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Abstract 

Background  Ovarian cancer (OC) is a prevalent malignancy in the female reproductive system, and developing 
effective targeted therapies for this disease remains challenging. The aim of this study was to use clinically-relevant 
OC models to evaluate the therapeutic effectiveness of RC48, an antibody-drug conjugate (ADC) targeting HER2, 
either alone or in combination with the VEGFR inhibitor Cediranib Maleate (CM), for the treatment of advanced OC.

Methods  OC tumor specimens and cell lines were analyzed to determine HER2 and VEGFR expression by Western 
blot, immunocytochemistry and immunofluorescence. Moreover, the OC cell lines, cell-derived xenograft (CDX) 
and patient-derived xenograft (PDX) models were treated with RC48 and/or CM and then subjected to cell prolif-
eration, viability, apoptosis, and tumor growth analyses to evaluate the feasibility of combination therapy for OC 
both in vitro and in vivo. Additionally, RNA-Seq was performed to investigate the critical mechanism underlying 
the combination therapy of RC48 and CM.

Results  Our results demonstrated that RC48 alone effectively targeted and inhibited the growth of HER2-positive 
OC tumors in both cell lines and PDX models. Furthermore, the combination of RC48 and CM synergistically induced 
tumor regression in human OC cell lines, as well as CDX and PDX models. Mechanistically, we observed that the com-
bination treatment inhibited the growth of OC cells involved inducing apoptosis and suppressing cell motility. RNA-
seq analysis provided further mechanistic insights and revealed that co-administration of RC48 and CM downregu-
lated multiple cancer-related pathways, including the AKT/mTOR pathway, cell cycle, and cell proliferation. Notably, 
our data further confirmed that the PI3K-AKT pathway played a key role in the inhibition of proliferation triggered 
by combinational treatment of RC48 and CM in OC cells.
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Conclusions  These findings provide a preclinical framework supporting the potential of dual targeting HER2 
and VEGFR as a promising therapeutic strategy to improve outcomes in patients with OC.
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Introduction
Ovarian cancer (OC) is a prevalent malignancy in the 
female reproductive system, and it has the highest mor-
tality rate among gynecological cancers [1–3]. The over-
all 5-year survival rate for OC is about 48.6%. However, 
it is noteworthy that only 15.7% of OC cases are found 
at the local stage, where the 5-year survival rate reaches 
92.6%. In contrast, 58% of OC cases are diagnosed at 
the metastasized stage, leading to a sharp decline in the 
5-year survival rate to 30.2% [4, 5]. Currently, there are 
few drugs available for targeted therapy in OC, with only 
two drugs-vascular endothelial growth factor receptors 
(VEGFRs) and poly (ADP-ribose) polymerase (PARP) 
inhibitors used in first-line maintenance therapy [6, 7]. 
There is still no effective treatment for recurrent and 
platinum-resistant OC. For example, the response rate 
of recurrent patients receiving chemotherapy is less 
than 20%, the median progression-free survival (PFS) 
is less than 4  months, and the median overall survival 
(OS) is less than 12 months. The duration of response to 
non-platinum chemotherapy in patients with platinum-
resistant OC is only 3–7 months [8–10]. In addition, sin-
gle-targeted treatments often fail to achieve the desired 
therapeutic outcomes [11]. Thus, finding new and effec-
tive therapeutic strategies, especially the combinational 
therapy that target multiple drug targets have become an 
urgent need in the field of OC treatment.

Human epidermal growth factor receptor 2 (HER2), a 
member of the ErbB family, is highly expressed in vari-
ous tumors [12–14]. HER2 overexpression is mainly 
attributed to HER2 gene amplification and/or muta-
tion, leading to the activation of signal pathways such as 
PI3K/Akt/mTOR and Ras/Raf/MAPK, which promote 
tumor cell growth, differentiation, proliferation and 
metastasis. Consequently, HER2 has become a highly 
successful therapeutic target [13, 15]. Targeted thera-
pies for HER2 in OC include small molecule inhibitors, 
monoclonal antibodies, and antibody-drug conjugates 
(ADCs). Although less specific than monoclonal antibod-
ies, small molecule inhibitors are more effective against 
tumors with low HER2 extracellular domain expression. 
For instance, lapatinib, an orally administered small mol-
ecule inhibitor, can inhibit the activation of HER2 and 
the epidermal growth factor receptor (EGFR). Clinical 
studies have demonstrated that lapatinib exhibits good 
activity in HER2-positive OC patients. Both in vitro and 
in vivo studies have shown its ability to partially reverse 

