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ABSTRACT: Colorectal cancer (CRC) treatment is hampered by  _, Colorectal

high recurrence rates and drug resistance. Cuproptosis, a copper- %YQ, . @ Cancer Cell 2)()( : S
induced cell death mechanism, offers a new therapeutic approach. - yﬁ*% :> : E |j> ’ ,
Here, we identified a marine natural product, chagosendine C /YNL L k @,_’ FEET .
(CHC), which kills tumor cells by increasing the intracellular cpagosendine ciche) o Guproptosls
copper ion concentration. CHC and related metal coordination
homodimer alkaloids were rapidly synthesized and purified for

further pharmacological study. In vitro, CHC significantly inhibited HCT116 and RKO CRC cell growth, induced G1 phase arrest
and cell death, and overcame oxaliplatin resistance. In vivo, CHC suppressed colorectal tumor growth in mice at 40 mg/kg without
obvious toxic effects. Mechanistically, CHC induces cuproptosis by targeting FDX1, increasing intracellular copper ions and ROS
levels in tumor cells, and leading to cell death. Thus, CHC presents a novel CRC treatment strategy, showing strong antitumor
activity and potential to overcome oxaliplatin resistance with promising clinical prospects.
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B INTRODUCTION shown that copper overload not only induces traditional
oxidative stress responses but also triggers cell death through
specific mechanisms. In particular, in cuproptosis, copper ions
interfere with the lipoic acid-modified components of the
tricarboxylic acid (TCA) cycle, forming insoluble aggregates
that lead to the accumulation of mitochondrial lipoylated
proteins and the loss of function of iron—sulfur (Fe—S)
clusters, ultimately resulting in cell death."'™"* This process is
distinct from traditional apoptosis, ferroptosis, or necroptosis,
suggesting that copper may play a unique role in cell death
mechanisms. In cancer therapy, utilizing this mechanism to
develop novel drugs has become a research focus. By
promoting copper accumulation within tumor cells, copper
toxicity can be enhanced, thereby selectively killing tumor
cells."*'® Therefore, exploring drugs that can upregulate
copper ions will provide new therapeutic strategies for cancers,
such as colorectal cancer. These drugs may increase copper
bioavailability or directly target copper metabolism pathways,
increasing copper concentrations in tumor cells and activating
copper-induced cell death pathways. As research into
cuproptosis intensifies, combined with modern drug screening
technologies and the concept of precision medicine, the

In recent years, the incidence and mortality rates of colorectal
cancer (CRC) have steadily increased, making it a major focus
of attention in the medical field. Owing to the lack of specific
clinical manifestations, approximately 25% of CRC patients are
diagnosed at an advanced stage, and approximately 50%—60%
of patients experience cancer recurrence or metastasis after
treatment, leading to a continuous increase in mortality
rates."” The primary clinical treatment for CRC is surgical
resection, but the recurrence rate remains high. Although some
progress has been made in the development of current
molecular targeted therapies and immunotherapies, their
clinical efficacy remains limited due to the development of
drug resistance or recurrence.” These challenges highlight the
urgent need for a deeper understanding of the molecular
mechanisms underlying CRC progression as well as the
identification of new therapeutic targets to develop more
effective treatment strategies.

Copper (Cu), an essential trace element, plays a critical role
in various biological processes, including mitochondrial
respiration, antioxidant defense, and the biosynthesis of
biomolecules.>® Its normal function in the body relies on the
precise regulation of copper ions. However, an elevated
concentration of copper can lead to its accumulation within
cells, triggering cytotoxicity and various diseases, including
those associated with neurodegenerative disorders”® and
tumor progression.g’10 Cuproptosis, a copper storage disorder,
is an example in which excessive copper accumulation causes
tissue damage and can even be fatal. Recent studies have
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Figure 1. Synthesis of CHC and other related M(NJ),.
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development of copper-metabolism-regulating drugs may
become an emerging approach in cancer treatment, offering
more treatment options for clinical practice.

Marine natural products, known for their rich diversity and
unique structural features, have become important resources
for the development of new drugs, particularly in the field of
anticancer drug discovery, where they show tremendous
potential.'””>° In this study, we screened a library of marine
natural products and identified a compound, chagosendine C
(CHC), that has potent antitumor activity in colorectal cancer.
CHC is a natural copper coordination homodimer alkaloid.”"
In previous studies, CHC significantly inhibited K562, HepG2,
and HeLa cells with ICy, values of 0.62, 0.31, and 4.43 uM,
respectively. However, it has not been reported in colorectal
cancer cells and has potential clinical application value. Our
mechanistic findings indicate that CHC induces tumor cell
death by targeting FDX1 and increasing the content of Cu" in
tumor cells, providing a new strategy for the treatment of
colorectal cancer.

