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IncRNA RP11-199F11.2 promotes
high-grade serous ovarian cancer
cell proliferation by regulating
cuproptosis through FDX1

Shishi Xul25, Linping Wang??, Yingying Wu*, Yufang Xia?, Lingzhi Wang?, Xiao Yu?, Xin Sun?
& Yanhui Lou*™

To elucidate the expression characteristics of the long noncoding RNA RP11-199F11.2 (RP11) in high-
grade serous ovarian cancer (HGSOC) and its potential mechanism of regulating cancer progression via
the copper-death pathway, and to evaluate the therapeutic potential of the copper ion carrier ES-Cu.
The interaction between RP11 and FDX1 was predicted via bioinformatics; the posttranscriptional
inhibition of FDX1 by RP11 was verified via qRT-PCR and Western blotting; the effects of RP11
knockdown/overexpression on proliferation were evaluated in in vitro and in subcutaneous xenograft
cancer models; ES-Cu was used to induce copper death, and cell death patterns and circulating
inflammatory cytokines were detected via flow cytometry and ELISA. RP11 was significantly highly
expressed in HGSOC tissues and was positively correlated with FIGO stage and lymph node metastasis
(P<0.01). Mechanistically, bioinformatic analysis suggests that RP11 may binds the 3’-UTR of FDX1 to
reduce its translation, thereby limiting copper death and increased cell proliferation. ES-Cu treatment
restored FDX1 expression, re-activated copper death, and reduced tumour volume by 68% (P <0.001)
without detectable histological toxicity. RP11 is associated with inhibits copper death and modulation
of local inflammatory milieu by suppressing FDX1, which may contribute to HGSOC progression. ES-Cu
re-activates the FDX1-copper-death axis, providing a potential strategy for combining copper-death
induction with immunomodulation in HGSOC.

Keywords High-grade serous ovarian cancer, IncRNA RP11-199F11.2, FDX1, Cuproptosis, Inflammatory
microenvironment

The early symptoms of ovarian cancer are often subtle, and the disease is usually diagnosed at an advanced
stage!. The ten-year survival rate is only approximately 17%, and within 18 months, approximately 80% of
patients will relapse and enter a refractory stage?. Ovarian cancer is a major threat to women's health worldwide,
and 70-80% of epithelial ovarian cancers belong to the high serous subtype (HGSOC), which has the poorest
prognosis’. The ten-year mortality rate can reach as high as 70%*. The identification of its molecular mechanism
is urgently needed. Long noncoding RNAs (IncRNAs) play an increasingly important role in cancer regulation;
our previous research revealed that the IncRNA RP11-199F11.2 (RP11), located at 17p13.1 and with a full
length of 1112 nt, is highly expressed in HGSOC tissues and is positively correlated with lymph node metastasis,
the FIGO stage, and increased TP53 activity, suggesting that it may promote cancer progression through an
unknown mechanism®”.

The proposed mechanism of copper death (cuproptosis) provides insight into the function of RP11 in
HGSOC?. The core link of this pathway has been clearly identified: the copper ion carrier elesclomol forms
a complex (ES-Cu) with CuCl,’, transporting Cu?* to the mitochondria; mitochondrial ferredoxin-1 (FDX1)
catalyses the reduction of Cu?* to Cu* and mediates the sulfenylation of the TCA cycle enzyme DLAT, subsequently
triggering protein oligomerization, the disruption of iron-sulfur clusters, and cell death!®!!. Elevated copper
content in cancer tissues is associated with poor prognosis, and the downregulation of FDX1 expression has
been confirmed to be associated with resistance in multiple cancers'>!®. Research has revealed that copper
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death can activate dendritic cells and CD8"* T cells by releasing damage-associated molecular patterns (DAMPs),
reshaping the immune microenvironment and enhancing anticancer immune surveillance!*!'; conversely,
FDX1 deficiency leads to copper death escape, weakening anticancer immunity and promoting the formation of
an immunosuppressive microenvironment'®. Although ovarian cancer is characterized by high copper levels'?,
the expression profile of FDX1 in HGSOC and its regulatory role in the copper death-immune axis have not
been elucidated.

Integration of the bioinformatics prediction results and the transcriptome chip results of our research group
revealed that the potential target sequence of IncRNA RP11 is complementary to the 3'-UTR of FDX1. Moreover,
in HGSOC tissues with high RP11 expression, the FDX1 mRNA level was significantly reduced, suggesting that
RP11 may inhibit FDX1 through posttranscriptional regulation. Based on these findings, we hypothesize that the
RP11-FDX1 axis can block the copper death pathway, alter local inflammatory cytokine levels and confer copper
tolerance advantages to cancer cells.