multidrug resistance in OC cells [16, 17]. Irreversible 
HER receptor tyrosine kinase inhibitors such as afatinib 
and neratinib have also shown efficacy in inhibiting OC 
proliferation and migration, as well as improving the 
chemotherapeutic response of paclitaxel-resistant OC 
cells [18–20]. Monoclonal antibodies targeting HER2, 
such as trastuzumab and pertuzumab, have been used 
in OC-related clinical studies. However, when used as 
monotherapy, these drugs have shown low response rates 
[21]. In a phase II clinical trial, Bookman et al. reported a 
response rate of 7.3% with trastuzumab in HER2 2+ and 
3+ OC patients, and 39% of patients showed long-term 
disease stability [22]. Another phase II clinical trial by 
Gordon et al. showed that 4.3% of patients achieved relief 
with pertuzumab as monotherapy, and an additional 6.8% 
of patients had stable disease for at least 6 months [23].

Of particular interest, ADCs, also known as “biomis-
siles”, combine the specificity of monoclonal antibodies 
with the potency of highly cytotoxic agents, potentially 
reducing the severity of side effects. ADCs have recently 
emerged as a popular research field for anti-tumor agents 
[24, 25]. Successful examples of ADCs include T-DM1, 
T-DXd, and RC48. T-DM1, a first-in-class ADC com-
posed of trastuzumab conjugated via a non-cleavable 
linker to the tubulin inhibitor DM1, has been approved 
for the treatment of HER2-positive metastatic breast can-
cer patients who have previously received trastuzumab 
and taxane therapy, either alone or in combination 
[13, 26, 27]. Preclinical studies have demonstrated that 
T-DM1 exhibits superior antitumor effects compared 
to trastuzumab or pertuzumab alone or in combination 
for epithelial OC [28]. Additionally, clinical studies have 
shown that T-DM1 achieves progression-free disease for 
more than 6 months in three OC patients [29]. Another 
ADC, T-DXd, consists of trastuzumab, a cleavable linker, 
and the cytotoxic topoisomerase I inhibitor deruxtecan. 
It is indicated for the treatment of advanced or meta-
static HER2-positive breast carcinoma and low HER2-
expression tumors [13, 30, 31]. RC48, an ADC composed 
of a humanized anti-HER2 monoclonal antibody (hertu-
zumab) conjugated via a cleavable linker to monomethyl 
auristatin E (MMAE), has been approved for the treat-
ment of patients with locally advanced or metastatic 
gastric cancer and urothelial cancer [32–34]. Jiang et al. 
reported that RC48 alone effectively inhibits OC tumor 
growth in cell lines and CDX models [35]. Thus, the ther-
apeutic strategies involving ADCs targeting HER2 for the 
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treatment of OC remain an area that needs further explo-
ration. The success of T-DM1, T-DXd, and RC48 in other 
cancers raises the possibility of their potential application 
in OC. Further research and clinical studies are neces-
sary to fully understand the therapeutic potential of these 
ADCs in OC treatment.

Vascular endothelial growth factor receptors (VEG-
FRs), including VEGFR-1, VEGFR-2, and VEGFR-3, are 
tyrosine kinase receptors [36, 37]. VEGFRs play a crucial 
role in endothelial cell proliferation and migration, vas-
cular permeability, and tumor angiogenesis by activat-
ing downstream signaling pathways such as PI3K/Akt, 
p38/MAPK, and PLCγ/MAPK [38, 39]. Inhibition of 
VEGFR signaling has emerged as an attractive therapeu-
tic strategy in OC [40, 41], resulting in the development 
of cediranib (AstraZeneca), a potent oral small-molecule 
inhibitor of VEGFRs. Cediranib has demonstrated prom-
ising anti-tumor activity in various cancers, including 
colorectal cancer, lung cancer, breast cancer, glioblas-
toma, prostate cancer, soft tissue sarcoma, and OC [42]. 
However, clinical trials have shown limited overall sur-
vival benefits with the use of VEGFR inhibitors, includ-
ing cediranib and bevacizumab, for the treatment of OC 
[43–45]. Encouragingly, the combination of cediranib 
and the PARP inhibitor olaparib has shown improved 
clinical benefits in patients with advanced OC [46–49]. 
This suggests that combination therapy may be a promis-
ing approach to enhance the anti-OC effects of VEGFR 
inhibitors.