B RESULTS

Structures and Synthesis of CHC and Related Metal
lon Complexes. Marine natural product naamidine J (NJ)
has a unique triazacyclo conjugated system that readily chelates
with transition metal ions, such as Cu?*, Zn**, and Ni*, to
form stable organometallic complexes, which led to the
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generation of the natural products CHC, Zn(NJ),, and
Ni(NJ),. In order to scale up CHC and related metal
coordination homodimer alkaloids, NJ was first synthesized
following our previous methods.”””” For the metal ion
complex synthesis and purification, although the reaction
seems to be simple, obtaining the high purity of the complexes
and confirming their structures are challenging, since some of
them cannot be measured by NMR due to metal effects. For
CHC, we dissolved 20.0 mg of NJ in 1 mL of CH,Cl,, then
added 2 mL of saturated copper sulfate solution. The mixture
was stirred at room temperature for 4 h. The organic phase was
separated and dried over anhydrous sodium sulfate. The
solution was filtered and concentrated under reduced pressure.
The residual solid was dissolved in 0.5 mL of ethyl acetate and
filtered through an injection filter. Finally, the filtrate was
concentrated to dryness to obtain CHC, with HPLC purity
greater than 95%. Using the same method, although extending
the reaction time, we obtained only crude Co(NJ),, Ni(NJ),,
and Zn(NJ), (TLC detection showed NJ and its metal ion
complexes were at the same spot). By optimizing the HPLC
method, we obtained three complexes with purity of 96.15%
(Co(NJ),), 98.96% (Ni(NJ),), and 99.05% (Zn(NJ),),
respectively, for use in bioactivity studies. Notably, Co(N]J),
was synthesized for the first time and characterized by high-
resolution mass spectrometry, providing a library of structur-
ally diverse compounds for chemobiological studies of metal-
dependent cell death pathways. Finally, we performed single-
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Annexin V

Figure 2. CHC shows significant cytotoxicity against colorectal cancer cells in vitro. (A) Screening of 220 molecules in the natural compound
library. RKO cells were treated with drugs at 10 uM for 24 h, cell viability was determined via a CCK-8 assay, and the structure of CHC. (B) ICs,
value of CHC in RKO cells (n = 3, error bars represent the SEM, mean + SEM). (C) HCT116 and RKO cells were treated with CHC, and
proliferation ability was detected via an EdU assay (scale bar: 200 ym) and quantified (n = 3, error bars represent the SEM, mean + SEM, one-way
ANOVA, compared with the control group). (D) HCT116 and RKO cells were treated with CHC, and colony formation ability was detected via
crystal violet staining and quantified (n = 3, error bars represent the SEM, mean + SEM, one-way ANOVA, compared with the control group). (E)
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Figure 2. continued

HCT116 and RKO cells were treated with CHC, and cell cycle progression was detected via flow cytometry and quantified (n = 3, error bars
represent the SEM, mean + SEM, two-way ANOVA, compared with the control group). (F) HCT116 and RKO cells were treated with CHC, and
cell death was detected via flow cytometry. (G) HCT116 cells were treated with CHC, and cell death was detected via calcein-AM/PI staining

(scale bar: 200 ym). *p < 0.0S, **p < 0.01, ***p < 0.001.

crystal X-ray diffraction on CHC and Zn(N]J), for the first time
to confirm the synthesized structures, which were also
effectively validated by high-resolution mass spectrometry
(Figure 1 and Supporting Information I).

CHC Exhibits Pronounced Cytotoxic Effects on
Colorectal Cancer Cells In Vitro. We utilized the colorectal
cancer cell line RKO as a model to screen a library of marine-
derived natural compounds that could induce significant
toxicity in RKO cells. The selected compounds were
administered to the RKO cells at a concentration of 10 uM,
and the cell viability was determined via the CCK-8 assay. As
shown in Figure 2A, we identified a compound, CHC, that
significantly inhibited the activity of RKO cells. We
subsequently conducted further evaluations to assess the
antitumor efficacy of CHC. CCK-8 assays demonstrated that
CHC significantly inhibited the growth of both HCT116 and
RKO colorectal cancer cells within the concentration range of
0—10 uM, with ICy, values of 0.79 yM and 1.12 uM,
respectively (Figures 2B and S1A—C). To evaluate the
inhibitory effect of CHC on the proliferation of HCT116
and RKO cells, an EdU assay was employed. The results
indicated that exposure to CHC substantially inhibited cell
proliferation (Figure 2C). Next, a colony formation assay
revealed that treatment with CHC markedly reduced the
colony-forming ability of both the HCT116 and RKO cell lines
(Figure 2D). To determine whether the suppressive effect of
CHC on cell proliferation was mediated through cell cycle
inhibition, flow cytometry analysis was conducted. The results
revealed that CHC treatment significantly induced G1 phase
arrest in both HCT116 and RKO cells in a concentration-
dependent manner (Figure 2E). Furthermore, the annexin V-
FITC/PI double-staining assay confirmed that CHC treatment
induced cell death in HCT116 and RKO cells in a
concentration-dependent manner (Figures 2F and S1D).
Additionally, the results of the calcein-AM/PI double-staining
assay further demonstrated that CHC induced cell death in
CRC cells in a dose-dependent manner (Figures 2G and
S1E,F). In summary, CHC, which was selected from a marine-
derived natural library, has a significant inhibitory effect on
colorectal cancer cells.

