sulindac sulfide (Figure S5E), indicat-
ing that there is an additive effect by blocking the CRAF and BRAF 
pathway simultaneously. To further verify the synergistic effects 
of dual inhibition of S100B and BRAF pathway simultaneously, we 
also investigated the effect of BRAF inhibition by vemurafenib on 
melanoma cytotoxicity in S100B knockdown A375 cells. The results 
showed that knockdown of S100B enhances cytotoxicity of vemu-
rafenib to melanoma cells (Figure 3B). Similarly, abrogation of S100B 
activity by SBi1 enhanced cytotoxicity in BRAF knockdown A375 
cells (Figure 3B). Taken together, these data indicate that blocking 
the S100B and BRAF pathways simultaneously might be a novel 
combinatorial therapeutic approach against melanoma. Studies 
have shown that both the BRAF and S100B pathway can regulate 
p53 transcription activity.33,44,45 To further investigate the mecha-
nism of simultaneous inhibition of the S100B and BRAF/MEK/ERK 
pathways, the transcription activity of p53 was detected after co-
treatment with SBi1 and vemurafenib. The results revealed that 
co-treatment of SBi1 (0.25 μM) with vemurafenib (0.25 μM) signifi-
cantly increased p53 transcription activity, while a negligible effect 
was observed with SBi1 or vemurafenib alone at 0.5 μM (Figure 3C). 
This suggests that SBi1 and vemurafenib might exert a synergistic 
effect at inducing p53 transcription activity in melanoma cells, which 
could account for the synergistic cytotoxicity activity observed by 
dual S100B and BRAF inhibition in melanoma cells.

In light of the above findings, we hypothesized that complex 1 
could block the S100B/p53 and RAF/MEK/ERK pathways simul-
taneously to produce a synergistic effect on the induction of p53 
transcription activity. To investigate this, the transcription activity 
of p53 was detected after treatment with complex 1 in S100B or 
BRAF knockdown melanoma cells. The results showed that S100B 
or BRAF knockdown increased p53 transcription activity by 1.2-fold 
and 1.4-fold, respectively, while dual knockdown raised p53 tran-
scription activity by around 2-fold. Interestingly, treatment of com-
plex 1 phenocopied the dual depletion of S100B and BRAF in terms 
of increasing p53 transcription activity in both control cells or single 
knockdown cells (Figure 3D). This result suggests that complex 1 can 
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produce a synergistic effect to enhance p53 transcription activity 
via simultaneously blocking the S100B/p53 and RAF/MEK/ERK 
pathways in melanoma cells.

To further investigate the inhibition activity of complex 1 against 
other malignant cancer cell types, we measured the cytotoxicity of 
complex 1 against other cancer cell lines, such as lung cancer cells 
(A549 cells, BRAF-wt), renal cancer cells (A498 cells, BRAF-wt), col-
orectal cancer cells (HCT116, BRAF-wt), and prostate cancer cells 
(DU145, p53-mt). In order to confirm the important role of p53 
against melanoma, we also tested the cytotoxicity of complex 1 
against p53 knockdown A375 cells. The results showed that com-
plex 1 displays weaker cytotoxicity in these cancer cell lines and is 
also less potent in p53 knockdown melanoma cells compared with 
A375 cells and A2058 cells (Figure S6). This suggests that the greater 

cytotoxicity of complex 1 against melanoma cells might be attributed 
to the potential target pathways of complex 1, including the BRAF 
and p53 pathways, in melanoma.

3.5 | Complex 1 suppresses malignant melanoma 
growth in vivo

As complex 1 displayed a promising anti-proliferative activity against 
melanoma cells in vitro via targeting multiple pathways, we wished 
to investigate the viability of complex 1 to suppress melanoma tu-
mour growth in vivo. Metal complexes normally display low solubil-
ity in aqueous solution, making them hard to administer orally, while 
subcutaneous administration is beneficial for drug delivery as the 