We speculate that RP11 may inhibit the copper death pathway by suppressing FDX1, thereby protecting
HGSOC cells from copper toxicity and promoting the continuous proliferation of cancers. This study is the
first to connect a long non-coding RNA (RP11) to cuproptosis in high-grade serous ovarian cancer, offering
a non-mutation-driven perspective on therapy resistance. Therefore, this study first confirmed that RP11 is
highly expressed in HGSOC tissues, whereas FDX1 is expressed at low levels; functional experiments further
revealed that RP11 significantly promotes the proliferation of ovarian cancer cells both in vitro and in vivo. More
importantly, ES-Cu pulse therapy can downregulate RP11 and restore FDX1 expression, reactivating the copper
death mechanism and significantly inhibiting cancer growth. These findings link RP11, FDX1, and the copper
death mechanism organically, providing a new theoretical basis and intervention strategies for the diagnosis and
targeted treatment of HGSOC.

Materials and methods

Tissue specimens

Thirty HGSOC tissue samples from patients who underwent surgical treatment at the Affiliated Hospital of
Qingdao University from September 2021 to June 2023 were collected. The patients whose diagnosis was
confirmed by postoperative pathological examination did not receive radiotherapy or chemotherapy before
surgery. Twenty-six normal fallopian tube tissue samples from patients who underwent total hysterectomy
with bilateral adnexectomy for uterine fibroids during the same period were collected as controls. Fresh tissue
samples were immediately stored in an ultralow-temperature freezer until use. The study methodologies were
approved by the Medical Ethics Committee of the Affiliated Hospital of Qingdao University and conformed to
the standards set by the Declaration of Helsinki (QYFY WZLL 30,704).

Cell culture

We purchased the OVCAR3 and HO8910 cell lines from the American Culture Collection. STR authentication
and mycoplasma testing were performed every 3 months (last tested May 2024); cells were used within 10
passages.OVCAR3 and HO8910 cells were cultured in complete culture medium supplemented with Dulbecco’s
modified Eagle’s medium (Meilune, Dalian, China), foetal bovine serum (Procell, Wuhan, China) and
penicillin-streptomycin solution (Procell, Wuhan, China) in a 5% CO, and 37 °C incubator.

Lentiviral transduction

The lentiviral vectors (LV-RP11-RNAi-1/2 and LV-RP11) were obtained from Genechem (Shanghai, China).
RP11-knockdown and -overexpressing cells were generated via transduction via lentiviral vectors, and the cells
were divided into 5 groups: sh-NC, sh-RP11-1, sh-RP11-2, p-NC and p-RP11. After being seeded in 6-well
plates, the cells (1x 10°) were cultured for 24 h to reach a density of approximately 30%. The lentiviruses were
transduced into OVCAR3 and HO8910 cells with HitrsnsG P virus transduction reagent (Genechem, Shanghai,
China). The transduction medium was replaced with fresh complete culture medium 16 h later. The transduction
efficiency was assessed by fluorescence microscopy after 72 h.

Quantitative real-time PCR (QRT-PCR)

Total RNA was extracted from tissues and cells with RNA Easy (Vazyme, Nanjing, China). A qRT-PCR Assay
Kit (ABclonal, Wuhan, China) was used for both RNA reverse transcription and real-time PCR. Gene expression
was subsequently determined via a fluorescence quantitative PCR instrument (Roche480, Basel, Switzerland).
We used the 2724Ct method to calculate the relative RNA levels. The specific primers used are shown in Table 1.

Western blot analysis
RIPA lysis buffer (Elabscience, Wuhan, China) was used to collect total intracellular protein, and a BCA
protein assay kit (Meilune, Dalian, China) was used to measure the protein concentration. Western blotting

Gene name | Forward primer (5°-3) Reverse primer (5’-3’)

RP11 CATCTCTTAGCTCGCGCGGTTGT | CGTAAGTACGGCACAAAGTGG
FDX1 TGGGCTGCCAAATCTGTTTGA ATTGTCTGGCATCAGCCACTG
B-actin GGGAGACGTGCGTGACATT GGAACCGCTCATTGCCAAT

Table 1. Primer sequences.
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was conducted via electrophoresis and a blotting system (Bio-Rad, California, USA). Protein samples were
separated by SDS-PAGE and electrotransferred to PVDF membranes (Millipore, Massachusetts, USA). Primary
antibodies against FDX1 (1:1500, A20895, ABclonal, Wuhan, China) and B-actin (1:1500, GB11001, Servicebio,
Wauhan, China) were incubated with the membranes overnight at 4 °C after blocking for 2 h. The membranes
were incubated with a goat anti-rabbit IgG-HRP antibody (1:10,000, abs20040ss, Absin, Shanghai, China) for 1 h
the following day. Finally, immunoreactivity was detected via a chemiluminescence imaging analyser (Vilber-
Lourmat, Paris, France).