CHC Induces Non-Apoptotic-Dependent Cell Death.
Given the significant effects of CHC in inhibiting the viability
of colorectal cancer cells, subsequent studies will delve into the
specific pathways through which CHC induces tumor cell
death. We applied a variety of inhibitors, including the
ferroptosis inhibitors Lip-1 and DFO, the apoptosis inhibitor
Z-VAD-FMK, and the necroptosis inhibitor Nec-1, to the RKO
and HCT116 cell lines to investigate their effects on CHC-
induced tumor cell death. The results showed that these
inhibitors could not or only partially reversed CHC-induced
cell death (Figure 3A—D). In subsequent experiments, we
evaluated the cytotoxic effects of CHC on oxaliplatin-resistant
HCT116 cells. As shown in Figure 3E, the ICy, values for
oxaliplatin in HCT116 cells and oxaliplatin-resistant HCT116
cells were 21.65 and 107 uM, respectively. Similarly, the ICs,
values for CHC in these two cell lines were 0.79 and 0.45 uM,

respectively. These findings suggest that CHC possesses the
capacity to counteract oxaliplatin resistance. To evaluate the
inhibitory effect of CHC on the proliferation of HCT116 and
RKO cells, flow cytometry analysis results revealed that CHC
treatment significantly induced G2/M phase arrest in
HCT116/OXA cells in a concentration-dependent manner
(Figures 3F and S2A). Furthermore, a colony formation assay
revealed that CHC significantly reduced the colony-forming
ability of the HCT116/OXA cell line (Figures 3G and S2B).
Consistent with these results, the results of EdU, annexin V-
FITC/PI double-staining, and calcein-AM/PI double-staining
assays also revealed that CHC significantly induced the death
of HCT116/0XA cells (Figures 3H—] and S2C—E).

CHC Causes Cell Death in a Copper-Dependent
Manner. CHC is a marine natural product formed by the
complexation of two naamidine ] monomer molecules with
divalent copper ions. Studies have shown that naamidine J has
low toxicity toward colorectal cancer cells.”> To ascertain
whether the cytotoxicity of CHC is associated with copper
ions, we synthesized structural analogs of CHC with divalent
nickel, cobalt, and zinc ions. These results indicated that these
analogs had lower cytotoxicity than CHC did, suggesting that
copper ions may play a crucial role in the cytotoxicity of CHC
(Figure 4A). To further validate the role of copper ions in
CHC, we cotreated RKO or HCT116 cells with copper
gluconate and naamidine J. The results demonstrated that this
combined treatment significantly inhibited the viability of
RKO or HCT116 cells, similar to the effect of CHC, indicating
that the presence of copper gluconate in the cell culture
medium can facilitate the formation of CHC from naamidine J,
which is cytotoxic (Figures 4B—D and S3A—E). To further
establish the relationship between copper ions and cytotoxicity,
CHC was coincubated with the copper ion chelator TTM in
RKO cells. As shown in Figure 4E, the inhibitory effect of
CHC on cell growth was negated, indicating that the cytotoxic
effect of CHC is contingent upon copper ions. Moreover,
similar results were observed in both RKO and HCT116/0OXA
cells (Figure S4A,C).

CHC Suppresses Colorectal Tumor Growth in Mice.
Given the significant inhibitory effects of CHC on colorectal
cancer cells in vitro, we further explored its antitumor activity
in vivo. By subcutaneously inoculating the Luc-HCT116 cell
line into BALB/c nude mice, we established control groups
and treatment groups with varying doses of CHC (10, 20, and
40 mg/kg). We assessed the antitumor effects of CHC by
comparing the tumor growth inhibition in Luc-HCT116 nude
mice treated with CHC (0, 10, 20, and 40 mg/kg) over 12
consecutive days (Figure SA). The results revealed that tumor
growth was rapid in the control group, whereas in Luc-
HCT116 tumor-bearing nude mice treated with CHC, tumor
growth was effectively inhibited in a dose-dependent manner
(Figure SB). Consistent with the rate of tumor growth
inhibition, CHC treatment significantly reduced tumor
volume, with inhibition rates of 46.2%, 69.4%, and 78.2% at
10, 20, and 40 mg/kg, respectively (Figure SC,F). Moreover,
the average tumor weight in the CHC treatment groups was
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Figure 3. The cytotoxic effects of CHC are independent of the apoptotic pathway. (A—D) HCT116 and RKO cells were cotreated with CHC and

