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Comprehensive Summary 

 

Metallodrugs with fine-tuned coordination between metals and bioactive ligands can achieve cytotoxic effects in cancer therapy and 
have been considered as a new approach for drug design. However, it has yet to be elucidated whether these metallodrugs target epi-
transcriptomic proteins for gene expression regulation. This report describes a rhein-based Rh(III)-arene complex, Rh1, that exhibited 
promising antiproliferative effects in several tumor cell lines. Rh1 induced cell death through the autophagy, cell cycle arrest, and ac-
cumulation of intracellular reactive oxygen species (ROS). In addition, Rh1 upregulated the global N

6
-methyladenosine (m

6
A) levels in 

A549 cells in the fat mass- and obesity-associated protein (FTO)-dependent manner. Collectively, the metal-based FTO inhibitor Rh1 
effectively suppressed tumor cell proliferation and modulated the abundance of cellular m

6
A, highlighting the potential of met-

al-based agents to target and regulate epitranscriptomics for tumor suppression. 
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Background and Originality Content 

Coordination complexes incorporating metal ions with biolog-
ically active ligands have been broadly used as diagnostic tools, 
anticancer drugs, and bioimaging agents.

[1]
 Cisplatin, as a land-

mark discovery of metal complexes, has been used clinically for 
treating numerous human cancers.

[2]
 However, drug resistance 

and undesirable side effects of cisplatin have led to other plati-
num-containing anticancer drugs or combination therapies of 
cisplatin with other drugs being considered as novel strategies for 
chemotherapy.

[3]
 In recent years, coordination complexes with 

several transition metals have attracted increasing attention be-
cause of their variable oxidation states, higher selectivity for can-
cer cells, and iron mimicking properties.

[4]
 The ruthenium (Ru) 

complexes KP1019 and NAMI-A progressed to clinical trials, but 
these were terminated for various reasons.

[5]
 Diverse approaches 

such as novel scaffold incorporation, light activation, catalytic 
mechanisms of action, and pH-dependent modulation of reactivi-
ty have been applied for the design of metallodrugs.

[6]
 The half- 

sandwich arene complexes coordinated with metal centers such 
as rhodium (Rh) and iridium (Ir) and ancillary ligands play syner-
gistic roles in fine-tuning the in vitro and in vivo anticancer prop-
erties of the compounds.

[7]
 However, further work is required to 

understand the mechanisms of the anticancer activity. 
Early mechanistic studies demonstrated that the half-sand-

wich metal-arene complexes interacted with the N7 of guanine, 
similar to the interaction of cisplatin with DNA, and this was be-
lieved to be one of the main causes of the anticancer activity.

[8-9]
 

Recent studies revealed that enzymes were the potential binding 
targets for the metal-arene complexes.

[10]
 Several classes of pro-

teins with different roles, including kinases and DNA-repair pro-
teins have been characterized as the targets of metallodrugs in 
vitro and in vivo.

[11]
 Using an integrated proteomics-based target- 

response profiling approach, a series of Ru(II)-arene (RAPTA) 
compounds were determined to inhibit thioredoxin reductase and 
cathepsin B,

[12]
 or mainly target the cytoskeletal protein plectin to 

affect the motility of cancer cells.
[13]

 In addition, metal-based in-
hibitors have been developed to selectively target the histone 
deacetylases (HDACs) to modulate the epigenetic status and 
achieve the anticancer effect.

[14]
  

The rich photophysical properties and unique optical parame-
ters of the metal complexes mean cellular imaging can be used to 
elucidate the various biological processes and in vivo trafficking of 
these drugs.

[15]
 Subsequently, organelle-targeting strategies have 

been applied to improve the anticancer therapeutic effects by 
delivering the metallodrugs to specific cell compartments such as 
the nucleus, mitochondria, and lysosomes.

[16]
 For example, some 

Ir(III) complexes were reported to accumulate in lysosomes, lead-
ing to lysosomal damage and induction of autophagy or apopto-
sis.

[17]
 Other metal complexes tended to locate in mitochondria 

and induced caspase-dependent apoptosis by mitochondrial dam-
age, cellular ATP depletion, mitochondrial respiratory inhibition, 
and elevated production of reactive oxygen species (ROS).

[18-19]
 

Furthermore, some metal complexes escaped and migrated to 
other organelles once stimulated by photoirradiation to produce 
ROS.

[20]
 Therefore, such targeted luminescent metal complexes 

provide a structural foundation for the further design and optimi-
zation of metallodrugs. 