ErbB (class I RTK) and VEGFR (class V RTK) are sub-
families of receptor tyrosine kinases that play crucial 
roles in controlling cell behavior and drug resistance. 
Inhibitors targeting these kinases have shown significant 
clinical benefits in cancer management [50, 51]. How-
ever, drug resistance remains a major challenge for tar-
geted therapies, and combination treatments that target 
multiple pathways simultaneously have been explored 
as strategies to overcome this issue [52]. Both preclini-
cal and clinical studies have provided evidence support-
ing the combination of agents targeting both the HER-2 
and VEGFR signaling pathways. For instance, Jain et  al. 
demonstrated that the combination of HER2 inhibitors 
(trastuzumab or lapatinib) with an anti-VEGFR2 anti-
body (bevacizumab) significantly slowed tumor growth 
and improved survival in patients with HER2-amplified 
breast cancer brain metastases [53]. Additionally, the 
combination of bevacizumab, trastuzumab, and capecit-
abine as a first-line treatment for HER2-positive locally 
recurrent or metastatic breast cancer resulted in an over-
all response rate of 73% [54]. However, there are cur-
rently a lack of reports on the dual targeting of HER2 and 
VEGFR in the treatment of advanced OC.

In this study, our aim is to investigate the therapeutic 
efficacy and underlying molecular mechanisms of RC48, 
an ADC targeting HER2, either alone or in combina-
tion with the VEGFR inhibitor Cediranib Maleate (CM), 
in both in  vitro and clinically-relevant in  vivo models 
of advanced OC. Collectively, these findings provide a 
preclinical foundation supporting the potential of dual 
targeting HER2 and VEGFR as a promising therapeutic 
strategy to improve outcomes in patients with OC.

Materials and methods
Chemicals and drugs
RC48 was purchased from RemeGenCo.Ltd. (Shandong, 
China), T-DXd was purchased from Daiichi SankyoCo.
Ltd. (Tokyo, Japan), T-DM1 and Trastuzumab were pur-
chased from RocheCo.Ltd. (Basel, Switzerland). VEGFR 
inhibitors such as Cediranib Maleate (CM), AKT activa-
tor SC79, and AKT inhibitor Akti-1/2 were purchased 
from Selleck (Houston, USA).

Cell lines
Human OC cell lines A2780, OVCAR-3, SK-OV-3, HO-
8910PM, and UM-UC-3 (Human Bladder Urothelial Car-
cinoma) were purchased from the Cell Bank of Chinese 
Academy of Medical Sciences (Beijing, China), Procell 
Life Science&Technology Co., Ltd. (Wuhan, China), and 
iCell Bioscience Inc. (Shanghai, China), respectively. All 
cell identities were validated by short tandem repeats 
(STR) and confirmed to be free of mycoplasma contami-
nation. A2780, OVCAR-3 and HO-8910PM were cul-
tured in RPMI 1640 medium (Gibco, Life Technologies) 
supplemented with 10% fetal bovine serum (FBS, Gibco, 
Life Technologies) and 1% penicillin/streptomycin (Bio-
chem, Shenzhen, China). SK-OV-3 cells were cultured 
in McCoy’s 5A medium (Procell, Wuhan, China), sup-
plemented with 10% fetal bovine serum (FBS, Gibco, Life 
Technologies) and 1% penicillin/streptomycin (Biochem, 
Shenzhen, China). UM-UC-3 cells were cultured in MEM 
medium (Gibco, Life Technologies), supplemented with 
10% fetal bovine serum (FBS, Gibco, Life Technologies) 
and 1% penicillin/streptomycin (Biochem, Shenzhen, 
China). The cells were maintained in a humidified incu-
bator (Thermo Fisher Scientific, Waltham) with 5% CO2 
at 37 ℃.