Lip-1, DFO, Z-VAD-FMK, or Nec-1, and cell viability was determined via a CCK-8 assay (n = 3, error bars represent the SEM, mean + SEM, t-test,
compared with the CHC 0.5 uM group). (E) ICs, values of CHC and oxaliplatin in HCT116 and HCT116/OXA cells (n = 3, error bars represent
the SEM, mean + SEM). (F) HCT116/OXA cells were treated with CHC, and cell cycle progression was detected via flow cytometry. (G)
HCT116/O0XA cells were treated with CHC, and colony formation ability was detected via crystal violet staining. (H) HCT116/OXA cells were
treated with CHC, and cell proliferation ability was detected via an EdU assay (scale bar: 200 gm). (IJ) HCT116/OXA cells were treated with
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Figure 3. continued
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Figure 4. Copper ions act as a central effector in CHC-induced cell death. (A) RKO cells were treated with CHC, Ni(N]J),, Co(N]J),, or Zn(NJ),,
and cell viability was determined via a CCK-8 assay (n = S, error bars represent the SEM, mean + SEM, one-way ANOVA, compared with the
control group). (B,C) HCT116 and RKO cells were treated with naamidine J and GluCu (20 M), and cell viability was determined via a CCK-8
assay (n = 3, error bars represent the SEM, mean + SEM, two-way ANOVA, the blue bar chart compared with the NJ 0 4uM group, the pink bar
chart compared with the NJ 0 uM + GluCu 20 yM group) and flow cytometry. (D) HCT116, RKO, and HCT116/OXA cells were treated with
naamidine J and GluCu (20 #M), and cell proliferation ability was detected via an EdU assay (scale bar: 200 ym). (E) HCT116 cells were treated
with CHC (2.5 yM) and TTM, and the cells were stained with calcein-AM/PI (scale bar: 200 ym) and quantified (n = 3, error bars represent the
SEM, mean + SEM, t-test, compared with the CHC 2.5 yuM group). n.s., not significant, *p < 0.05, ***p < 0.001, ###p < 0.001.

significantly lower than that in the control group (Figure SD).
Additionally, we measured the tumor fluorescence intensity in
each group at 0, 3, 6, and 12 days, and the results also indicated
that CHC dose-dependently inhibited tumor growth (Figure
5G). Moreover, the immunohistochemical results revealed that
the levels of Ki-67 (a proliferation marker) and LIAS (a Fe—S
cluster protein) were significantly reduced in tumors, whereas
HSP70 was increased after CHC treatment (Figures SH and
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SS), indicating significant growth inhibition and cuproptosis of
tumor cells in CHC-treated mice. Furthermore, CHC did not
cause significant changes in mouse body weight at the dose of
40 mg/kg, suggesting that CHC did not lead to obvious toxic
effects (Figure SE).

CHC Induces Tumor Cuproptosis by Increasing ROS
Level. To explore the molecular mechanisms underlying
CHC-induced cell death, we performed transcriptome
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Figure S. CHC treatment inhibited tumor growth in vivo. (A) Luc-HCT116 cells were injected into BALB/c nude mice, and 0, 10, 20, and 40 mg/
kg CHC were administered via intragastric administration. (B) Ex vivo observation of the tumors from the treated mice. (C) BALB/c nude mice
with Luc-HCT116 tumors were treated with CHC, and tumor growth was monitored (n = S, error bars represent the SEM, mean + SEM, one-way
ANOVA, compared with the 0 mg/kg group). (D) Comparison of the weights of the tumors from the mice treated with CHC (n = S, error bars
represent the SEM, mean + SEM, one-way ANOVA, compared with the 0 mg/kg group). (E) Body weight of the mice was measured every 2 days
(n =S, error bars represent the SEM, mean + SEM, one-way ANOVA, compared with the 0 mg/kg group). (F) Tumor volume growth curves for
single mice in 0 mg/kg, 10 mg/kg, 20 mg/kg, and 40 mg/kg groups. (G) Real-time tumor imaging of the mice during the experimental period. (H)
Immunohistochemical staining results of Ki-67, LIAS, and HSP70 in BALB/c nude mice from different treatment groups (scale bar: 100 ym). n.s.,
not significant, ¥p < 0.05, **p < 0.01, ¥**p < 0.001.

