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Targeting Ribosome Biogenesis for Cancer Therapy with Oral
Platinum Complexes
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Cancer cells often upregulate ribosome biogenesis to meet increased protein synthesis demands for rapid
proliferation; therefore, targeting ribosome biogenesis has emerged as a promising cancer therapeutic strategy. Herein, we introduce
two Pt complexes, ataluren monosubstituted platinum(IV) (SPA, formula: c,c,t,-[Pt(NH;),ClL,(OH)(C,sHgFN,0;)], where
C,sHgFN,O; = ataluren) and ataluren bisubstituted platinum(IV) complex (DPA, formula: c,c,t,-[Pt(NH;),CL(C;HgFN,05),],
where C;sHgFN,O; = ataluren), which effectively suppress ribosome biogenesis by inhibiting 47s pre-RNA expression. Furthermore,
SPA and DPA induce nucleolar stress by dispersing nucleolar protein NPM1, ultimately inhibiting protein generation in tumor cells.
More importantly, DPA exhibits superior cytotoxicity to various cancer cells and in vivo antitumor efficacy compared to cisplatin,
with lower systemic toxicity. Notably, in clinically relevant models, including orthotopic hepatic tumor-bearing mice and patient-
derived bladder cancer organoids, DPA outperforms cisplatin significantly, with the added benefit of oral administration, enhancing
clinical feasibility. To our knowledge, DPA emerges as the pioneering Pt(IV) agent targeting the ribosome, providing new insights
for designing next-generation metal-based therapeutics.
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drugs form DNA adducts that induce DNA damage and activate
cellular stress responses.'’ Interestingly, oxaliplatin and its
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orally."® Satraplatin completed Phase III clinical trials via oral
administration but was not approved due to no significant
improvement in overall survival. However, it significantly
increased progression- free survival, highlighting the oral efficacy
of Pt(IV) compounds.'” Through Pt(IV) prodrug platform, a
diverse array of multifunctional, multltar%eted and highly potent
compounds has been developed1820 ® Yet, the design of
Pt(IV) drugs targeting the ribosome still represents a nascent
frontier in research.

In this context, we have used a Pt (IV) prodrug strategy to
develop two novel Pt compounds, SPA and DPA, and with the
axial ligand Ataluren (Ata) (see Figure 1). Ata is thought to
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Figure 1. Chemical structures of CDDP, Ata, SPA, and DPA.

modulate ribosome to promote therapeutic nonsense suppres-
sion and has been approved in the European Union for the
treatment of nonsense mutation Duchenne muscular dys-
trophy.”*™® Our research indicates that DPA exhibits the
ability to inhibit ribosome biogenesis and protein synthesis.
Remarkably, it demonstrated oral bioavailability and exhibit

Scheme 1. Synthetic Routes to SPA and DPA

outstanding efficacy in an orthotopic liver tumors-bearing mice
and patient-derived bladder cancer organoids.

Scheme 1 illustrates the synthetic routes to SPA and DPA. These
complexes were synthesized using a previously documented
procedure.”” Initially, the Pt(IV) intermediate, oxoplatin, was
synthesized via the oxidation of CDDP with hydrogen peroxide
(H,0,). Subsequently, Ata-NHS ester was prepared as per
established protocols in the literature.”® SPA and DPA were
synthesized by reacting Ata-NHS and Ata with oxoplatin,
respectively. The structural integrity of SPA and DPA was
confirmed through various analytical techniques, including 'H-,
BC-, and ""Pt-NMR, as well as high-resolution mass spectra
(refer to Figures S1—S8). Notably, the '"Pt-NMR spectra
exhibited resonance peaks at 6 1035.63 and 1156.53 ppm,
confirming the presence of Pt(IV) in SPA and DPA,
respectively. Moreover, the purity of the complexes was assessed
using high-performance liquid chromatography (HPLC) (refer
to Figure S9). Considering the necessity of oral administration
for Pt(IV) compounds, we assessed the stability of SPA and
DPA in artificial gastric and intestinal fluids. After a 24-h
incubation period, SPA demonstrated stability in both artificial
gastric and intestinal fluids. In contrast, DPA maintained
stability in artificial gastric fluid, while over 70% of the
compound remained stable in artificial intestinal fluid (Figures
S10 and S11). These results highlight their potential suitability
for oral delivery.