In this study, rhein, a reported inhibitor for the fat mass- and 
obesity-associated protein (FTO),

[21]
 which was identified as a 

critical demethylases involved in regulating cellular mRNA stability 
by erasing m

6
A from mRNA,

[22]
 was taken as the ligand and used 

to develop the first example of a rhein-based Rh(III) arene com-
plex that maintained the inhibitory activity for FTO demethylation. 
The complex, termed Rh1, exhibited FTO-dependent antiprolifera-
tive activity by upregulating the global N

6
-methyladenosine (m

6
A) 

levels in A549 cells. In addition, Rh1 induced cell death through 
autophagy, cell cycle arrest, and the generation of intracellular 
ROS. These findings offer a new insight of metal-based complexes 
targeting the FTO demethylase for tumor suppression. 

Results and Discussion 

Chemical synthesis of the metal complexes Rh1 and Ru1 

The half-sandwich organometallic Rh(III) complex Rh1 and 
Ru(II) complex Ru1 were synthesized by refluxing the ligand 
Rhein-L with the dimer *(η

5
-Cp

X
)RhCl2]2 (Cp

X
 = pentamethylcyclo-

pentadienyl) (RhCp
X
) and *(η

6
-p-cymene)RuCl2]2 (Rucym), respec-

tively (Schemes 1 & S1). The ligand Rhein-L and complexes of Rh1 
and Ru1 were fully characterized with proton nuclear magnetic 
resonance (

1
H NMR) spectroscopy and electrospray ionization 

mass spectrometry (ESI-MS) (Figures S1—S3). 
Photophysical properties of Rhein-L, Rh1, and Ru1 were stud-

ied in DMSO/H2O solution (V/V, 1 : 99) at room temperature, and 
the three samples displayed similar UV absorption and fluores-
cence emission. The ligand Rhein-L exhibited maximum UV ab-
sorption at 438 nm and a photoluminescence emission band at 
610 nm with excitation at 450 nm in the DMSO/H2O solution at 
room temperature (Figure S4). The complexes Rh1 and Ru1 dis-
played two obvious UV absorptions around 300 nm and 425 nm 
(Figure S5); the high-energy bands ( 320 nm) could be assigned 
to the ligand-centred (LC) transitions, while the relatively low- 
energy band at ~425 nm could be ascribed to the contribution 
from both ligand-to-ligand charge transfer (LLCT) transitions and 
metal-to-ligand charge transfer (MLCT). 

Rh1 exhibits enhanced cytotoxic activity versus its dimer and 
ligand in tumor cell lines 

In vitro cytotoxicity of Rh1 and Ru1, their dimers RhCpX and 
Rucym, respectively, and the ligand Rhein-L against tumor cells 
was assessed using the cell lines human lung carcinoma A549, 
cisplatin-resistant A549 (A549R), human breast cancer MCF-7, 
epithelial ovarian carcinoma A2780, and acute promyelocytic 
leukemia NB4. Cisplatin was set as a positive control. Rh1 exhibit-
ed marked cytotoxicity towards the tested tumor cell lines and 

Scheme 1  Chemical structures of Rhein-L, RhCpx dimer, Rh1 (RhCpX-Rhein), Ru-cym dimer, and Ru1 (Ru-cym-Rhein) 
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showed preferred antiproliferative activity in A549 and NB4 cells, 
with estimated IC50 values of 3.0 μmol/L and 2.3 μmol/L, respec-
tively (Table S1). Rh1 also demonstrated the potency to overcome 
the cisplatin resistance in A549R cells, with IC50 values of 3.0 
μmol/L and 8.8 μmol/L for A549 and A549R cells, respectively. In 
contrast, the cytotoxic/antiproliferative effects of the ligand 
Rhein-L were almost abolished in A549R cells (IC50 of 3.9 μmol/L 
for A549 and 35.0 μmol/L for A549R, respectively). Ru1 exhibited 
only moderate activity against tumor cells, with IC50 values greater 
than 15 μmol/L for all tested cell lines. Compared with the RhCpX 
dimer, Rhein-L, and Ru1 complex, Rh1 displayed the best efficacy 
for inhibiting the viability of A549 cells (Figure 1A). Furthermore, 
Rh1 significantly inhibited colony formation in A549 cells (Figure 
1B). Based on these findings, Rh1 was selected for further inves-
tigation. 

 

Figure 1  Rh1 exhibits an antiproliferative effect in A549 cells. (A) IC50 

values of Rh1 dimer (RhCpX), Rhein-L, Rh1, and cisplatin for inhibiting cell 

viability of A549 cells. (B) Effects of Rh1 on colony formation of A549 cells. 