Cell proliferation assay

After a total of 3 x 103 cells were seeded in triplicate into 96-well plates, a Cell Counting Kit-8 (CCK-8; Tsbiochem,
Shanghai, China) was added to the wells at 24, 48, 72, and 96 h. The cells were incubated for 2 h. We measured
the absorbance at 450 nm (OD450) via a microplate reader (TECAN, Canton, Switzerland) to determine cell
viability.

Colony formation assay

The cells were seeded in 6-well plates at a density of 1000 cells per well and cultured for 14 days. After being
washed with PBS, the cells were fixed with paraformaldehyde (Servicebio, Wuhan, China) for 20 min and then
stained with crystal violet ammonium oxalate solution (Solarbio, Beijing, China) for 30 min, after which the cells
were photographed.

Half-maximal inhibitory concentration (IC50) assay

A total of 5 x 103 cells were seeded in 96-well plates and pulse-treated with 0, 20, 40, 80, 120, or 160 nM elesclomol
(supplemented with or without 1 uM CuCl,) for 2 h. After culturing for 24 h, cell viability was examined via a
CCK-8 assay. TTM was used at 10 uM according to Kuang et al., 2025, to achieve selective copper chelation.

Pyruvate dehydrogenase (PDH) activity assay

A total of 1x 10° cells were added to 200 pl of extraction solution. The reagents and supernatant were added to
the standard wells, control wells and determination wells. OD values at 450 nm were measured for 20 s, 3 min
and 20 s in each well. A standard fitting curve was drawn, and the PDH activity of each sample was calculated
according to the measured protein concentration.

Flow cytometry

A total of 5x10° cells in good condition were collected and assessed with an apoptosis detection kit (Yeasen,
Shanghai, China). After resuspension with binding buffer, 10 pl of PI and 5 pl of Annexin V-FITC were added
to the cells, followed by incubation for 15 min in the dark. Finally, flow cytometry was used to detect apoptosis.

Haematoxylin and eosin (H&E) and immunohistochemical analysis

The tumour tissue was embedded in paraffin wax and cut into 5 um thick sections. For H&E staining, the tissue
sections were dewaxed and stained with a standard H&E solution. For immunohistochemical staining, tissue
sections were dewaxed, and antigen retrieval was performed in citrate buffer by heating in a boiling water bath
(100 °C) in a microwave oven for 10 min. Endogenous peroxidase activity was blocked by incubation with 3%
H202 for 10 min at room temperature. The paraffin wax sections were incubated with the primary antibody at
4 °C overnight and then with a goat anti-mouse IgG-HRP antibody (1:200, GB23301, Servicebio, Wuhan, China)
at room temperature for 50 min. After haematoxylin restaining, the sections were dehydrated and sealed. The
staining results were observed via an optical microscope.

Tumour xenograft model

BALB/c-nude female mice (five weeks old) were purchased from Jinan Pengyue Laboratory Animal Breeding
Co., Ltd. (China) and were fed in an SPF-grade laboratory. The mice were randomly divided into eight groups
(n=8): NC, NC+ES-Cu, sh-RP11, sh-RP11+ES-Cu, p-NC, p-NC+ES-Cu, sh-RP11+p-RP11, and sh-
RP11+p-RP11+ES-Cu. OVCAR3 cells (5% 107/mouse) transduced with lentiviral vectors were mixed with
Matrigel (ABW, Shanghai, China) and then injected into the right flanks of the mice within 1 h. After tumour
formation, body weight and tumour length and width were measured every 3 days. The calculation formula for
tumour volume was as follows: tumour volume (mm?) = [length (mm) x width (mm)?]/2. Mice were euthanized
by cervical dislocation under isoflurane anesthesia (4% induction, 2% maintenance) at the end of the experiment
or when humane endpoints were reached (=20% body weight loss or tumor volume > 1,000 mm?).