The reduction of Pt(IV) complexes is pivotal for their antitumor
efficacy.”’ Cellular reductants like ascorbic acid (AsA)
commonly facilitate this reduction, resulting in the release of
Pt(II) species along with axial ligands. To assess the reducibility
of SPA and DPA, these complexes underwent incubation with
excess AsA (8 equiv) individually and were monitored via 'H
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NMR. As depicted in Figures 2, S10, and S11, the peak
corresponding to SPA and DPA gradually diminished over time,
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Figure 2. Remaining Pt(IV) complexes after the reaction of SPA and
DPA with AsA at 37 °C in the dark.

while new peaks reminiscent of the Ata peak emerged, indicating
the liberation of axial ligands under reducing conditions.
Notably, SPA exhibited a more rapid reduction rate compared
to DPA.

The cytotoxicity of the compounds was assessed using the MTT
assay across various human cancer cell lines, including MCE-7
(breast cancer), Caov3 (CDDP-insensitive ovarian cancer), and
U87MG (glioma). Table 1 lists the half maximal inhibitory

Table 1. IC,, [#M] of SPA, DPA, CDDP, Oxoplatin, Ata and
CDDP Plus Ata (1:1 and 1:2) at 72 h against Different Cell
Lines”

Complex MCE-7 Caov3 US7MG
SPA 1.92 + 0.34 2.83 +0.77 1.72 £ 0.21
DPA 0.72 + 0.26 0.98 + 0.33 0.43 £ 0.05
CDDP 3.59 +0.59 2124 £ 291 6.06 + 0.74
CDDP + Ata 5.03 + 0.37 2047 +2.77 7.79 £ 0.47
CDDP + 2Ata 4.39 + 0.23 21.86 + 0.68 8.07 + 0.47
oxoplatin 13.27 £ 0.48 >50 24.56 + 1.85
Ata >50 >50 >S50

“Data are average of 3 parallel tests.

concentrations (ICg) of the compounds against these cell lines
after 72 h. Both SPA and DPA displayed superior activity
compared to CDDP across all tested cell lines, irrespective of
their sensitivity or resistance to platinum. Ata exhibited
negligible cytotoxicity below S0 yM. Mixtures of CDDP and
Ata at ratios of 1:1 or 1:2 showed cytotoxicity levels comparable
to, or slightly lower than, CDDP, while oxoplatin demonstrated
significantly reduced cytotoxicity. Notably, DPA exhibited
markedly higher cytotoxicity than SPA across all tested cell
lines, warranting further mechanistic investigation focused
primarily on DPA.

Flow cytometry was employed to investigate the impact of the
complexes on the cell cycle of U§7MG cells. DPA predom-
inantly halted the cell cycle progression in the G1 phase, whereas
SPA arrested it at both the G1 and G2 phases. Consistent with
prior findings,”> CDDP exhibited a cell cycle arrest effect in the
G2 phase (Figure S16). The distinctive cell cycle arrest pattern
induced by DPA contrasts significantly with that of CDDP,

75

strongly suggesting divergent mechanisms of action among
them.

The mode of cell death was analyzed through an annexin V-
FITC/propidium iodide (PI) double staining assay. Figure 3
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Figure 3. Apoptotic analysis of U87MG cells by flow cytometry after
incubation with different complexes for 48 h.

illustrates that at 2 yuM concentration, SPA and DPA prompted
22.4% and 22.3% of U87MG cells, respectively, to undergo early
apoptosis, whereas CDDP only elicited early apoptosis in 5% of
the cells. This observation underscores the potent proapoptotic
efficacy of SPA and DPA and highlights their promising role in
cancer therapy as compared to conventional agents like CDDP.