Rh1 accumulates in the lysosomes of A549 cells and leads to 
autophagic cell death 

To understand the subcellular accumulation of Rh1, immuno-
fluorescence staining was performed on A549 cells after incuba-
tion with Rh1. Fluorescence microscopy examination of the cells 
revealed that Rh1 exhibited a green fluorescence that merged 
with the lysosome dye LysoTracker Red (LTR), suggesting that Rh1 
predominantly localized in the lysosomes (Figure 2A). Autophagy 
is an evolutionarily conserved stress-responsive process that cul-
minates with the lysosomal degradation of redundant or poten-
tially dangerous cytosolic entities.

[23]
 The accumulation of LC3 

puncta and the transformation from LC3-I to LC3-II were used as 
typical biomarkers to monitor autophagic responses in the cells.

[24]
 

Western blotting showed that endogenous LC3-II increased dose 
dependently upon Rh1 treatment over 24 h in A549 cells (Figure 
2B), indicating that Rh1 induced an autophagy phenotype. Im-
munofluorescence assessment of LC3-II demonstrated that 
LC3-positive puncta were significantly elevated upon treatment 
with Rh1, manifesting the emergence of autophagosome vacuoles 
(Figure 2C). These observations suggested that treatment with 
Rh1 caused autophagic cell death in A549 cells. 

 

Figure 2  Rh1 accumulates in the lysosome and induces an autophagy 

phenotype in A549 cells. (A) Intracellular colocalization of Rh1 with 

LysoTracker Red (LTR) and Hoechst 33342. The excitation wavelengths for 

Rh1, LTR, and Hoechst 33342 were 405 nm, 357 nm, and 633 nm, respec-

tively, and the emitted fluorescence was collected at 600 ± 20 nm, 660 ± 

20 nm, and 460 ± 20 nm, respectively. Scale bar, 10 µm. (B) LC3 protein 

expression in A549 cells after Rh1 treatment. LC3 expression was analyzed 

by western blotting (left panel) and quantified with Image J software (right 

panel). (C) Immunofluorescence imaging of LC3 in A549 cells pre-treated 

with 10 μmol/L Rh1 for 12 h. Scale bar, 20 μm. ****, p < 0.0001. 

Rh1 induces the intracellular ROS generation and cell cycle 
arrest 

The excessive generation of ROS is an important mechanism 
for the metal-based anticancer agents and has also been reported 
to induce autophagy.

[25]
 The generation of ROS in A549 cells was 

detected by using the fluorescent probe DCFH-DA (2’,7’-dichloro-
fluorescin diacetate).

[26]
 The number of fluorescence dots present 

with DCFH-DA probing was significantly increased in the A549 
cells exposed to Rh1 treatment (Figure 3A). Moreover, the fluo-
rescence intensity was enhanced in a time-dependent manner 
(Figure 3B). Thus, the Rh1 complex effectively induced the gener-
ation of intracellular ROS. 

Increasing evidence suggests that autophagy and the cell cycle 
are coordinated and reciprocally regulated.

[27]
 The effect of Rh1 

treatment on cell cycle distribution in A549 cells was examined by 
propidium iodide (PI)/RNase staining and subsequent flow cyto-
metry analysis. Rh1 could induce G0/G1 cell cycle arrest in a 
dose-dependent manner (Figures 3C and S6) and the proportion 
of A549 cells in G0/G1 phase increased from 57.16% to 77.46% 
after Rh1 treatment for 24 h. Collectively, these data demon-
strated that Rh1 accumulates in lysosomes, induces ROS produc-  
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Figure 3  Rh1 induces excessive ROS production and cell-cycle arrest in 

A549 cells. (A) Fluorescence microscopy images of intracellular ROS pro-

duction in A549 cells treated with 10 μmol/L Rh1. Scale bar, 200 μm. (B) 

Time-dependent ROS production measured with a fluorescence spec-

trometer. (C) Effects of Rh1 treatment on cell-cycle distribution using flow 

cytometry. 

tion, arrests the cell cycle at G0/G1 phase, and leads to cell death 
by autophagy in A549 cells. 

Identification of the inhibition activity of Rh1 on FTO de-
methylation 

Rhein was previously shown to be the first FTO inhibitor.
[7]

 
Therefore, the rhein-based complex Rh1 was examined to deter-
mine whether the complex retained the inhibitory activity on FTO 
demethylation. The demethylation activity of FTO was completely 
abolished in the presence of 50 μmol/L RhCp

x
 dimer and Rh1, 

while Ru-cym dimer and Ru1 treatment displayed no inhibition 
activity under the same conditions (Figure S7A). The IC50 values of 
Rhein-L, Rh1, and the dimer RhCp

X
, respectively, on FTO demeth-

ylation were quantified to further determine the inhibitory effects 
of the compounds. The IC50 values of Rhein-L and Rh1 for the 
inhibition of FTO demethylation were 20.9 μmol/L and 9.9 μmol/L, 
respectively (Figures 4A and 4B). Meanwhile, the RhCp

X
 dimer 

exhibited enhanced FTO inhibition activities compared with 
Rhein-L or Rh1, with an IC50 value of 2.3 μmol/L (Figure S7). These 
results demonstrate that both RhCp

x
 dimer and Rhein-L contrib-

ute to the inhibitory activity of FTO, and Ru1 does not show an 
inhibitory effect that may be attributed to Ru-cym dimer. 

