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Platinum (Pt)-based drugs are routinely used to treat oral cancer (OC), but occurrence of therapeutic resistance 
remains a formidable challenge in cancer treatment. We sought to explore the cytotoxicity of non-classical 
Pt-based compounds, and compared the efficacy and anticancer activity of 56MESS with cisplatin in OC. Drug 
sensitivity of seven non-classical Pt-based compounds as well as cisplatin were determined by CCK-8 assay. 
Comparison of cytotoxic effects between 56MESS, phenanthriplatin and cisplatin was performed on six different 
OC cell lines. The anticancer effects of 56MESS was further measured both in vitro and in vivo. Additionally, the 
biological role of FACL4 and its relationship with 56MESS-induced growth inhibition were investigated. Two out 
of seven Pt-based compounds displayed a significant cytotoxic effect. 56MESS was chosen as the most potent 
compound due to its highly selective cytotoxic activity. 56MESS particularly caused G2/M phase arrest, while 
failed to induce apoptosis. In vivo, 56MESS had a higher cytotoxic capacity than cisplatin. Overexpression of 
FACL4 rescued 56MESS-induced growth inhibition in OC cells. Overall, 56MESS is a highly selective and potent 
chemotherapeutic drug superior to cisplatin, and thus may be considered as a promising anticancer agent.

1. Introduction
Oral cancer (OC) is a prevalent malignancy worldwide. According 
to the 2020 American cancer statistics, the incidence of OC ranks 
the eighth among malignancies in American male (Siegel et al. 
2020). For advanced stage of OC, especially with metastasized 
lesions, Pt-based chemotherapy is a preferred option. Cisplatin is 
extensively used to treat many cancers (Dasari and Tchounwou 
2014), but therapeutic resistance and its high toxicity remains 
an insurmountable challenge (Yu et al. 2010; Gonzales-Vitale, 
et al. 1997). Hence, efforts to explore novel alternatives with 
comparable or stronger anticancer efficacy and lower toxicity are 
urgently needed.
Over the past decades, only two platinum agents, i.e., carboplatin 
and oxaliplatin, have been brought to the market. Fortunately, the 
introduction inspired considerable efforts to further explore poten-
tially effective platinum (Pt)-based agents. Among them, pico-
platin, a third-generation bivalent Pt drug, can effectively overcome 
cisplatin and carboplatin resistance in small cell lung cancer cells 
(Tang et al. 2011). Picoplatin also demonstrated clinical efficacy 
in patients with Pt-refractory/-resistant lung cancers (Eckardt et 
al. 2009). Monofunctional Pt compounds, such as phenanthriplatin 
and pyriplatin can affect cellular DNA repair by forming DNA 
adducts, and exerted apparent anticancer effects on colon and 
breast cancers (Zhu et al. 2012; Gregory et al. 2014; Park et al. 
2012). Multinuclear Pts, including BRR3005 and BRR3571 have 
also shown potential therapeutic effects on glioma and leukemia 
(Chopard et al. 2008). Moreover, a new family of non-classical 
Pt-based drugs, including Pt-Acrmatu and 56MESS, are more 
toxic to a variety of cancer cell lines than cisplatin (Suryadi and 
Bierbach 2012; Wang et al. 2012).
Here, we first evaluated the drug sensitivity of seven non-clas-
sical Pt-based compounds in OC cells (Fig. 1). The most potent 

compound 56MESS was then compared with cisplatin in terms of 
selective cytotoxic effects both in vitro and in vivo. We also eval-
uated the impact of FACL4 overexpression on 56MESS-mediated 
anticancer activity.

2. Investigations and results

2.1. Screening of the most potent Pt-based compounds
In order to select the most potent compound, we evaluated 
drug sensitivity of cisplatin and the seven Pt-based compounds 
in SCC15 and SCC25 cancer cells (Table 1). As shown, both 

Fig. 1: Chemical structures of cisplatin and 7 non-classical platinum-based com-
pounds.
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phenanthriplatin and 56MESS had a higher cytotoxic effect than 
cisplatin. We further compared the difference of cytotoxicity 
between cisplatin, phenanthriplatin and 56MESS in an expanded 
OC cell panel (Table 2). Strikingly, 56MESS showed 33-91 times 
higher activity than cisplatin. Next, we assessed the toxic impact 
of the two compounds on human normal oral epithelial cells 
(hNOECs). Since neither phenanthriplatin nor 56MESS could kill 
50% of hNOECs, it was impossible to determine IC

50
 values (data 

not shown). Therefore, 56MESS has a highly selective cytotoxic 
activity and was regarded as the most potent compound.