In vitro cytotoxicity assay
A2780, OVCAR-3, SK-OV-3,  HO-8910PM, and 
UM-UC-3 cells were seeded at a density of 4000 cells/well 
in 96-well plates for 72  h and treated with RC48, CM, 
Trastuzumab, T-DM1 and T-DXd, respectively. Primary 
cells derived from OC PDX models were cultured in 
96-well culture plates (4000 cells/well) with RC48, CM or 
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their combination for 5 days. Cell viability was assessed 
using the cell Titer-Glo® assay kit (G7572, Promega, 
Madison, USA) following the manufacturer’s instruction, 
and luminescence was measured with the SPARK Mul-
tiplate Reader (TECAN, Mannedorf, Switzerland). The 
50% inhibitory concentration (IC50) was calculated using 
non-linear regression analysis.

IncuCyte S3 Live Cell Imaging system assay
OVCAR-3, A2780, SK-OV-3 and HO-8910PM cells were 
seeded in 96-well plates (4000 cells per well) for each cell 
line. After continuous treatment with RC48, CM, Trastu-
zumab, and RC48/CM combination for 60 h, cell prolif-
eration was monitored in real-time and cell confluence 
curves were automatically generated using the IncuCyte® 
live cell analysis system (Sartorius, Gorteen, Germany).

Western blot assay
OVCAR-3 and A2780 cells or tissue samples were lysed 
using SDS lysis buffer (Beyotime Biotechnology, Shang-
hai, China) supplemented with PMSF (Solarbio, Beijing, 
China) and Phosphatase Inhibitor Cocktail (Beyotime 
Biotechnology, Shanghai, China). The proteins were 
diluted in the loading buffer (Solarbio, Beijing, China), 
separated by SDS-PAGE, and then transferred onto 
PVDF membranes (Millipore, Darmstadt, Germany). 
Membranes were incubated with the primary antibody 
overnight at 4  °C and then with secondary antibodies 
specific to primary antibody (Supplementary Table  1). 
The protein band was detected by ECL reagent (Cytiva, 
USA). Images were taken using a Bio-Rad Multifunc-
tional chemiluminescence imaging system.

EdU staining assay
OVCAR-3, A2780, SK-OV-3 and HO-8910PM cells 
(2 × 105 cells/well) were seeded on coverslips in 12-well 
plates and treated with RC48, CM or their combination 
for 24 h. After treatments, EdU staining was performed 
using BeyoClick™ EdU Cell Proliferation Kit (Beyotime, 
Shanghai, China) in accordance with the accompany-
ing instructions. Finally, images were captured using 
a laser scanning confocal microscope (Zeiss880, Jena, 
Germany).

Immunofluorescence
OVCAR-3, A2780, SK-OV-3, HO-8910PM, and 
UM-UC-3 cells (1 × 105 Cells/well) were seeded on cover-
slips in 12-well plates for 24 h. Then they were fixed with 
4% paraformaldehyde for 30 min and permeabilized with 
0.1% Triton X-100 for 15  min. Then they were blocked 
with 1% BSA for 1 h and incubated with HER2, VEGFR2 
and VEGFR3 primary antibodies (Supplementary 

Table 2) at 4 °C overnight. Cells were then incubated with 
fluorescent secondary antibodies for 1  h at room tem-
perature. The cell nuclei were stained with DAPI. Images 
were captured using a laser scanning confocal micro-
scope (Zeiss880, Jena, Germany).

Colony formation assay
OVCAR-3, A2780, SK-OV-3 and HO-8910PM cells 
were seeded in 6-well plate at the density of 4,000 cells/
well to adhere overnight and treated with RC48, CM or 
their combination for 10  days. During the drug treat-
ment, the cell medium containing the drug was replaced 
every 3 days. Subsequently, colonies were fixed with 4% 
paraformaldehyde for 30  min and stained with 0.01% 
(w/v) crystal violet for 15 min at room temperature. The 
images of stained colonies were scanned, and the total 
colony area was quantified using Image J software.