Rh1 exhibits FTO-dependent antiproliferative activity via the 
FTO/m6A axis in A549 cells 

To investigate whether Rh1 could alter the level of m
6
A modi-

fication in A549 cells, the abundance of m
6
A was investigated in 

vitro by dot blot assay under dose-dependent conditions. As ex-
pected, the m

6
A abundance in total RNA and mRNA markedly 

increased after Rh1 treatment (Figures 5A and 5B). To further 
determine whether the inhibitory effect of Rh1 on cell prolifera-
tion relied on FTO, stable FTO knockdown (shFTO) A549 cells were 
generated with lentivirus-mediated shRNA. The efficacy of 
knockdown was confirmed by the expression levels of FTO protein 
and mRNA (Figures 5C and 5D). MTT and colony formation assays 
revealed that knockdown of FTO in A549 cells significantly sup-
pressed cell proliferation (Figures 5E and 5F), indicating FTO  

 
Figure 4  Effects of Rhein-L and Rh1 on FTO demethylation of m6A in vitro. 

(A and B) Detection of Rhein-L (A) and Rh1 (B) inhibition of FTO demethyl-

ation on ssDNA using the restriction enzyme digestion assay. In PAGE im-

age (left panel), the upper band is 39-nt DNA with dm6A incorporation, 

and the lower 22- and 17-nt bands represent the demethylated products 

after DpnII digestion. IC50 values of the inhibition curve were drawn using 

Image J quantification (right panel). Meclofenamic acid (MA) was used as a 

positive control of FTO inhibitor at 50 μmol/L. 

as an oncogene in A549 cells, which was consistent with the re-
ported results.

[28-29]
 Rh1 markedly suppressed the proliferation of 

A549 cells but exhibited a much milder effect on A549 shFTO cells. 
The IC50 value of Rh1 for inhibiting the proliferation of A549 shNC 
(negative control) cells was 3.3 μmol/L, while the IC50 values for 
Rh1 on A549 shFTO-1 and shFTO-2 cells were 10.1 μmol/L and 
10.4 μmol/L, respectively (Figure 5G). In addition, A549 shFTO 
cells showed significant dose-dependent drug sensitivity against 
Rh1 (Figure 5H), suggesting that the inhibitory effect of Rh1 on 
the proliferation of cells was dependent on FTO protein. 

Further studies were performed to exclude the effects of Rh1 
on methylation of histone and genomic DNA. Rh1 only minimally 
altered major histone methylations (Figure S8A) and genomic 
5-methylcytosine (5mC) and 5-hydroxymethylcytosine (5hmC) 
modifications in A549 cells (Figure S8B). Collectively, Rh1 might 
achieve antitumor effects through targeting the FTO-mediated 
regulatory pathway of RNA demethylation rather than the epige-
netic histone or DNA demethylation. 

Conclusions 

As a result of the clinical success of cisplatin in the early 1960s, 
considerable progress has been made with metal complexes for 
biological application in the past half century. However, drug re-
sistance and undesirable side-effects of cisplatin are major obsta-
cles in current clinical chemotherapy. To address these problems, 
novel elements such as new metal centers, ancillary ligands, and 
flexible scaffolds have been applied to the design of metal com-
plexes to improve the biological activities. Furthermore, metal 
substitution or novel scaffold of complexes may facilitate the clin-
ical introduction of the next generation of platinum or other met-
al-based anticancer agents. For the half-sandwich metal-arene 
complex, the arene moiety favors structural diversity and hydro-
phobicity, which not only provides additional functionalities but 
also facilitates cellular uptake by ameliorating lipophilicity. In the 
current study, a rhein-based Rh(III) arene complex, Rh1, was syn-
thesized and found to significantly repress the proliferation of 
A549 cells, including those that were resistant to cisplatin (Figure 
1 and Table S1). Similar to the classical metal complexes, Rh1 ex-
erted antiproliferative effects on A549 cells by accumulating in 
lysosomes and inducing autophagy, arresting the cell cycle at 
G0/G1 phase, and significantly increasing the level of intracellular 
ROS (Figures 2 and 3). Rhein was originally used as a laxative and 
stomach drug and was reported as the first FTO inhibitor, so the   
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Figure 5  Rh1 exhibits FTO-dependent antiproliferative activity in A549 cells. (A and B) Dot blot assay determination of m6A abundance in total RNA (A) 

and mRNA (B) in A549 cells treated with Rh1 for 48 h. MB (methylene blue) represents loading control of RNA samples. (C and D) The FTO protein (C) and 

mRNA (D) levels in A549 cells infected with lentivirus carrying indicated shRNAs. shNC, control cells. shFTO-1 or shFTO-2, FTO-knockdown cells. (E) Effects 

of shFTO on A549 cell viability. (F) Effects of shFTO on colony formation of A549 cells. (G) IC50 values of Rh1 for inhibiting cell viability in shNC and shFTO 