Table 1: IC50 (μM) values of 7 platinum-based compounds in oral can-
cer cell lines

Compound
IC

50 
a

SCC15 SCC25

56MESS 0. 064 0. 051

Phenanthriplatin 0. 367 0. 723

Cisplatin 4. 297 4. 654

Pt-Acrmatu 9. 201 8. 735

Pyriplatin 23. 697 26. 191

BBR3005 48. 421 5. 912

BBR3571 42. 837 6. 127

Picoplatin 46. 261 45. 013

a IC
50

 values are presented as mean from three repeating experiments.

Table 2: IC50 (μM) values of 56MESS, phenanthriplatin and cisplatin 
in 6 oral cancer cell lines

Cell line
      IC

50
 a Relative IC

50 
ratio b

Cisplatin 56MESS Phen 56MESS Phen

UM1 2. 371 0. 038 0. 264 62. 395 8. 981

HSC3 2. 373 0. 065 0. 371 36. 508 6. 396

CAL27 3. 222 0. 098 0. 456 32. 876 7. 066

SCC15 4. 297 0. 064 0. 367 67. 145 11. 708

CAL33 4. 362 0. 062 0. 467 70. 355 9. 341

SCC25 4. 654 0. 051 0. 723 91. 255 6. 437

a IC
50

 values are presented as mean from three repeating experiments. b Relative IC
50

 ratio equals 
to IC

50 
of cisplatin divided by IC

50
 of 56MESS or IC

50
 of phenanthriplatin. Phen: phenanthriplatin

2.2. 56MESS inhibits cell growth in vitro
We performed EdU staining and colony formation assay to eval-
uate the ability of tumor cells growth in vitro. Our results showed 
that 56MESS significantly inhibited cell proliferation (P < 0.01, 
Fig. 2A, 2B). Of note, with only 1% concentration of cisplatin, 
comparable inhibition effects were observed in 56MESS-treated 
cells. Consistently, 56MESS significantly reduced colony forma-
tion of CAL33 and SCC25 cells in much lower concentration (P 
< 0.01, Fig. 2C, 2D). We further examined the impact of 56MESS 
on cell cycle. Although 56MESS and cisplatin caused G2/M phase 
arrest, less effect was observed in the 56MESS-treated cancer cells 
(P < 0.05 or P < 0.01, Fig. 3A).

2.3. 56MESS does not induce apoptosis
Consistent with previous studies (Wang et al. 2000), our flow cyto-
metric analyses confirmed the cisplatin-induced cell apoptosis. 
Unexpectedly, we failed to observe apoptosis in 56MESS-treated 
cancer cells (P < 0.01, Fig. 3B). Additionally, we performed a JC1 
mitochondrial membrane potential (MMP) analysis. No change 
of MMP was observed after 56MESS treatment, in comparison 
significant decrease was detected after cisplatin treatment (Fig. 
S1). These results identified that 56MESS does not induce apop-
tosis.

Fig. 2: 56MESS Inhibits oral cancer cell growth in vitro. CAL33 and SCC25 cells are 
treated with cisplatin and 56MESS with indicated concentration or negative con-
trol (DMSO). A, B. EdU staining analysis. The data are standardized against each 
cell line control and are presented as relative percent of the EdU-positive cells. 
C, D. colony formation assay performed after 10 days of treatment. The data are 
representative of 3 independent experiments. *P < 0. 05, **P < 0. 01.