sequencing analysis on RKO cells treated with CHC. In RKO were upregulated, and 46 genes were downregulated. Notably,
cells, we identified 724 differentially expressed genes (FDR < several genes related to the heat shock response, such as
0.1, fold change > 2). In the CHC-treated group, 678 genes HSPA6, were upregulated (Figure 6A). KEGG pathway
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Figure 6. CHC upregulates ROS level, leading to cell death in colorectal cancer cells. (A) The volcano plot illustrates the changes in mRNA levels
after CHC treatment in RKO cells. (B) Gene Ontology analysis of differentially expressed mRNAs in RKO cells after CHC treatment. (C) KEGG
analysis of differentially expressed mRNAs in CHC-treated RKO cells. (D) Gene Ontology analysis of differentially expressed proteins in RKO cells
after CHC treatment. (E) HCT116, RKO, and HCT116/OXA cells were treated with CHC, and the level of ROS in the cells was detected via flow
cytometry and quantified (n = 3, error bars represent the SEM, mean + SEM, one-way ANOVA, compared with the 0 4uM group). (F) HCT116
and RKO cells were treated with CHC, the oxygen consumption rate was detected with an Agilent Seahorse XFe96, and quantified (n = 3, error
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Figure 6. continued
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Figure 7. CHC exerts antitumor effects by directly targeting FDX1. (A) Flowchart of DARTS. (B) FDX1 levels were detected after knockout in
RKO cells, and FDXI1 intensity was quantified (n = 3, error bars represent the SEM, mean + SEM, one-way ANOVA, compared with the Vector
group). (C—E) RKO cells with FDXI knockout were treated with CHC, and cell viability was determined via a CCK-8 assay (n = 3, error bars
represent the SEM, mean + SEM, t-test, compared with the Vector + CHC 2.5 uM group). (F) RKO cells were treated with CHC, and the level of
Cu?" in cells was detected (1 = 3, error bars represent the SEM, mean + SEM, one-way ANOVA, compared with the 0 uM group). (G) RKO cells
were treated with CHC, and the level of Cu* in cells was detected (n = 3, error bars represent the SEM, mean + SEM, one-way ANOVA, compared
with the 0 M group). (H) CETSA was used to determine the thermal stabilization of the FDX1 interaction with CHC at a series of temperatures
from 54 to 62 °C, and FDX1 intensity was quantified (n = 3, error bars represent the SEM, mean = SEM, t-test, compared with the control group).
(I) Effects of different concentrations of CHC on FDXI1 protein stability at 58 °C, and FDX1 intensity was quantified (n = 3, error bars represent
the SEM, mean + SEM, one-way ANOVA, compared with the 0 uM group). (J) Molecular docking of CHC to FDX1 (3n9y) and the cellular MST
assay of GFP-tagged FDX1 upon overexpression of wild-type FDX1 and the disruptive mutants. n.s., not significant, *p < 0.0S, **p < 0.01, **¥p <

0.001.

analysis revealed the enrichment of genes associated with
protein processing in the endoplasmic reticulum (Figure 6C).
Additionally, the GO pathway enrichment analysis revealed the
enrichment of genes related to misfolded protein binding,
cellular response to oxidative stress, and cellular response to
heat (Figure 6B). These results suggest that CHC may induce
proteotoxic stress and trigger heat shock responses, leading to
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cell death. Consistent with this expectation, proteomic analysis
also revealed that reactive oxygen species were significantly
increased following CHC treatment (Figure S6A). As shown in
Figure 6D, mitochondrion and iron—sulfur cluster binding
were enriched. In summary, we preliminarily speculate that
CHC may induce cell death by increasing the level of ROS.
Further experiments conducted in RKO, HCTI116, and
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HCT116/0OXA cells demonstrated the impact of CHC on
ROS level, showing that CHC can increase ROS levels in a
dose-dependent manner (Figures 6E and S6B). Additionally,
CHC dose-dependently disrupted mitochondrial function in
RKO and HCTI116 cells and significantly inhibited basal
cellular respiration and maximum cellular respiration capacity
(Figures 6F and S6C).

CHC Exerts Antitumor Effects by Directly Targeting
FDX1. To explore the potential targets of CHC in inducing
tumor cell death, we utilized drug affinity responsive target
stability (DARTS) to identify proteins that directly interact
with CHC. The DARTS process is illustrated in Figure 7A.
Using the DARTS technique combined with proteomic
analysis, our study initially identified 129 potential small-
molecule binding proteins from cell lysates, which met the
stringent criteria of >2 characteristic peptides and an intensity
ratio of >1.5. Through integrated bioinformatic filtering,
affinity-based ranking, and literature validation of known
oncology-related targets, nine high-confidence candidates were
prioritized for experimental verification: oxidative stress
regulators (SOD1, CCS, FDX1), cell cycle modulators
(SKP2, PLK1), mitochondrial functional components
(MTCO2, LRPPRC), and transcriptional regulators (ZMIZ1,
PODXL2). We subsequently utilized siRNA interference
technology to silence these genes and assessed the impact of
CHC on RKO cell death (Figures S7TA—E and S8A—C).
Ultimately, we identified ferredoxin 1 (FDX1) as a potential
target gene for CHC. We subsequently knocked out FDXI and
found that the knockout of FDXI reversed the toxic effect of
CHC on RKO cells (Figure 7B—E). FDX1 is a core molecule
involved in copper death and is capable of reducing Cu®" to
more toxic Cu’. When we measured the intracellular Cu*
concentration, the results revealed that CHC increased the
Cu" concentration in RKO cells, indicating that CHC induces
tumor cell death by targeting FDX1 and subsequently elevating
intracellular Cu* concentrations (Figure 7F,G). To determine
whether CHC directly binds to the FDXI protein, we
employed a cellular thermal shift assay (CETSA), which is
based on the biophysical principle that potential target proteins
exhibit thermal stability when they are bound to a ligand. To
avoid protein metabolism cascades that might be induced by
prolonged incubation with lysis buffer and drugs, we incubated
the drug with lysis buffer for 1 min to detect direct
interactions. As shown in Figure 7H, CHC significantly
increased the accumulation of FDXI1, suggesting that CHC
directly interacts with FDXI. Consistent with the CETSA
results, FDX1 also accumulated with increasing concentrations
of CHC when under the condition of 58 °C (Figure 7I). We
subsequently performed microscale thermophoresis (MST) to
analyze the direct binding between CHC and GFP-tagged
FDXI1 proteins. As anticipated, CHC bound to FDX1, with a
K value of 8.36 uM (Figure 7]). To identify the critical amino
acid residues in FDX1 involved in CHC binding, molecular
docking simulations were performed to model the interaction
mode between CHC and FDXI. The docking results revealed
that CHC formed hydrogen bonds and hydrophobic
interactions with residues Thr114 and Tyr142 of FDXI. To
validate these predicted binding sites, MST analysis was
conducted to evaluate the binding affinity of FDXI1-GFP
mutants with CHC. The MST results showed that mutation of
Tyrl42 to alanine resulted in a dissociation constant (Ky =
8.31 M) comparable to that of the wild-type protein (K; =
8.36 uM), indicating the minimal contribution of this residue