A549 cells. (H) Effects of indicated dosage of Rh1 on cell viability in shNC and shFTO A549 cells. ****, p < 0.0001; ***, p < 0.001. 

inhibitory activity of Rh1 on FTO was then determined, indicating 
that Rh1 may possess different mechanisms of action. As ex-
pected, Rh1 maintained the inhibitory activity towards FTO de-
methylase. In addition, the RhCpX dimer exhibited the best inhib-
itory activity (Figures 4 and S7), which indicated the FTO inhibitory 
capability of Rh1 may arise from the synergy of the ligand Rhein-L 
and RhCpX dimers. However, the Rucym dimer did not show the 
inhibitory activity on FTO (the data are not shown) and inhibitory 
mechanism for the RhCpX dimer was unclear.  

Antiproliferative effects on A549 cells by accumulating in ly-
sosomes and inducing autophagy, arresting the cell cycle at G0/G1 
phase, and significantly increasing the level of intracellular ROS 
(Figures 2 and 3). Rhein was originally used as a laxative and 
stomach drug and was reported as the first FTO inhibitor, so the 
inhibitory activity of Rh1 on FTO was then determined, indicating 
that Rh1 may possess different mechanisms of action. As ex-
pected, Rh1 maintained the inhibitory activity towards FTO de-
methylase. In addition, the RhCp

X
 dimer exhibited the best inhib-

itory activity (Figures 4 and S7), which indicated the FTO inhibitory 
capability of Rh1 may arise from the synergy of the ligand Rhein-L 
and RhCp

X
 dimers. However, the Ru-cym dimer did not show the 

inhibitory activity on FTO (the data are not shown) and inhibitory 
mechanism for the RhCp

X
 dimer was unclear. 

Several specific or non-specific small-molecule inhibitors of 
FTO have been identified and these can be classified into 
2-oxoglutarate (2OG)-competitive, substrate competitive, dual 
2OG- and substrate-competitive, and unvalidated mechanisms 
depending on their mode of action.

[30]
 More recently, several 

small molecules, such as FB23-2, CS1, CS2, and Dac51, have been 
developed that exhibit clinical potential for cancer therapy by 
targeting FTO.

[31-33]
 However, to our knowledge, no metal complex 

with FTO inhibitory activity has been characterized to date. The 
catalytic nanoparticles OsSx-PEG NPs were recently shown to 
increase the methylation level of mRNA, but the cellular target 

has yet to be elucidated.
[34]

 The current study successfully synthe-
sized a rhein-derived metal complex Rh1 with FTO inhibitory ac-
tivity. Knocking down FTO expression with lentivirus revealed that 
FTO downregulation repressed the proliferation and colony for-
mation of A549 cells, which was similar to the effects of Rh1 
treatment. In addition, Rh1 significantly increased the m

6
A abun-

dance and exhibited FTO-dependent antiproliferative activity in 
A549 cells. Collectively, Rh1 was shown to suppress the prolifera-
tion of A549 cells by targeting the FTO/m

6
A axis. Although more 

systematic studies are warranted to verify the involvement of Rh1 
in FTO-regulated targets or pathways, this study has provided 
evidence that metal complexes targeting epitranscriptomics hold 
potential for tumor suppression. 

Experimental 

Materials 

The m6A-containing ssDNA substrate was synthesized in Gen-
eray Company. The biological reagents for enzymatic assay such as 
Tris, α-ketoglutarate, (NH4)2Fe(SO4)2 and L-ascorbic acid were 
purchased from Shanghai Bioengineering Company. The compo-
nents for cell cultures such as Dulbecco's Modified Eagle Medium 
(DMEM), RPMI1640 medium, Fetal Bovine Serum (FBS), penicillin/ 
streptomycin and trypsin/EDTA solution were purchased from 
Gibco. The sodium of meclofenamic acid (MA) was obtained from 
TCI. 

Instruments  

ESI-MS was recorded by the Thermo LCQFLEET electrospray 
mass spectrometer. 