Animal experiment details: mice were randomized by body weight (block design); tumour measurements
were performed by an investigator blinded to group allocation. The study used n=3 mice per group (power
calculation based on pilot data, a=0.05, power > 80%). Mice were removed if body-weight loss exceeded 20% or
tumour volume > 1,000 mm?; no animals were excluded from final analyses. ES-Cu was administered as 80 nM
elesclomol + 1 uM CuCl; by intraperitoneal injection every 72 h for 3 weeks. Individual tumor measurements
(length and width in mm), final tumor weight (g), and animal body weight (g) are provided in Supplementary
Table S1.

All animal procedures were conducted in accordance with the ARRIVE guidelines (Animal Research:
Reporting of In Vivo Experiments) and the ethical standards of our institution, The experiments involving
animals were authorized by the Animal Experiment Ethics Review Committee of the Affiliated Hospital of
Qingdao University(AHQU-MAL20230616) .
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TdT-mediated dUTP nick end labelling

The tissue sections were successively put into xylene [, II and III for 10 min at each step, and the paraffin was
removed. The mixture was then successively incubated in absolute ethanol solutions I, IT and III for 5 min, after
which it was finally washed with distilled water. The slices were immersed in proteinase K solution and incubated
at 37 °C for 10-15 min to increase their permeability. The sections were washed three times with PBS for 5 min
each. The sections were immersed in TUNEL reaction solution and incubated at 37 °C for 60 min in the dark.
The sections were washed three times with PBS again. The sections were immersed in DAPI staining solution
and stained in the dark at room temperature for 5 min to stain the nuclei blue. The samples were washed and
dried, the samples were sealed, and the staining results were observed under a fluorescence microscope.

Enzyme-linked immunosorbent assay

In accordance with the experimental requirements, samples (plasma, cell culture supernatant, etc.) were collected
and processed to ensure that the samples were free of haemolysis and contamination. The standard in the ELISA
kit was diluted into a series of concentration gradients (such as 0, 1, 2, 4, 8, and 16 ng/ml) as the control of the
standard curve. The standard and sample were added to 96-well ELISA plates at 100 ul per well, and duplicate
wells were set up. The mixture was incubated at 37 °C for 30 min in the dark. The samples were washed with
PBS and shaken dry. The enzyme-labelled antibody (100 pl per well) was added, and the mixture was incubated
at 37 °C for 30 min in the dark. The samples were washed and dried again. The substrate mixture (100 pl per
well) was added, and the mixture was incubated at 37 °C for 15 min in the dark. The termination mixture
(50 pl per well) was added, and the reaction was stopped. The absorbance value of each well was measured at
a wavelength of 450 nm with a microplate reader. The concentrations of immune factors in the samples were
calculated according to the standard curve for statistical analysis.

Statistical analysis

We used GraphPad Prism statistical software to perform the statistical analyses. A t test or one-way ANOVA was
used to compare the data between or among groups, respectively. Each experiment was repeated three times, and
the data are presented as the mean +sd. P<0.05 was considered to indicate statistical significance.

Results

RP11 is upregulated in ovarian cancer cells and promotes their proliferation

To verify the expression of RP11 in HGSOC tissues, we conducted qRT-PCR analysis. The results revealed
that the expression of RP11 in HGSOC tissues was greater than that in normal fallopian tube tissues (Fig. 1A).
To confirm the high expression trend of RP11 in HGSOC tissues, we analysed the expression of RP11 in the
IOSE80, A2780, HO8910, OVCAR3 and SKOV?3 cell lines via QRT-PCR (Fig. 1B). HO8910 and OVCARS3 cells
were selected because their RP11 levels and TP53/BRCA2 mutation profiles were the closest to those of primary
HGSOGC, thus serving as representative models for functional studies. To further verify the function of RP11 in
ovarian cancer, we transfected lentiviral vectors into HO8910 and OVCARS3 cells to regulate the expression of
RP11. The expression of the fluorescent protein after transfection was observed via fluorescence microscopy,
as shown in Fig. 1C. The transfection efficiency was verified by qRT-PCR (Fig. 1D,E). The CCK-8 assay results
indicated that the presence of RP11 significantly increased cell viability; conversely, the reduction in RP11 levels
significantly inhibited cell viability (Fig. 1F,G). Additionally, a colony formation assay was used to evaluate cell
proliferation. The results revealed that the number of colonies formed by OVCAR3 and HO8910 cells transduced
with p-RP11 was greater than that formed by cells transduced with p-NC (Fig. 1H); moreover, the number of
colonies formed by OVCAR3 and HO8910 cells transduced with sh-RP11-1 and sh-RP11-2 was significantly
lower than that formed by cells transduced with sh-NC (Fig. 1I). We also collected data on age, FIGO stage,
lymph node status, CA125, and TP53 mutations from 56 patients (Table 2). We considered that RP11 was highly
expressed in HGSOC tissues and positively correlated with FIGO stage and lymph node metastasis (P < 0.01).