F I G U R E  2   Complex 1 disrupts the S100B-p53 interaction to restore p53 function by blocking S100B protein. (A) The effects of 
complexes 1-2 and SBi1 (10 μM) on the S100B-p53 interaction. (B) EC50 of complex 1 on the S100B/p53 PPI by FCPIA. (C) Effects of 
complex 1 (10 μM) at disrupting the interaction between S100B with p53367-392 and p53325-355 peptides by FCPIA. (D) Effects of complex 1 
at inhibiting the S100B/p53 PPI in A375 cells as determined by Co-IP. The protein samples were detected by Western blotting, and the band 
density was analysed. (E) Effects of complex 1 on the thermal stability of S100B. (F) Effects of complex 1 on the thermal stability of p53. (G) 
Effects of complex 1 or SBi1 on p53 transcription activity as detected by the luciferase assay. (H) Effects of complex 1 on p53 downstream 
protein expression by Western blotting. The protein samples were detected by Western blotting, and the band density was analysed. 
Error bars represent standard deviation of the means of the results from three independent experiments

F I G U R E  3   Cooperativity of S100B/p53 and MEK/ERK inhibition by complex 1. (A) The combination index (CI) of co-treatment of 
vemurafenib with SBi1. After co-treatment of vemurafenib (2 μM) with SBi1 (0-10 μM) in A375 cells for 72 h, cell viability was detected by 
the MTT assay, and then, CI values were calculated. D1 and D2 are the concentrations of vemurafenib and SBi1 used in the combination, 
and DLX,1 and DLX,2 are the concentrations of a single drug to produce the same effect. (B) The IC50 values of SBi1 and vemurafenib in 
knockdown A375 cells. S100B or BRAF knockdown cells were treated with SBi1 and vemurafenib, respectively, for 72 h, and cell viability 
was detected by the MTT assay. (C) p53 transcription activity in A375 cells. After treatment of vemurafenib (0.25 μM) together with SBi1 
(0.25 μM) or alone (0.5 μM) for 12 h, p53 transcription activity was detected by the luciferase assay. (D) p53 transcription activity in A375 
cells. After treatment with complex 1 for 12 h in BRAF and S100B knockdown cells, p53 transcription activity was detected by the luciferase 
assay. Error bars represent standard deviation of the means of the results from three independent experiments. *P < .05, **P < .01 compared 
with control group, $P < .05 compared with knockdown control, #P < .05 compared with corresponding control
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slow release profile of the complex prevents wasted drug.47-49 In the 
in vivo study, A375 cells were injected into NOD/SCID female mice 
to establish an A375 melanoma xenograft model. Then, complex 
1 (1 mg/kg) was injected via subcutaneous injection twice a week 
for 20 days and tumour parameters were measured. Encouragingly, 
complex 1 significantly suppressed tumour volume (Figure 4A,B) 
and tumour mass (Figure 4C) by 2.6-fold and 3.1-fold respectively 
and extended the survival time of mice compared with the control 
group (Figure 4D). Importantly, complex 1 showed minimal effects 
on overall weight (Figure 4E), indicating that complex 1 can suppress 
the growth of malignant melanoma in vivo without observable toxic-
ity. To further investigate the action of complex 1 in vivo, tumour 
specimens were examined after sacrifice. Complex 1 up-regulated 
the expression of p21 and Bax as well as down-regulated p-MEK and 
p-ERK at the protein level, suggesting that it could inhibit the MEK/
ERK pathway and restore p53 function in vivo (Figure 4F,G). Taken 
together, these results indicate that complex 1 can extend survival 
time and suppress melanoma tumour growth in vivo, which can 
be attributed at least in part to its ability to simultaneously inhibit 
S100B/p53 together with the MEK/ERK pathway, without causing 
overt toxicity to the mice.

4  | CONCLUSION

In summary, this study revealed that blocking BRAF and S100B path-
way simultaneously might exert a synergistic effect to restore p53 
function. Moreover, our study has identified complex 1 as a highly 
cytotoxic against malignant melanoma via blocking the S100B/p53 
and pan-RAF pathways. Complex 1 suppresses tumour growth in 
murine models of melanoma, leading to significantly improved sur-
vival time with no observable toxicity to mice. We envision that the 
blocking pan-RAF and S100B/p53 pathways might be a novel syn-
ergistic effect strategy for melanoma therapy and that complex 1 is 
an attractive scaffold for the further development of anti-melanoma 
drugs targeting the pan-RAF and S100B pathways.
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