Lipophilicity significantly influences drug activity. SPA and DPA
possess respective lipophilicities of 1.37 + 0.08 and 2.09 + 0.20,
determined by octanol—water partition coefficient (log Po ).
This renders them more lipophilic than CDDP (log Py =
—2.3),” facilitating superior cell membrane penetration.
Cellular Pt content, assessed via inductively coupled plasma
mass spectrometry (ICP-MS) after 6-h incubation with CDDP,
SPA, and DPA in U87MG cells, follows the sequence: DPA >
SPA > CDDP, consistent with their lipophilicity and cytotoxicity
(Figure 4A). Moreover, the capacity of SPA and DPA to bind
nuclear DNA, a primary target of Pt complexes, was assessed
post-treatment by extracting genomic DNA using a kit, followed
by Pt quantification via ICP-MS. As shown in Figure 4B, the
DNA platination follows an order of SPA > DPA ~ CDDP,
which is inconsistent with cellular uptake outcomes. It is
conjectured that this inconsistency may stem from the sluggish
reduction rate of DPA, thereby resulting in an insufficient release
of Pt(II) species in cancer cells. DPA shows higher cytotoxicity
despite similar DNA binding to CDDP, indicating non-DNA
mechanisms at play.

The biosynthesis of ribosomes initiates with the synthesis of
precursor rRNA (47S pre-rRNA), marking the inception phase
of the entire process. Subsequently, 47S pre-rRNA undergoes a
series of intricate cleavage and post-transcriptional modification
steps to mature into 5.8S, 18S, and 28S rRNA. These mature
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Figure 4. Cellular uptake of Pt (A) and platination of cellular DNA (B) in U87MG cells after exposure to CDDP, SPA and DPA for 6 h.
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rRNA molecules associate with ribosomal proteins and, through
self-assembly processes, culminate in the formation of complete
ribosomes." Therefore, the synthesis of 47S pre-rRNA stands as
a pivotal preliminary stage in ribosome biogenesis. To
investigate the impact of compounds on this initial stage of
ribosome biogenesis, we conducted relative quantitative analysis
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of 47S pre-rRNA using fluorescence quantitative PCR (qPCR)
technology. As shown in Figure SA, the levels of 47S pre-RNA in
the CDDP-treated group exhibited a moderate decrease
compared to the control group, possibly attributed to CDDP-
induced rDNA damage. Interestingly, both SPA and DPA
effectively suppressed the expression of 47S pre-RNA in cells,
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Figure 7. In vivo antitumor activity. (A) Schematic diagram of the in vivo antitumor experiment timeline. (B) Tumor growth after intravenous
injection (iv) and (C) oral administration (po) are shown. (D) Weight, and (E) Images of tumor is shown. (F) Body weight during the treatment
course is shown. “CDDP + 2Ata”: CDDP and Ata were administered separately at a 1:2 molar ratio (12 gmol/ kg CDDP and 24 ymol/kg Ata).

surpassing the effect observed in the CDDP group. This suggests
that SPA and DPA possess the capability to disrupt ribosome
biogenesis. Such interference may further trigger nucleolar
stress, wherein the NPM1 protein undergoes translocation from
the nucleolus to the nucleoplasm, manifesting as a reduction in
nucleolar presence and an increase in nucleoplasmic distribu-
tion, leading to a more diffuse cellular localization.®*
Immunofluorescence was employed to investigate the dis-
persion of NPM1 post drug treatment, as depicted in Figure 5B.
While the control and CDDP groups displayed punctate NPM1
staining, SPA and DPA exhibited a dispersed pattern throughout
the entire nuclear region, indicating significant nucleolar stress
induction by the compounds. The degree of NPM1 redis-
tribution was assessed by an image analysis protocol, quantifying
the coefficient of variation (CV) of NPM1 intensity within
individual cells. As depicted in Figure SC, these compounds
exhibit comparable trends.