1
H NMR was determined by Bruck AVANCE 

400 MHz spectrometer, and the UV-visible spectra were collected 
by Varian Cary 50 Probe UV-vis spectrometer. The fluorescence 
spectrum was performed by Perkin-Elmer LS55 fluorescence 
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spectrometer, and the digital circular second spectrometer was 
using Chriascan instrument produced by Applied Photophysics 
Company in the United Kingdom. The multifunctional enzyme 
labeling instrument model was recorded by Tecan Infinite M1000 
Pro, flow cytometry was SORP FACSARIA II, and the fluorescent 
microscope model was Axio Observer. CHI 660E electrochemical 
work station was used with a conventional three-electrode sys-
tem. 

Synthesis of ligand Rhein-L 

The modified ligand (Rhein-L, 4, 5-dihydroxy-N-((4'-methyl-[2, 
2'-bipyridin]-4-yl)methyl)-9,10-dioxo-9,10-dihydroanthracene-2- 
carboxamide) was synthesized from 4-aminomethyl-4-methyl-2,2- 
bipyridyl, which was prepared in a slightly modified way according 
to literature procedures.

[35-36]
 Rhein (0.5 mmol), EDCI (0.5 mmol), 

HOBt (0.4 mmol), 4-aminomethyl-4-methyl-2,2-bipyridyl (2.0 
mmol) and 10 μL triethylamine were mixed and kept at 0 °C for 10 
h. Yellow precipitation was obtained after water was added, and 
further purified with the column chromatography (yield: 0.18 g, 
78%). 

1
H NMR (400 Hz, DMSO-d6) δ: 11.93 (s, 2H), 9.66 (t, 1H), 

8.63 (d, 1H), 8.52 (d, 1H), 8.38 (s, 1H), 8.28—8.22 (m, 2H), 7.85 
(dd, 2H), 7.77 (d, 1H), 7.42 (t, 2H), 7.28 (d, 1H), 4.63 (d, 2H), 2.42 
(s, 3H). 

Synthesis of Rh1 and Ru1 

The dimers *(η
5
-Cp

X
)RhCl2]2 (Cp

X
 = pentamethylcyclopentadi-

enyl) or *(η
6
-p-cymene)RuCl2]2 (0.3 mmol) and Rhein-L (0.2 mmol) 

were mixed and stirred in CH3OH at room temperature for 3 h. 
The solution was further concentrated by the rotary vacuum 
evaporation, and excessive NH4PF6 was added. The product could 
be filtered after frozen in the refrigerator. 

Rh1 (*(η5
-CpX)Rh(N^N-Rhein)Cl]PF6) was obtained as a yellow 

powder (Yield: 0.12g, 68%). ESI-MS: m/z 738.10 [Rh1‒PF6
‒
]

+
. 

1
H 

NMR (400 MHz, DMSO-d6) δ: 11.95 (s, 2H), 9.77 (t, 1H), 8.92 (d, 
1H), 8.82 (d, 1H), 8.68 (s, 1H), 8.58 (s, 1H), 8.25 (d, 1H), 7.89 (s, 
1H), 7.88—7.84 (m, 1H), 7.78 (dd, 2H), 7.72 (d, 1H), 7.44 (d, 1H), 
4.77 (d, 2H), 2.69 (s, 3H), 1.66 (s, 15H). 

13
C NMR (101 MHz, DMSO- 

d6) δ: 191.76, 181.60, 165.24, 161.81, 161.57, 154.17, 153.79, 
153.47, 152.85, 152.42, 151.79, 141.29, 141.14, 138.07, 134.13, 
133.64, 126.49, 125.13, 124.76, 123.17, 122.40, 119.97, 118.31, 
118.02, 116.50, 97.19, 21.20, 8.84. 

Ru1 (*(η
6
-p-cymene)Ru(N^N-Rhein)Cl]PF6) was obtained as a 

yellow powder (Yeild: 0.11g, 65%). 
1
H NMR (400 MHz, DMSO-d6) δ: 

9.72 (s, 1H), 9.44 (d, 1H), 9.36 (d, 1H), 8.60 (s, 1H), 8.51 (s, 1H), 
8.17 (s, 1H), 7.90 (s, 1H), 7.83—7.79 (m, 1H), 7.74 (d, 1H), 7.66 (dd, 
2H), 7.41 (d, 1H), 6.19 (d, 2H), 5.94 (d, 2H), 4.75 (d, 2H), 3.17 (s, 
2H), 2.59 (s, 3H), 2.33—2.26 (m, 1H), 2.15 (s, 3H), 0.95 (d, 6H). 