Fig. 3: 56MESS causes G2/M cell cycle arrest but fail to induce apoptosis. A. cell cycle 
analysis. B. cell apoptotic level measured by flow cytometric analysis. CAL33 
and SCC25 cells are treated with 56MESS and cisplatin at their IC

50
 concen-

trations or DMSO (NC) for 48h. The data are representative of 3 independent 
experiments. NC: negative control (DMSO treatment). *P < 0. 05, **P < 0. 01.
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2.4. 56MESS inhibits tumor growth in vivo
We first established an OC xenograft model on BALB/c nude 
mice, followed by repeated treatment as described in the Experi-
mental section. Tumor volume and body weight of nude mice were 
measured regularly. Compared with the cisplatin-treated mice, 
56MESS-treated ones had a much slower tumor growth (P < 0.05 
or P < 0.01, Fig. 4A). Accordingly, the tumor weight of 56MESS-
treated mice was significantly lower than that of cisplatin-treated 
ones (P < 0.01, Fig. 4B). We also observed more weight lost in 
the 56MESS-treated mice than that of cisplatin-treated ones (P < 
0.05 or P < 0.01, Fig. 4C). Immunostaining showed that positive 
expression level of Ki67 significantly decreased in xenografts of 
56MESS-treated mice, in comparison of that of cisplatin-treated 
and the control ones (Fig. S2). We further biopsied the mice kidney 
and found comparable microstructure changes in both 56MESS-
treated mice and cisplatin-treated ones (Fig. S2). All together, these 
data showed that 56MESS had a potent anticancer effect in vivo.

3. Discussion
In this study, we first screened the cytotoxic activity of seven 
Pt-based compounds in OC cells. These compounds can be 
arbitrarily classified into four categories, including bivalent (pico-
platin), monofunctional (phenanthriplatin, pyriplatin), multinu-
clear (BRR3005, BRR3571) and metallointercalator (Pt-Acrmatu, 
56MESS) compounds. The potency of phenanthriplatin and 
56MESS was much higher than that of cisplatin in the tested cells. 
We then compared the spectrum of cytotoxic activity of phenan-
thriplatin, 56MESS and cisplatin in an extended OC cell line panel. 
Phenanthriplatin and 56MESS was 6-12 and 33-91 times more 
active than cisplatin, respectively.

Fig. 4: In vivo anticancer activity of 56MESS in SCC25 xenograft model. The mice 
are tail vein injected with cisplatin (4 mg/kg), 56MESS (4 mg/kg), or DMSO. A. 
Right, photographs of the harvested tumors. Left, tumor growth curve. B. Tumor 
weight is measured at 24 days after the first treatment. C. Body weight curve. The 
body weight of mice is monitored every 4 days. *P < 0. 05, **P < 0. 01.

2.5. 56MESS downregulates FACL4 expression and 
FACL4 rescues 56MESS-induced growth inhibition
Deregulated lipid synthesis and uptake are contributing to fuel 
cancer cell proliferation. Here, we focus on action and contribution 
of FACL4, a fatty acid ligase to the 56MESS-mediated phenotype in 
OC. For this aim, we adopted UALCAN (http://ualcan.path.uab.edu) 
(Chandrashekar et al. 2017) to analyze the FACL4 mRNA expression 
of 520 head and neck cancers in the TCGA database. The mRNA level 
of FACL4 in cancers was upregulated (P < 0.01, Fig. 4A). To explore 
the possible relationship between FACL4 and 56MESS, OC cells 
were treated with 56MESS. As shown, the level of FACL4 mRNA and 
protein was reduced after 56MESS treatment (P < 0.01, Fig. 4B-4D). 
Consistently, the expression of FACL4 in xenografts of the 56MESS-
treated mice was significantly reduced (Fig. 4E).
We then constructed a FACL4-overexpression plasmid and tran-
siently transfected into cancer cells. The relative expression level 
of FACL4 mRNA and protein is normalized against each cell 
line control (P < 0. 01, Fig. S3). As expected, overexpression of 
FACL4 significantly fueled tumor cell growth (P < 0. 01, Fig. 4F). 
For determining whether 56MESS-induced growth inhibition is 
regulated by FACL4 expression, we further performed the rescue 
experiments. Strikingly, overexpression of FACL4 counteracted 
56MESS-induced growth inhibition in CAL33 and SCC25 cells 
(P < 0.01, Fig. 4F).