Damages to ribosome biogenesis function result in a decrease in
protein synthesis.” Hence, we employed alkyne-modified
puromycin to detect nascent protein synthesis in drug-treated
cells. Puromycin binds to nascent polypeptide chains and,
through copper-catalyzed azide—alkyne cycloaddition
(CuAAC) reaction, attaches a fluorescent label to the
polypeptides. Reduction in fluorescence intensity using this
method indicates a decrease in nascent protein synthesis over a
relative period of time. As illustrated in Figure 6, cells treated
with SPA and DPA exhibit a more pronounced decrease in
fluorescence intensity compared to CDDP-treated cells,
indicating a significant hindrance to the translation process.
These above observations suggest that SPA and DPA effectively
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interfere with ribosome biogenesis, thereby triggering nucleolar
stress and ultimately leading to a marked reduction in nascent
protein synthesis. Rapid proliferation of tumor cells necessitates
substantial synthesis of nascent proteins; thus, compounds
inhibiting nascent protein synthesis impair tumor cell function,
leading to extensive cell death.

Xenograft models employing mice implanted with U87MG cells
were utilized to assess the in vivo antitumor efficacy of DPA. The
two administration routes, intravenous injection (iv) and oral
administration (po), were employed, with dosing occurring
once every 2 days for a total of eight administrations (Figure
7A). As shown in Figure 7B—E, strong inhibition of tumor
growth was observed after the treatment. On day 16, the average
tumor volume was 1200 + 120, 639 + 42 and 689 + 110 mm?
for the control, CDDP and “CDDP + 2Ata” groups, respectively.
Remarkably, DPA effectively suppressed the tumor growth. The
average tumor volume in the DPA-treated groups after 16 d was
365 + 64 mm’, only reaching 30% of the control size (Figure
7B). Of greater significance, DPA demonstrates potent
antitumor efficacy when administered orally, exhibiting a
concentration-dependent relationship. In the high-dose group,
the tumor volume after 16 days was 274 + 43 mm®, representing
only 23% of the control group’s volume (Figure 7C). Similar
trends were observed in tumor weight after 16 days (Figure 7D).
Figure 7F indicates that regardless of whether administered
intravenously or orally, DPA did not result in significant weight
loss during the treatment course, unlike CDDP and “CDDP +
2Ata” groups, which showed noticeable declines in weight. This
suggests that DPA exhibits low toxicity. The substantial in vivo
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tissues bearing tumor from each treatment group at the end of treatment, scale bar = 0.5 cm.
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Figure 9. (A) Workflow of BCO culture and antitumor effect testing. (B)
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antitumor efficacy coupled with minimal toxicity suggests the
promising clinical applicability of DPA.

Antitumor Activity in Hepatic Orthotopic Tumor Model

In comparison to subcutaneous tumor models, orthotopic
tumor models better replicate physiological conditions,
enhancing drug efficacy assessment and facilitating metastasis
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research.” After oral administration, drugs are initially trans-
ported to the liver via the portal venous system following
intestinal absorption.”® Therefore, we utilized the H22/Luc
hepatic carcinoma in situ model to evaluate the oral antitumor
activity of DPA. CDDP was administered intravenously, while
DPA was administered orally every 2 days for a total of five doses
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(Figure 8A). Results depicted in Figure 8B,D show that on the
10th day, tumors in the DPA treatment group were significantly
smaller compared to the control and CDDP groups, indicating
potent tumor suppression. This finding suggests a potential
unique advantage of oral Pt(IV) complexes in gastrointestinal
tumors, providing direction for its clinical application.