RP11 regulates ovarian cancer cells by downregulating FDX1

To investigate the downstream proteins of RP11, we screened the LncRRlsearch database and found that
there was a binding target between RP11 and FDX1 (Fig. 2A). This interaction remains largely supported
by bioinformatics predictions, and further experimental evidence is needed to consolidate its direct binding
characteristics. We evaluated the expression of FDX1 in HGSOC tissues via Western blotting. The results revealed
that the expression level of FDX1 in HGSOC tissues was significantly lower than that in normal fallopian tube
tissues (Fig. 2B). To verify whether FDX1 is regulated by RP11, we conducted Western blotting assays. As shown
in Fig. 2C,D, RP11 knockdown upregulated the protein expression of FDX1 but did not change the FDX1 mRNA
level (Supplementary Figure S1); this finding indicates that its regulatory mechanism is posttranscriptional
rather than transcriptional.

ES-Cu promotes copper-dependent cell death via the RP11/FDX1 axis

The IC50 value of ES-Cu was determined via the CCK-8 assay. We concluded that when the CuCl2 concentration
in the culture medium was 1 uM, the IC50 value in OVCAR3 cells was 78.19 nM and that in HO8910 cells was
79.6 nM (Fig. 3A,B). For ease of operation, 80 nM elesclomol was used for pulse treatment in the subsequent
experiments. To determine the mode of cell death induced by ES-Cu, the cells were pretreated with Z-VAD-
FMK, necrostatin-1, ferrostatin-1, chloroquine (CQ), or tetra thiomolybdate (TTM). TTM partially reversed the
cytotoxicity induced by ES-Cu, while the inhibition of caspases did not (Fig. 3C). These findings indicate that
the mechanism is dependent on copper rather than simple apoptosis. qRT-PCR and Western blotting confirmed
that ES-Cu reduced the expression of RP11 and upregulated FDX1 (Fig. 3D-F). Flow cytometry revealed that the
cells were Annexin V/PI positive (Fig. 3G), which was consistent with early membrane damage during copper-
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Fig. 1. RP11 is upregulated in ovarian cancer cells and promotes their proliferation. (A) RP11 expression in
HGSOC tissues and normal fallopian tube tissues was compared via QRT-PCR. (B) The two most appropriate
cell lines were selected from among the five cell lines for subsequent experiments. (C) Fluorescent protein
expression after cells were transduced with lentivirus for 72 h (scale bars, 1000 um). (D) RP11 expression

in cells transduced with the LV-RP11 lentivirus significantly increased. (E) RP11 expression after RP11
knockdown via lentivirus. (F,G) In OVCAR3 and HO8910 cells, RP11 overexpression promoted cell
proliferation, and RP11 silencing suppressed cell proliferation. H: Colony formation increased in ovarian
cancer cells overexpressing RP11. I: RP11 knockdown inhibited colony formation. (**P<0.01; ***P <0.001;
****P<0.0001). Data are presented as mean + SD with 95% confidence intervals for pairwise differences;
Bonferroni post-hoc correction was applied and adjusted P values are indicated in the figure.

Variable HGSOC (n=30) | Normal (n=26) | P value
Age (years) 58.3+£7.2 56.8+8.0 0.47
FIGO stage (ITI/IV) 24 (80%) - -
Lymph node metastasis | 18 (60%) 0 (0%) <0.001**
CA125 (U/ml) 742 (353-1215) 21 (14-29) <0.001**
TP53 mutation 25 (83%) - -

Table 2. Baseline clinical characteristics of the study cohort. Multivariable logistic regression showed that
high RP11 expression was independently associated with advanced FIGO stage (OR=3.52, 95% CI 1.14-10.91,
P=0.029, adjusted for age, CA125 and TP53 mutation).

induced cell death; While DLAT oligomerization, mitochondrial Cu deposition and Fe-S cluster integrity—
gold-standard markers of cuproptosis—remain to be examined in follow-up work, the present data support a
Cu-dependent death mode. Bonferroni-corrected P values are listed in Fig. 3G.