Fig. 5: FACL4 counteract 56MESS-induced growth inhibition. A. Boxplot shows 
the relative level of FACL4 mRNA in head and neck cancers compared with 
non-tumor tissues. UALCAN, an interactive web portal (http://ualcan.path.
uab.edu) is performed to analyze the data extracted from the TCGA data-
base. The mRNA level of FACL4 is normalized to a transcript per million 
readings (TPM). B, C. The level of FACL4 mRNA and protein after treated 
with 56MESS for 48h. D. Immunofluorescence staining of FACL4 in the 
56MESS-treated or control (NC) cells. E. Immunostaining of FACL4 pro-
tein in xenografts of 56MESS-treated or control (DMSO-treated) mice. Scale 
bar: 100 μM. *P < 0. 05, **P < 0. 01. F. Overexpression of FACL4 rescued 
56MESS-mediated cell growth inhibition. CAL33 and SCC25 cells are tran-
siently transfected with FACL4-overexpression plasmid or control plasmid 
(NC), and then treated with 56MESS or DMSO for 48h. Cell viability is 
measured by CCK-8 assay and cell growth curves are depicted. *P < 0. 05.
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Phenanthriplatin shows a spectrum of activity different from that 
of traditional platinum drugs (Monroe et al. 2018). Inhibition 
of RNA polymerases and DNA replication by phenanthriplatin 
lesions has been implicated in its mechanism of action (Gregory 
et al. 2014; Johnstone et al. 2014). The complex 56MESS is more 
active than the other platinum compounds tested so far (Krause-
Heuer et al. 2009), which is consistent with our findings. Notably, 
56MESS has found to be 163 times more active than cisplatin in 
a cisplatin-resistant mouse leukemia cell line (Wang et al. 2012). 
These results suggest that 56MESS is a potent anticancer drug and 
highlights its ability in overcoming cisplatin-resistant tumor cells.
To probe the mode of action for 56MESS, multiple in vitro and in 
vivo OC models were used. The results showed that 56MESS inhib-
ited proliferation and colony formation. We also found that 56MESS 
had a potent anticancer effect on oral cancer xenografts. Further-
more, both 56MESS and cisplatin-treated cells caused a G2/M phase 
arrest. Similar cell cycle arrest is also reported in non-synchronized 
56MESS-treated MDCK cells (Garbutcheon-Singh et al. 2013). 
In addition, we failed to find apoptosis in 56MESS-treated cancer 
cells, which is consistent with a previous report (Krause-Heuer et 
al. 2009). Altogether, these data suggest that 56MESS is capable of 
inducing cell cycle arrest, but not apoptosis.
FACL4, also known as ACSL4, is a long-chain fatty acyl-CoA synthe-
tase. Deregulated FACL4 plays a casual role in the aggressiveness of a 
variety of malignant tumors (Tang et al. 2018; Sung et al. 2007; Wu et 
al. 2015). Overexpression of FACL4 is a potential therapeutic target for 
hepatocellular carcinoma as an independent adverse prognostic param-
eter (Sun and Xu 2017). Here, we found that FACL4 is upregulated in 
head and neck cancers. Overexpression of FACL4 fueled cancer cell 
proliferation. Indeed, FACL4 is implicated in drug resistance in breast 
cancer cell lines (Orlando et al. 2019). A recent study showed that 
FACL4 promotes docetaxel resistance in prostate cancer (Jiang et al. 
2020). In our study, 56MESS downregulated FACL4 expression, and 
importantly, FACL4 overexpression counteracted 56MESS-mediated 
growth inhibition. These data suggest that the action of 56MESS is 
performed by downregulating FACL4 expression, at least partially.
In sum, our study confirmed that 56MESS is a potent anticancer 
drug in oral cancer. This activity is partially realized via FACL4 
downregulation. 56MESS treatment along with FACL4 downregu-
lation may provide a rationale for anticancer therapy.

4. Experimental

4.1. Pt-based compounds
Cisplatin and seven non-classical Pt-based compounds (Fig. 1) including picoplatin, 
Pt-Acrmatu, 56MESS, phenanthriplatin, pyriplatin, BBR3005, and BBR3571 were 
synthesized by Prof. H Xiao. The purity of these compounds was tested by ICP-MS.