In the conventional approach to screening chemotherapy drugs,
extensive libraries of small chemical compounds undergo
rigorous evaluation against diverse cancer cell lines to pinpoint
potential candidates with potent cytotoxic effects. Subsequently,
promising compounds undergo further assessment in mouse
models to gauge their in vivo efficacy, safety, and pharmacoki-
netics. Nevertheless, despite showing promise in mouse models,
around 90% of preclinical drug candidates fail to advance to
human clinical trials, underscorin_g a significant disparity
between mouse and human models.”” Recently, patient-derived
tumor organoids (PDTOs) have emerged as a promising
alternative. PDTOs faithfully replicate the complex structures,
gene ex;g)ressions, and molecular profiles of their parental
tumors.””*” Previous studies have demonstrated the ability of
PDTOs to accurately predict patient responses to various cancer
treatments, including chemotherapy, targeted therapies, and
combination regimens.*”*" In previous studies, we established a
bladder cancer patient-derived organoid (BCO) platform to
assess the efficacy of Pt-based drugs."” Utilizing this platform, we
evaluated the therapeutic effect of DPA. As depicted in Figure
9B,C, across four BCOs derived from different patients, DPA
consistently exhibited significantly higher tumor-killing capacity
than CDDP. However, variations in eflicacy were observed
among samples, likely attributable to individual differences.
These findings demonstrate that DPA exhibits greater potency
than CDDP and lay the groundwork for its clinical translation. It
is noteworthy that at a concentration of 2 M, these BCOs show
insensitivity to CDDP, suggesting a potential level of resistance.
However, the high activity of DPA suggests its capability to
overcome CDDP resistance effectively.

Ribosomes, essential for protein synthesis, are regulated by a
complex process of rRNA transcription, processing, and
assembly with ribosomal protein."”” Dysregulation of ribosome
biogenesis is implicated in diseases, notably cancer, where
upregulation supports rapid cell proliferation."” Targeting
ribosome biogenesis thus emerges as a promising cancer therapy
strategy. Pt(II) complexes, such as oxaliplatin and its derivatives,
traditionally known for inducing DNA damage, also induce
ribosome biogenesis stress.'"'> However, there is a scarcity of
reports documenting the targeting of ribosomes by Pt(IV)
derivatives. Here, we report two Pt(IV) prodrugs, SPA and DPA,
derived from CDDP, demonstrating their effective cellular
uptake and binding to nuclear DNA, subsequently inducing
apoptosis. Further investigations reveal that SPA and DPA
effectively suppress the expression of 47s pre-RNA, a critical step
in ribosome biogenesis,1 leading to the dispersion of nucleolar
protein NPMI, triggering nucleolar stress, and ultimately
inhibiting the generation of new proteins in tumor cells.
Remarkably, DPA exhibits significantly higher cytotoxicity and
in vivo antitumor efficacy compared to CDDP, with lower
systemic toxicity. Furthermore, the oral efficacy of DPA remains
intact, promising clinical feasibility. In clinically relevant models
(orthotopic liver cancer-bearing mice and patient-derived
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bladder cancer organoids), DPA retains its efficacy, surpassing
CDDP markedly, hinting at substantial clinical translational
potential. The potent activity and unique mechanism of action
of DPA not only broaden the diversity of Pt drug mechanisms
but also provide a novel direction for designing next-generation
metal-based therapeutics.

In addition, Pt(IV) prodrugs are recognized candidates for
oral administration, with cisplatin-sensitive cancers such as
prostate, lung, and ovarian cancers being primary indications for
satraplatin clinical trials."” Given the requirement for oral drugs
to pass through the digestive system, we explored the
therapeutic effects of DPA in an orthotopic liver cancer model
and found substantial efficacy. This suggests that oral Pt(IV)
prodrugs may be particularly suitable for digestive system
tumors, which often exhibit limited sensitivity to cisplatin.
Despite incomplete understanding of DPA’s tissue distribution
within the digestive system, this pioneering investigation
provides valuable insights for applied research and the selection
of clinical indications of oral Pt(IV) complexes. Overall, this
study highlights the effectiveness of targeting ribosomes against
tumors, while also illuminating the remarkable prowess of
metallodrugs, especially Pt(IV) prodrugs, in this endeavor.
Moving forward, we are systematically evaluating the drug
metabolism, pharmacokinetics, and toxicity profiles of com-
pounds, and further optimizing molecules to enhance the drug-
like properties with the aim of realizing their translational
potential.

The data that support the findings of this study are available in
the Supporting Information of this article.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00652.
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