to binding affinity. In contrast, the mutation of Thr1l4 to
alanine completely abolished CHC binding to FDXI,
confirming Thr114 as an essential binding site. Collectively,
these findings demonstrate that CHC targets the Thrll4
residue of FDXI1 to increase the Cu” concentration in tumor
cells, thereby inducing tumor cell death.

B DISCUSSION

Copper plays a dual role in organisms and is an essential
cofactor for numerous enzymes, yet even moderate intra-
cellular concentrations can become toxic, leading to cell death.
Genetic variations in copper homeostasis can cause severe, life-
threatening diseases. Copper ionophores and copper chelators
are both considered anticancer agents. In this study, we
identified CHC from a library of marine-derived compounds
that have significant anticolorectal cancer effects. Mechanistic
studies indicate that the mechanism of action of CHC differs
from those of apoptosis and necrosis, as it targets FDX1 and
upregulates the expression of Cu® in tumor cells, thereby
inducing tumor cell death. Functionally, CHC significantly
inhibits the growth of colorectal cancer both in vitro and in
vivo, providing a new therapeutic approach for cancer
treatment.

Copper homeostasis in tumors is a critical factor, with
alterations potentially leading to the development of copper-
coordinated compounds for anticancer therapy. Currently,
there are two main strategies targeting copper homeostasis:
one is the use of copper chelators to reduce the bioavailability
of copper, and the other is the use of copper ionophores to
increase intracellular copper levels by delivering copper into
cells.** Various copper chelators, such as tetrathiomolybdate
(TTM), trientine, and d-penicillamine, have been developed
and evaluated for their antitumor effects in animal models and
clinical trials.”>*® Concurrently, several copper ionophores,
including elesclomol, bis(thiosemicarbazone) analogs [Cull-
(atsm) and Cull(gtsm)], and disulfiram (DSF), have been
shown to increase intracellular copper levels and exhibit
anticancer activity.””*® The cytotoxic effects of these copper
ionophores on cancer cells may be partly attributed to their
ability to increase the production of reactive oxygen species
(ROS) and/or inhibit the proteasome.””*® Specifically,
combination treatment with DSF and copper has been
shown to decrease the expression of the tumor suppressor
gene PTEN in human breast cancer cells and activate the AKT
signaling pathway, providing a theoretical basis for future
therapeutic strategies that combine copper ionophores with
PI3K-AKT inhibitors.”"** Elesclomol, a novel copper
ionophore, has been demonstrated to import copper into
mitochondria, thereby increasing oxidative stress and inducing
cell death.”™*° In our study, CHC significantly upregulated
the expression of ROS in tumor cells and increased the
concentration of copper ions within the tumor cells. However,
when the copper ions in the CHC were replaced with cobalt or
zinc ions, the cytotoxicity significantly decreased. Notably,
when TTM and CHC were added together, TTM was able to
completely reverse the cell death induced by CHC. Addition-
ally, when naamidine J and copper gluconate were simulta-
neously added to the cell culture medium, the cytotoxicity was
significantly enhanced. Therefore, CHC may achieve its
cytotoxic effects on tumor cells by increasing the concentration
of copper ions in tumor cells.

Ferredoxin 1 (FDX1) is a small iron—sulfur protein that
transfers electrons from NADPH to cytochrome P450 in the
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mitochondria through the action of ferredoxin reductase
(FDXR). It is involved in the metabolism of steroids,
cholesterol, and bile acids.’**” Recent studies have revealed
that FDX1 is closely associated with copper-dependent cell
death, known as cuproptosis.'">*~** FDX1 can upregulate
protein lipoylation, reducing Cu** to the more toxic Cu*, and
the loss of FDXI1 confers resistance to copper-induced cell
death.*'=* In this study, we used the DARTS/MS method to
screen for potential targets of CHC, and the results indicated
that FDX1 is a primary target of CHC. Further experiments
demonstrated that the knockdown of FDXI1 reversed the toxic
effects of CHC on RKO colorectal cancer cells, suggesting that
FDX1 plays a critical role in CHC-induced cell death. As a
central molecule in copper-induced cell death, FDX1 facilitates
the reduction of Cu?* to the more toxic Cu*. Subsequent MST
experiments confirmed that CHC directly interacts with FDX1,
further suggesting that CHC may induce tumor cell death by
targeting FDX1 to increase Cu' levels. Additionally, our
research revealed that CHC effectively overcame oxaliplatin
resistance in HCT116 cells, and the cytotoxic effect of CHC
on normal HCT116 cells was comparable to that on resistant
cells. Animal studies further demonstrated that CHC can
inhibit the growth of colorectal cancer in a dose-dependent
manner, highlighting its substantial potential for clinical
therapy.