Cell culture 

A549 cells, cisplatin-resistant A549 (A549R) cells, A2780 cells 
and MCF-7 cells were cultured in DMEM with 10% fetal bovine 
serum (FBS) (10099141, Gibco) and antibiotics. NB4 cells were 
cultured in RPMI1640 supplemented with 10% FBS and antibiotics. 
All the cells were maintained in a humidified 5% CO2 atmosphere 
at 37 °C. 

In vitro cytotoxicity determination 

Approximately 5×10
3
 cells/well were seeded into 96-well plate 

and cultured at 37 °C for 12 h. For the adherent cell lines, the 
media were refreshed with indicated concentrations of the tested 
complexes, dimers or the ligand. After treatment for 48 h, the cell 
viability was determined by adding 10 μL MTT solution for 4 h. 
The purple product was dissolved with DMSO reagent and rec-
orded at 490 nm with a microplate reader (Tecan Infinite M1000 
Pro). For the suspension NB4 cells, the tested compounds were 
immediately added when cells were seeded. The CCK-8 kit 
(MA0218, Meilunbio) was used according to the manufacturer’s 

instructions and the absorbance was recorded at 450 nm. Each 
well was in triplicate. The DMSO control was viewed as 100% and 
the IC50 value was calculated with nonlinear regression analysis 
using equation in GraphPad Prism 8. 

Colony formation assay 

A549 and A549R cells were seeded at a density of 1000 
cells/well into a six-well plate and incubated at 37 °C for 12 d. The 
culture medium was refreshed every 3 d. Cells were fixed with 4% 
paraformaldehyde for 15 min and then stained with 1% crystal 
violet for 10 min. 

Western blotting  

A549 cells were seeded into 6-well plates and treated with the 
indicated concentrations of metal complex for 24 h at 37 °C. Cells 
were washed three times with PBS and lysed in RIPA Lysis Buffer 
with a protease inhibitor cocktail (C600387, Sangon Biotech) for 
30 min on ice. The lysed cells were centrifuged at 14 000 r/min for 
30 min at 4 °C, and quantified by a BCA protein assay reagent kit 
(P0011, Beyotime). The protein samples were separated on 12% 
SDS-PAGE and transferred onto nitrocellulose membranes 
(HATF0010, Millipore) for western blotting analysis. The primary 
antibodies used were FTO (ab124892, Abcam, 1 : 3000), LC3 rabbit 
monoclonal-antibody (AL221, Beyotime, 1 : 1000), GAPDH mouse 
monoclonal-antibody (60004-1-Ig, Proteintech, 1 : 5000). HRP 
conjugated Goat Anti-mouse (CW0103, Cwbio) or Anti-rabbit IgG 
(CW0102, Cwbio) was used as secondary antibody. 

Fluorescence microscopy 

For subcellular accumulation analysis, A549 cells were treated 
with 5.0 μmol/L Rh1 for 5 h and then co-incubated with 150 
nmol/L Lyso-Tracker Red (LTR) or 10 μg/mL Hoechst 33342 at 
37 °C for 15 min, respectively. Cells were washed with pre-chilled 
PBS for three times and visualized immediately with the fluores-
cence microscopy. The excitation wavelengths for Rh1, LTR and 
Hoechst 33342 were set at 405 nm, 633 nm and 357 nm, respec-
tively. And the emission wavelength was 600 ± 20 nm for Rh1, 660 
± 20 nm for LTR and 460 ± 20 nm for Hoechst 33342, respectively. 

For LC3 immunofluorescence analysis, A549 cells were seeded 
into 35 mm dishes and treated with 10 μmol/L Rh1 or DMSO for 
12 h, followed by washing twice with the serum-free medium. 
Then cells were fixed with 3.7% formaldehyde solution for 15 min 
and washed with a PBS solution containing 0.2% TritonX-100 for 
another 15 min. Liquid was discarded and pre-diluted anti-LC3B 
rabbit antibody (ab48394, Abcam) was incubated to cells for 2 h 
at room temperature. After incubation and washing, the 
FITC-labelled goat anti-rabbit IgG was added at 37 °C for another 1 
h. The supernatant was removed and the cells were stained with 
Hoechst 33342 for another 15 min. After washing twice with PBS, 
cells were observed immediately by fluorescence microscopy with 
the excitation wavelength set at 488 nm for FITC and 357 nm for 
Hoechst 33342. The emission wavelength was 530 ± 20 nm for 
FITC and 460 ± 20 nm for Hoechst 33342, respectively. 

ROS detection 

A549 cells were seeded into 35 mm dishes and treated with 
the Rh1 complexes at required concentrations for different time 
points. The detection of ROS was performed in accordance with 
the manufacturer’s instructions (KGAF018, KeyGEN BioTECH). 
Briefly, cells were stained with 10 μmol/L H2DCFDA in the dark for 
30 min, and washed with PBS for three times to discard the dye 
solutions. The fluorescence intensity was measured immediately 
by the fluorescence microscopy or fluorescence spectrometer 
with an excitation wavelength at 488 nm and an emission wave-
length at 530 ± 30 nm. 