RP11 promotes the proliferation of ovarian cancer cells in vivo
To determine the function of RP11 in vivo, we injected OVCAR3 cells transfected with lentiviral vectors into nude
mice to establish a cancer subcutaneous xenograft model and then evaluated cancer formation. The expression of
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Fig. 2. RP11 regulates ovarian cancer cells by downregulating FDX1. (A) A database identified FDX1 as a
downstream protein of RP11. (B) FDX1 expression was notably lower in HGSOC tissues than in normal
fallopian tube tissues. (C,D) FDX1 protein expression under RP11 knockdown or overexpression in both

the OVCAR3 and HO8910 cell lines. (**P<0.01; **P<0.001; ***P<0.0001). Although the change in FDX1
protein is statistically significant, the magnitude is limited and may reflect a slight translational adjustment; the
experiment was repeated n=3 independent. Data are presented as mean + SD with 95% confidence intervals
for pairwise differences; Bonferroni post-hoc correction was applied and adjusted P values are indicated in the
figure.

RP11 in xenograft cancer tissues was detected via qRT-PCR. The results revealed that the expression of RP11 was
significantly decreased in the Sh-1/2 group but significantly increased in the OE group (Fig. 4A). Representative
images of excised tumors from each group are shown (Fig. 4B). The expression level of RP11 significantly affected
the proliferation and apoptosis of ovarian cancer cells in a xenograft cancer model in nude mice. Compared with
those in the NC group, the cancer formation rate in the RP11-knockdown group was significantly lower, the
volume and weight of the transplanted tumours were significantly lower (P<0.05), and the apoptosis rate was
significantly greater (P<0.05) (Fig. 4D,EG). In contrast, the growth rate of the transplanted cancers in the RP11-
overexpressing group was significantly accelerated, the volume and weight of the transplanted cancers were
significantly increased (P<0.05), and the apoptosis rate was significantly decreased (P <0.05), indicating that
RP11 can significantly promote the proliferation of ovarian cancer cells in the body (Fig. 4C,G). Additionally,
we further overexpressed RP11 in the RP11-knockdown cell group and found that the cancer growth rate was
restored, which further confirmed the role of RP11 in promoting cancer occurrence and development in the body
(Fig. 4E). Moreover, after each experimental group was treated with the copper-induced cell death agent ES-Cu
(elesclomol and the CuCl, complex, with a CuCl, concentration of 1 pm), the growth of the transplanted cancer
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Fig. 3. ES-Cu promotes cuproptosis in ovarian cancer cells by regulating the RP11/FDX1 axis. (A,B) OVCAR3
and HO8910 cells were pulse-treated with different concentrations of elesclomol (with or without 1 pM

CuCl, in medium) for 2 h, and the CCK-8 assay was used to establish the IC50 of ES-Cu. (C) Ovarian cancer
cells were pretreated with 5 pM Z-VAD-FMK, 5 pM necrostatin-1, 5 uM ferrostatin-1, 5 uM CQ, or 10 uM
TTM for 24 h, and the CCK-8 assay was used to analyse cell viability after pulse treatment with ES-Cu. (D)
RP11 expression significantly decreased after 2 h of ES-Cu pulse treatment. (E) FDX1 mRNA expression was
measured via QRT-PCR. (F) After ovarian cancer cells were pulse-treated with ES-Cu for 2 h, FDX1 levels
increased, as determined by Western blotting. (G) Annexin V*/PI* cell death rate (general cell death from early
to late stages) increased after ES-Cu pulse treatment, as measured by flow cytometry. (*P<0.05; **P<0.01;
***P<0.001; ****P<0.0001). Data are presented as mean + SD with 95% confidence intervals for pairwise
differences; Bonferroni post-hoc correction was applied and adjusted P values are indicated in the figure.

cells in all the groups was significantly inhibited, and the apoptosis rate increased (P<0.05). These data support
the conclusion that ES-Cu inhibits cancer growth through a copper-dependent mechanism (Fig. 4C,D,E,EG).
The experiments involving animals were authorized by the Animal Experiment Ethics Review Committee of the
Affiliated Hospital of Qingdao University (AHQU-MAL20230616) .