4.2. Cell culture
Human OC cell lines SCC15, SCC25, CAL27 were purchased from ATCC (Rockville, 
USA). UM1 was kindly provided by Dr. X. Zhou (University of Illinois at Chicago, 
USA). HSC3 and CAL33 were kindly provided by J. Silvio Gutkind (NIH, USA). The 
HSC3, CAL33, and CAL27 cells were cultured in DMEM containing 10% FBS. The 
SCC15, SCC25 and UM1 cells were grown in DMEM-F12 with 10% FBS. All cells 
were cultured at 37 °C in a humidified atmosphere containing 5% CO

2
.

4.3. Transfection
Cells were transfected with FACL4-overexpression plasmid (EX-T2102-Lv105, 
GeneCopoeia, China-or control plasmid (EX-EGFP-M02, GeneCopoeia, China) by 
using Lipofectamine 3000 (Thermo Fisher Scientific, USA) according to the manu-
facturer’s instructions.

4.4. In vitro drug sensitivity assay and cell viability assay 
Briefly, 3,000 cells/well were seeded into 96-well plate overnight at 37 °C. The 
cells were treated with different concentrations of cisplatin and seven non-classical 
Pt-based compounds for 48 h. The range of drug concentrations was based on 
published studies and aimed to obtain IC

50
 values. After incubation with CCK-8 

reagent (Sigma–Aldrich, USA), the absorbance of the samples was determined with a 
microplate reader (Genios TECAN, Schweiz) at 450 nm. The assay was conducted in 
five replicate wells for each sample, and three parallel experiments were performed. 
For cell viability assay, 3,000 cells/well were seeded in 96-well plates and cells were 
incubated with 50 μg/ml TMZ for indicated times. Cell viability was determined with 
CCK-8 kit following the manufacturer’s instructions.

4.5. EdU staining assay
The cells were fixed with 4% paraformaldehyde, then permeated with 0.5% TritonX-
100. The EdU staining was performed according to the manufacture’s procedure 
(Ribobio, China). Cells were counter-stained with Hoechst 33342 and observed under 
fluorescent microscopy.

4.6. Colony formation assay
500 cells/well were seeded into 6-well plates. After treated for 10 days, visible colo-
nies were harvested, fixed and stained with crystal violet. Colonies with diameter 
above 1 mm were counted.

4.7. Flow cytometric analysis
The cells were collected and washed with PBS, and fixed in 70% ethanol at 4 °C 
overnight. Cell cycle was analyzed by PI staining of nuclei. PI absorbance was 
determined by fluorescence activated cell sorting on a flow cytometry (Beckman 
Coulter, Cytoflex, USA). The apoptosis assay was performed using a FITC Annexin 
V Apoptosis Detection Kit (BD Pharmingen, USA), and analyzed by flow cytometry 
(Beckman Coulter). Flowojo analysis software was used to calculate the percentage 
of apoptotic cells.

4.8. Western blot
Cells were incubated with DMSO, CDDP or 56MESS for 48 h. The total protein 
was extracted using RIPA lysis buffer (Beyotime Biotech, China) containing phos-
phatase inhibitor (Sigma Aldrich, USA) Protein concentration was measured using 
a BCA protein assay kit (Beyotime Biotech, China). Equal amounts of the protein 
samples were loaded and separated by 10% SDS-PAGE and transferred onto PVDF 
membrane (Millipore, USA). After blocking with 5% bovine serum albumin in 
TBST buffer (BSA) for 1 h at room temperature, the membranes were incubated 
at 4 °C overnight with primary antibodies against FACL4 (1:1,000, Abcam, USA), 
GAPDH (1:1,000, Affinity Biosciences, USA) and β-actin (1:1,000, Cell Signaling 
Technology, USA). The membranes were washed with TBST buffer and then 
incubated with the appropriate HRP-conjugated secondary antibodies (1:10,000, 
Affinity Biosciences-USA) at room temperature for 1h. The bands were visualized 
with Immun-Star HRP peroxide buffer and Luminol/Enhancer (Bio-Rad, USA), and 
the luminescence images were analyzed using Alpha Innotech imaging software 
(San Leandro, USA).