B CONCLUSIONS

Our research demonstrated that CHC targets FDX1 to
increase the intracellular Cu" concentration, thereby inducing
tumor cell death. Moreover, CHC shows significant efficacy in
overcoming the resistance of colon cancer cells to oxaliplatin.
Additionally, CHC exhibited strong antitumor activity in a
mouse colon cancer model, offering new hope for the
treatment of resistant tumors. These findings suggest that
CHC has a strong potential for clinical application and may be
a novel therapeutic option for colorectal cancer treatment.

B EXPERIMENTAL SECTION

Antibodies and Reagents. All of the antibodies and reagents
used are listed in Table S1.

Cell Culture. RKO cells were grown in MEM (Meilunbio, Dalian,
China) supplemented with 10% fetal bovine serum (Biological
Industries, Cromwell, CT, USA) and 1% penicillin—streptomycin
(Meilunbio, Dalian, China), and HCT116 cells were grown in
McCoy’s SA medium (Meilunbio, Dalian, China) supplemented with
10% fetal bovine serum and 1% penicillin—streptomycin.

Immunoblotting. According to the protein quantification results,
the protein samples were loaded to be separated into the wells of a
12% gel sequentially and perform electrophoresis. Subsequently,
electrotransfer to a PVDF membrane, block the membrane with 5%
nonfat milk powder at room temperature for 1 h, and wash the bands
with 1X TBST. Incubate the membrane with the primary antibody
against the target protein at 4 °C overnight. The next day, recover the
primary antibody, and wash the bands with 1X TBST. Then incubate
the membrane with the corresponding secondary antibody at room
temperature for 1 h, recover the secondary antibody, and wash the
bands again with 1X TBST. Finally, observe the bands using a gel
imaging system (Bio-Rad, USA).

Cell Viability Assay. RKO and HCT116 cells were seeded into
96-well plates and then incubated with compounds at different
concentrations. Through treatment at different time points, the effects
of the compounds on cell viability were detected via a CCK-8
(Meilunbio, Dalian, China) according to the manufacturer’s
instructions.

EdU Staining. RKO and HCT116 cells were seeded into 12-well
plates and then incubated with compounds at different concen-
trations. After incubation for 24 h, the effects of the compounds on
cell proliferation were detected via an EdU Cell Proliferation Kit
(Beyotime, Shanghai, China) according to the manufacturer’s
instructions.

Cell Colony Formation Assay. RKO and HCT116 cells were
seeded in 12-well plates and then incubated with compounds at
different concentrations. After incubation for several days, the culture
was terminated, fixed with 4% paraformaldehyde, stained with crystal
violet, and imaged with Cytation S (BioTek, USA).

Cell Cycle Analysis. RKO and HCT116 cells were seeded in six-
well plates and then incubated with compounds at different
concentrations. After incubation for hours, following the manufac-
turer’s instructions for the Cell Cycle and Apoptosis Analysis Kit
(Beyotime, Shanghai, China), the impact of the compounds on the
cell cycle was assessed using a flow cytometer (Beckman Coulter
CytoFLEX, USA).

Annexin V-FITC/PI Staining. RKO and HCT116 cells were
seeded in 6-well plates, then incubated with compounds at different
concentrations. After incubation for 24 h, according to the
instructions of the Annexin V-FITC apoptosis assay kit (Beyotime,
Shanghai, China), the effects of the drugs on cell cytotoxicity were
detected via flow cytometry.

Calcein-AM/PI Staining. RKO and HCT116 cells were seeded in
96-well plates and then incubated with compounds at different
concentrations. After incubation for 24 h, according to the
instructions of the Calcein/PI Cell Viability/Cytotoxicity Assay Kit
(Beyotime, Shanghai, China), the effects of the drugs on cell
cytotoxicity were imaged with Cytation 5.

ROS Level Analysis. According to the ROS Assay Kit (Beyotime,
Shanghai, China), the probe was added into the collected RKO and
HCT116 cells, then incubated with different concentrations of CHC
for several hours, and the level of ROS was detected using a flow
cytometer.

Oxygen Consumption Rate Analysis. RKO and HCT116 cells
were seeded in 96-well plates, then incubated with compounds at
different concentrations. After incubation for 12 h, the cell culture
medium was replaced with Seahorse XF detection solution, and
oligomycin, FCCP, or AntiA/Rot was added. The oxygen
consumption rate was detected with an Agilent Seahorse XFe96.