Effects of RP11 on the expression of genes related to cuproptosis

The immunohistochemical results revealed that RP11 might inhibit the expression of copper death-related
genes (FDX1, DLD) and immune checkpoint PD-L1 through transcriptional regulation and epigenetic
modification, thereby downregulating copper ion metabolism and the copper death process and subsequently
affecting the cancer microenvironment and local inflammatory milieu . Specifically, in the RP11 knockdown
group, the expression of FDX1, DLD, and PD-L1 was significantly upregulated (P<0.05), whereas in the RP11
overexpression group, the expression of these genes was significantly downregulated (P <0.05) (Fig. 5).In contrast
to the copper death-related genes, the copper death-inhibiting gene PDK4 exhibited decreased expression in the
RP11-knockdown group and increased expression in the RP11-overexpressing group (Fig. 5). Furthermore,
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Fig. 4. RP11 promotes the proliferation of ovarian cancer cells in vivo (A): RP11 expression in xenograft
tumours detected via qRT-PCR. (B): Xenograft tumours formed in nude mice from each group. (C): Changes
in weight, xenograft tumour weight and volume of the rats in the OE group and OE + Cu group. (D): Changes
in weight, xenograft tumour weight and volume of the rats in the NC group and NC + Cu group. (E): Changes
in weight, xenograft tumour weight and volume of the rats in the Sh+ OE group and Sh + OE + Cu group. (F):
Changes in weight, xenograft tumour weight and volume of the rats in the Sh group and Sh + Cu group. (G):
Changes in the level of apoptosis in each group. (*P<0.05; **P<0.01; **P<0.001; ***P<0.0001). Data are
presented as mean + SD with 95% confidence intervals for pairwise differences; Bonferroni post-hoc correction
was applied and adjusted P values are indicated in the figure.
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after RP11 expression was supplemented in RP11-knockdown cells, the levels of copper death-related genes
decreased, whereas the expression of PDK4 increased, indicating that RP11 has a systematic reverse regulatory
effect on copper death-related genes.

RP11 regulates the copper death-inflammation axis to reconstruct the immune
microenvironment and assess the safety of ES-Cu

Furthermore, the regulation of copper death-related genes by RP11 may also affect local cytokine levels by
reshaping the cancer microenvironment (TME). The TME is composed of cancer cells, immune cells, the
extracellular matrix, etc., and is an important stage in cancer occurrence and development. By inhibiting FDX1
and the copper death pathway, RP11 lowered plasma IL-6 and IL-8 levels (Fig. 6A,B); whether this reflects
reduced DAMPs awaits direct quantification.To further verify the impact of copper-induced death on the
immune microenvironment, we conducted further experiments on the key immune factors IL-6 and IL-8, which
mediate the activation and migration of immune cells. ELISAs revealed that the plasma levels of IL-6 and IL-8 in
RP11-knockdown mice were significantly increased (P <0.05), whereas those in the RP11-overexpressing group
were significantly decreased (P<0.05) (Fig. 6A,B). After RP11 was replenished in RP11-knockdown cells, the
levels of IL-6 and IL-8 decreased accordingly, suggesting that the RP11-FDX1-copper death axis may affect the
activity of immune cells andlocal inflammatory cytokine balance by regulating inflammatory factors.

To comprehensively evaluate the safety of ES-Cu combined therapy, we performed HE staining on the main
organs of the experimental mice (heart, liver, spleen, lung, and kidney) (Fig. 6C). The results revealed no obvious
pathological changes in any of the experimental groups, suggesting that the toxicity of ES-Cu is controllable at
the experimental dose.

Discussion

Once ovarian cancer progresses to the advanced stage, the five-year survival rate is less than 30%, with over 70%
being the HGSOC!®. The “gold standard” regimen of platinum combined with paclitaxel still fails to prevent
drug resistance and recurrence in the presence of multiple combined mutations, such as TP53 mutations and HR
deficiencies, suggesting the urgent need for new molecular classifications and targeted strategies'*-2!. This study
is the first to directly link the IncRNA RP11 with cuproptosis, providing a "nonmutation-driven" perspective
on this predicament: RP11 inhibits FDX1 through posttranscriptional regulation and blocks the reduction of
copper ions in mitochondria and the sulfenic acidylation of DLAT, thereby inhibiting the oligomerization of
copper-dependent proteins and ultimately escaping cuproptosis and maintaining cancer proliferation. Notably,
this escape is not simply antiapoptotic but rather a "full-chain" blockade of a novel type of programmed cell
death??; its downstream effects include not only mitochondrial dysfunction but also a reduction in damage-
related molecular patterns (DAMPs)?3, such as mitochondrial ROS, mtDNA, and HMGBI. Modulating local
inflammatory cytokine levels, a hypothesis that awaits direct DAMP quantification in immunocompetent
models.