Cell cycle analysis 

The cell cycle analysis was conducted as the manufacturer’s 
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protocol (KGA512, KeyGEN BioTECH). A549 cells were cultured in 
6-well plates and incubated with Rh1 (0, 0.5, 2.5, 5 μmol/L, re-
spectively) for 24 h. Cells were collected and fixed 70% ethanol. 
After storage at 4 °C overnight, cells were centrifuged and washed 
three times with cold PBS and resuspended in a 500 μL PBS buffer 
containing PI and RNase A (9 : 1) for 30 min in the dark. The sam-
ples were analyzed by a flow cytometry and the data were pro-
cessed using the ModFit LT 2.0 software (Verity Software House, 
USA). 

Protein expression and purification 

The N-terminal 31 residues truncated FTO gene was sub-
cloned into pET28a vector, encoding a His-tag fusion FTO protein. 
The expression and purification of FTO were modified from pre-
viously reported methods.

[37]
 The protein was purified by Nickle- 

affinity chromatography, followed by a superdex 200 gel filtration 
(GE Healthcare). Fractions were collected and checked by 12% 
SDS-PAGE. The proteins were stored at ‒80 °C for further bioas-
says. 

Inhibition of FTO demethylation in vitro 

The PAGE-based assay for inhibition of FTO demethylation in 
vitro was performed as previously described.

[37-38]
 A reaction mix-

ture, containing 0.5 μmol/L FTO, 1 μmol/L 39-nt ssDNA 
(5’-ATTGCCATTCTCGATAGG(m

6
A)TCCGGTCAAACCTAGACGAA-3’),

300 μmol/L α-ketoglutarate, 280 μmol/L (NH4)2Fe(SO4)2, 2 mmol/L 
L-ascorbic acid and inhibitors at required concentrations in 50 
mmol/L Tris-HCl, pH 7.5, was incubated at room temperature for 2 
h. The reaction was terminated by heating at 65 °C for 15 min. The 
ssDNA was annealed to the complementary strand and then sub-
jected to the DpnII enzyme digestion (R0543L, NEB). The digested 
dsDNA was checked on 15% native PAGE with GelRed staining to 
estimate the percentage of inhibition. 

RNA extraction and m6A dot blot  

A549 cells were incubated with indicated concentrations of 
Rh1 for 48 h. Total RNA was extracted with TRIzol reagents 
(15596018, Thermofisher Scientific) and mRNA was then isolated 
from total RNA using Dynabeads mRNA DIRECT kit (61012, Ther-
mofisher Scientific) in accordance with the manufacturer’s proto-
cols. RNA samples were denatured and then spotted onto an Im-
mobilon-Ny + membrane (INYC00010, Millipore). After complete 
drying, RNA samples were crosslinked by an UV irradiation for 3 
min. The membrane was then blocked with 5% non-fat dry milk in 
1×PBST buffer for 1 h at room temperature and subsequently 
incubated with rabbit anti-m

6
A antibody (ab151230, Abcam) at 

4 °C overnight. After three washes with PBST, the membrane was 
incubated with anti-rabbit IgG antibody for 1 h at room tempera-
ture, then washed for another three times in PBST. Finally, the 
membrane was developed with Amersham ECL Prime Western 
Blotting Detection Reagent (RPN2232, GE Healthcare) and stained 
with 0.1% methylene blue (MB) as loading control. 

Stable cell line generation 

Lentivirus was generated as described previously.
[31]

 Briefly, 
1.5 µg pMD2.G, 0.9 µg pMDLg/pRRE, 2.1 µg pRSV-Rev, and 5.4 µg 
shRNA plasmids pLKO.1-shFTO or pLKO.1-shNC constructs were 
co-transfected into HEK293T/17 cells with the Lipo2000 transfec-
tion reagent (11668500, ThermoFisher) according to the manu-
facturer’s instructions. The target sequences for FTO knockdown 
were listed in Table S2. The lentivirus particles were harvested 48 
h and 72 h post transfection, directly pipetted into A549 cells in 
the presence of 6 μg/mL polybrene (H9268, Sigma-Aldrich). Finally, 
5 μg/mL puromycin (P8833, Sigma-Aldrich) was added into the 
A549 cells 48 h post incubation to select the positive infected-cells. 
To avoid cellular compensation of knockdown efficiency, only 
freshly infected cell lines (fewer than 6 passages) were used in the 

experiments.  

Supporting Information 

The supporting information for this article is available on the 
WWW under https://doi.org/10.1002/cjoc.202100901. 
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