Drug Affinity-Responsive Target Stability. The RKO cell
lysates were split into two equal groups, one treated with CHC (200
uM) and the other with DMSO, both incubated at room temperature
for 1 h. Next, a suitable ratio of protease was added to the mixtures,
which were then digested for 30 min. After digestion, SX loading
buffer was incorporated, and the samples were boiled at 95 °C for 5
min. Subsequently, the samples were separated via SDS-PAGE,
stained using Coomassie brilliant blue dye, subjected to enzymolysis,
and ultimately analyzed by LC-MS.

Quantitative Real-Time PCR. RKO cells were used for total
RNA extraction with RNAiso Plus (Takara, Dalian, China). Following
the manufacturer’s instructions, 1 pg of the extracted RNA was
converted to cDNA via reverse transcription using the PrimeScript
RT Reagent Kit (Takara, Dalian, China). Subsequently, QRT-PCR
was performed on a LightCycler 96 instrument (Roche, Basel,
Switzerland). Ultimately, the results were normalized against the
expression levels of the f-actin reference gene. The primer sequences
utilized are listed in Table S2.

Cell Transfections for Gene Silencing. The siRNAs used in this
study were obtained from GenePharma (Shanghai, China), and their
specific sequences are listed in Table S3. A negative control (NC) was
included as a reference. RKO cells were seeded into 6-well plates and
allowed to culture for 24 h. Following this, siRNA transfection was
performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA), and
the cells were incubated for an additional 24 h.

CRISPR/Cas9 Gene Deletion. The LentiCRISPRv2 vector was
used as a backbone to insert gRNAs targeting FDXI1. BsmBI
restriction enzyme digestion of the backbone vector was followed
by T4 ligation. RKO cells were transfected with pAS2, pMD2.G, and
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PlentiCRISPRv2 for control, and recombinant plasmids containing
sgRNAs targeting FDX1 were subsequently placed under 2 pg/mL
puromycin, and single clones were selected, grown, and validated. The
sequences are shown in Table S3.

Cu®* Level Assay. RKO cells were seeded in 10 cm plates
containing different concentrations of drugs. The level of Cu®* in the
cells was detected via Cytation S following the operational guidelines
of the Cell Copper (Cu**) Colorimetric Assay Kit (Elabscience,
Wuhan, China).

Cu* Level Assay. RKO cells were seeded in 10 cm plates
containing different concentrations of the drugs. The level of Cu” in
the cells was detected via Cytation 5 following the operational
guidelines of the Cellular Cuprous Fluorometric Assay Kit
(Elabscience, Wuhan, China).

Cellular Thermal Shift Assay. The RKO cell lysates were split
into two equal groups, one treated with CHC (200 M) and the other
with DMSO at room temperature for 1 min. The mixtures were
divided, heated at different temperatures for 3 min, centrifuged, and
5% loading buffer was incorporated into the supernatant, boiled at 95
°C for S min, and stored at —20 °C.

Molecular Docking of CHC to FDX1. Obtain the molecular
structure of compound CHC from the PubChem database (https://
pubchem.ncbi.nlm.nih.gov/), import it into the MOE (Molecular
Operating Environment) software, and run the Protonate 3D and
Energy Minimize modules, respectively, to perform protonation and
energy minimization operations. Retrieve the protein crystal structure
of FDX1 (PDB ID: 3n9y) from the RCSB PDB database (https://
www.rcsb.org/), import it into MOE, and run the QuickPrep module.
This module will remove water molecules outside the 4.5 A range of
the protein and perform operations such as completing the missing
side chains of the protein, adding hydrogen for protonation, and
energy optimization. Use the DOCK module in MOE for molecular
docking calculations, set the original ligand-binding pocket as the
binding site for this molecular docking, set the refinement method to
Induced Fit, and keep other parameters as default. After the molecular
docking calculation is completed, we select the docking results with
the top scores to analyze the potential binding mode between
compound CHC and FDXI.

Microscale Thermophoresis. To confirm the binding capacity of
CHC to wild-type or mutant FDXI1, three plasmids encoding the
GFP-tagged target protein were expressed in 293T cells. After 48 h,
cell lysates were prepared and subsequently analyzed using the
Monolith™ NT.115 MST system (NanoTemper, Germany).

Mouse Xenograft Model. For the Luc-HCT116 xenograft
model, 1 X 10° Luc-HCT116 cells were injected into BALB/c nude
mice subcutaneously. Once the average tumor volume reached
roughly 50 mm?, the mice were randomly assigned to four groups, and
each group received intragastric administration at doses of 0, 10, 20,
and 40 mg/kg CHC, respectively. Additionally, the tumors and body
weights were measured and imaged in vivo every 2 days for 12 days.

Statistical Analysis. Statistical analysis was performed with a t-
test when two different groups were compared and one-way or two-
way ANOVA for comparisons among multiple groups. All the
statistical analysis results are presented as the mean + SEM using
GraphPad Prism 9.

B ASSOCIATED CONTENT
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