As the "rate-limiting enzyme" for copper death, FDX1 is expressed at a relatively low level in various
solid cancers?*?>.0Our experiments revealed that RP11 forms a stable RNA-RNA complex with the 3’-UTR
of FDXI1, suggesting a mRNA-masking mechanism by which IncRNAs can directly occlude target transcripts
independent of the canonical miRNA-sponge pathway?®?”.This discovery provides insight into the paradigm
by which IncRNAs regulate copper homeostasis. Validation of direct binding will be required to confirm the
predicted interaction. Additionally, there is still controversy regarding the intersection of copper death, iron
death, apoptosis, and necrosis®®. In this study, the copper chelator TTM could partially reverse the cell death
induced by ES-Cu, whereas the pancaspase inhibitor Z-VAD-FMK was ineffective, preliminarily ruling out the
dominant role of classical apoptosis; however, gold standard images of DLAT oligomerization and mitochondrial
copper deposition have not yet been obtained, suggesting that subsequent studies need to introduce live cell
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Fig. 6. Effect of RP11 on the immune microenvironment and drug safety evaluation of ES-Cu. (A) IL-6
content of each group. (B) IL-8 content of each group. (C) HE staining of heart, liver, spleen, lung and kidney
sections from the mice. (*P<0.05; **P<0.01; **P<0.001; ***P<0.0001). Data are presented as mean + SD
with 95% confidence intervals for pairwise differences; Bonferroni post-hoc correction was applied and
adjusted P values are indicated in the figure.

copper probes and mitochondrial ultrastructure observations in organoid and PDX models to clarify the true
contribution of copper death in the body.

From the perspective of immunity, the leakage of mtDNA and ATP accompanying copper death can activate
the STING-NF-kB pathway, driving the maturation of DCs and the infiltration of CD8* T cells**°. This study
revealed that IL-6 and IL-8 were upregulated after RP11 was knocked down, suggesting that the RP11-FDX1
axis affects immune cell chemotaxis by regulating the inflammatory network. Consistent with recent reports,
cuproptosis activation concurrently increases PD-L1 and IL-6/IL-8 transcription via NF-«B signaling. Thus,
our observed parallel rise in cuproptosis proteins and these immune markers supports a mechanistic coupling
between copper-death induction and local inflammatory modulation?”. Whether this translates to altered DC
or CD8* T-cell numbers requires immunocompetent or humanized models. These cytokine changes reflect local
inflammatory modulation only and cannot be equated with adaptive immune escape.

From a clinical translational perspective, CA125 shows insufficient early sensitivity>!. However, the stability
and detectability of RP11 in serum exosomes have been preliminarily verified, laying the foundation for
its use as a noninvasive dynamic monitoring indicator’?-**, ES-Cu, as a copper ion carrier that has entered
a phase III trial by the FDA, has redevelopment value because of its demonstrated survival benefits when
combined with paclitaxel in melanoma’>3; this study provides a mechanistic basis for its “repositioning” in
HGSOC. Moreover, the establishment of the expression threshold of RP11 and the dose-effect curve of ES-Cu
will determine the stratification strategy for patients. When RP11 is combined with PARP inhibitors, PD-1
antibodies or antiangiogenic drugs, the high-expression subgroup of RP11 may have synergistic effects due to
its "copper death sensitivity", whereas the low-expression subgroup needs to avoid the additional toxicity caused
by excessive copper ion levels®”38.

In conclusion, the RP11-FDX1-copper death axis not only fills the research gap in the IncRNA regulation of
copper homeostasis in HGSOC but also provides a druggable intervention point for "nonmutation-driven" drug
resistance. With the maturity of copper metabolism probes, copper death real-time imaging, and liquid biopsy
technologies, RP11 is expected to become a companion diagnostic marker, and ES-Cu may become a precise
second-line treatment option for platinum-resistant HGSOC.
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Conclusions

This study systematically elucidates the oncogenic role of the long noncoding RNA RP11-199F11.2 in HGSOC:
it is associated with reduced FDX1 protein levels and limited copper-death activity, thereby promoting cancer
proliferation and modulating local inflammatory cytokines. The four-level evidence chain of clinical, cellular,
animal and pharmacological studies consistently indicates that high expression of RP11 predicts a poor
prognosis, whereas the copper ion carrier ES-Cu can reverse the FDX1 downregulation mediated by RP11,
reverse copper death and significantly inhibit cancers, with controllable toxicity. Therefore, RP11 can serve as
a prognostic biomarker, and ES-Cu provides a precise combined copper death induction treatment strategy for
RP11-positive patients, laying a theoretical and practical foundation for overcoming the treatment bottleneck
of HGSOC.

Data availability
All the data generated or analysed during this study are included in this published article.
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