4.9. qRT-PCR
Total RNA was extracted using RNAzol reagent (BD, USA) and reverse transcribed 
with PrimeScript RT Reagent Kit (Takara, Japan). The following PCR primers were 
employed:
FACL4, 5’-gctgtaatagacatccctgg-3’ (sense) and 5’-cacttaggatttccctggtc-3’ (antisense); 
GAPDH, 5’-catctctgccccctctgctga-3’(sense) and 5’-ggatgaccttgcccacagcct-3’ (anti-
sense). PCR assay was performed on triplicate samplesusing SYBR
Premix Ex TaqTM II (Takara, Japan) in a Light Cycler 480 system (Roche, Germany) 
according to themanufacturer’s instructions. The relative expression levels were calcu-
lated using the 2−ΔΔCt method after normalized to the control endogenous GAPDH.

4.10. Immunofl uorescence
Cells were grown on confocal dishes incubated with 56MESS for 48 h, fixed with 
4% paraformaldehyde, permeated and blocked. Then, the cells were incubated with 
primary antibodies (anti-FACL4, 1:200, Abcam; anti-β-Tubulin 1:200, Cell Signaling 
Technology) at 4 °C overnight, followed by Fluor594-conjugated goat anti-rabbit 
IgG(H+L) (1:200, Affinity Biosciences) or Fluor488-conjugated goat anti-mouse 
IgG(H+L) (1:200, Affinity Biosciences). The cell nuclei were counterstained with 
DAPI. Images were recorded using a Zeiss LSM 710 laser scanning confocal micros-
copy (Carl Zeiss, Germany).

4.11. Animal xenografts
All animal experiments were approved by the ethical committees of Sun Yat-sen 
University and followed the protocol. Four- to six-week-old female BALC/c nude 
mice were purchased from the Animal Care Unit of Guangdong, China, and main-
tained in pathogen-free conditions. The mice were randomly divided into three 
groups (n = 5 per group), and implanted subcutaneously with 5×106 cancer cells 
into flank region of the nude mice. From the xenograft size reached about 100 
mm3 (day 0), the mice received tail vein injection of CDDP (4 mg/kg), 56MESS 
(4 mg/kg) at their MTD (Moretto et al. 2011), or equivalent volume of DMSO 
every four days. Tumor growth was routinely observed. Tumor volume (mm3) 
was measured using a Vernier caliper and calculated by using the formula: V = 
(length × width2)/2. Mice were monitored and sacrificed at 24 days after the first 
treatment.

4.12. Immunohistochemical assay
Paraffin-embedded tumor tissues were cut into 4 μm sections and processed for immu-
nostaining. The sections were incubated overnight at 4 °C with primary antibodies 
against Ki67 (1:500, Abcam), FACL4 (1:100, Affinity Biosciences) and visualized 
using 3,3-diaminobenzidine (DAB, Sigma-Aldrich) and counterstained with hema-
toxylin.
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4.13. Mitochondrial membrane potential (MMP) assay
Cells were washed with PBS after harvested. JC-1 mitochondrial membrane potential 
assay was performed according to the manufacturer’s procedure (Beyotime Biotech, 
China) and observed under a fluorescence microscopy.

4.14. Statistical analysis
All statistical analyses were performed using GraphPad Prism 8.0 (La Jolla, USA). 
Comparisons between groups were assessed by two-tailed Student’s t-test or one-way 
ANOVA. Difference was considered significant at P < 0.05, and designated as 
follows: *P < 0.05; **P < 0.01.

Conflicts of interest: None declared.
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Supplementary Fig. 1: No change of mitochondrial membrane potential (MMP) in 56MESS treated CAL33 and SCC25 cells. Analysis of MMP in cells after 56MESS or cisplatin 
treatment for 48 h. The green portion increasing compared to the red part indicates MMP hyperpolarization, and accordingly, causes cell apoptosis. Carbonylcyanide3-chloro-
phenylhydrazone (CCCP, 5 mM) treatment is used as positive control. NC: negative control (DMSO treatment). Scale bar: 100 μM.
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Supplementary Fig. 2: A. Ki67 immunostaining in the treated xenografts. B. H&E staining of the kidney. Scale bar: 100 μM.

Supplementary Fig. 3: The relative expression level of FACL4 mRNA and protein in cancer cells after transfected with FACL4-overexpression plasmid. **P < 0. 01.