Cell migration and invasion assay
A total of 2 × 104 cells of A2780 and OVCAR-3, sus-
pended in serum-free RPMI-1640 (100 μL), were added 
to the top chamber of a 24-well Trans well plate (Corn-
ing, New York, USA). The cells were then treated with 
RC48, CM, or a combination of both for 48  h, respec-
tively. In the lower chamber, 500 μL of medium contain-
ing 10% fetal bovine serum (FBS) was added. For invasion 
assays, the upper chamber membranes were coated with 
Matrigel (Corning, New York, USA). Subsequently, 500 
μL of RPMI-1640 with 10% FBS was placed in the lower 
chamber, and the cells were incubated in a 5% CO2 envi-
ronment at 37 °C for 48 h. After incubation, the cells were 
fixed with 4% paraformaldehyde for 30 min and stained 
with 0.01% (w/v) crystal violet for 15 min at room tem-
perature. The images were then quantified using Image J 
software.

RNA‑Seq analysis
RNA samples were isolated from Human OC cell lines 
OVCAR-3 and A2780 treated with Vehicle (VEH, n = 3), 
RC48 (n = 3), Cediranib Maleate (CM; n = 3), RC48/CM 
(COM; n = 3). Total RNA was used as the input material 
for the RNA sample preparations. Initially, mRNA was 
purified from total RNA by using poly-T oligo-attached 
magnetic beads. To select cDNA fragments of preferen-
tially 370 to 420 bp in length, the library fragments were 
purified with AMPure XP system (Beckman Coulter, 
Beverly, USA). After PCR amplification, the PCR product 
was purified by AMPure XP beads, and the library was 
finally obtained. Following the construction of the library, 
it was initially quantified using a Qubit2.0 Fluorometer, 
then diluted to a concentration of 1.5 ng/μL. The insert 
size of the library was assessed using the Agilent 2100 
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bioanalyzer. After insert size meets the expectation, qRT-
PCR is used to accurately quantify the effective concen-
tration of the library (the effective concentration of the 
library is higher than that of 1.5 nM) to ensure the qual-
ity of the library. After qualified library check, different 
libraries are sequenced by Illumina NovaSeq 6000 after 
pooling according to the requirements of effective con-
centration and target data volume, and 150 bp paired end 
reading is generated. The basic principle of Sequencing is 
Sequencing by Synthesis.

Image data from high-throughput sequencers were 
converted into sequence data (reads) by CASAVA base 
recognition. Raw data (raw reads) of fastq format were 
firstly processed through in- house perl scripts. These 
include the removal of reads with adapter, reads contain-
ing N base and low-quality reads. At the same time, Q20, 
Q30 and GC contents were calculated for clean data. All 
subsequent analyses were high-quality analyses based on 
clean data. Index of the reference genome was built using 
Hisat2 (v2.0.5) and paired-end clean reads were aligned 
to the reference genome using Hisat2 (v2.0.5) after ref-
erence genome and gene model annotation files were 
downloaded from genome website.

FeatureCounts (1.5.0-p3) was used to calculate the 
reads numbers mapped to each gene. The FPKM of 
each gene was then calculated based on the length of 
the underlying cause, and the readings mapped to that 
gene were calculated. Differential expression analysis 
was performed using the DESeq2 R package ( 1.20.0). 
The resulting P-values were adjusted using the Ben-
jamini and Hochberg’s approach. padj < = 0.05 and 
|log2(foldchange)|> = 1 were set as the threshold for sig-
nificantly differential expression.

Based on the condition that the P value < 0.05, we 
used clusterProfiler R package (3.8.1) to test the statisti-
cal enrichment of differential expression genes in KEGG 
pathways in accordance with the KEGG database (http://​
www.​genome.​jp/​kegg/). The gene set enrichment analysis 
(GSEA) was performed using the Molecular Signatures 
Database (MSigDB) hallmark gene set collection. The 
GSEA Analysis tool is available at http://​www.​broad​insti​
tute.​org/​gsea/​index.​jsp.

Analysis of apoptosis via flow cytometry
A2780 and OVCAR-3 cells (1 × 106/well) were cultured in 
6-well plates and treated with RC48, CM or their com-
bination for 48 h. Flow cytometry was performed using 
the Annexin V-propidium iodide (PI) apoptosis detec-
tion kit (Beyotime Biotechnology, Shanghai, China) on 
a BD FACSCantoII instrument (USA) to determine cell 
apoptosis.

In vivo therapeutic efficacy
BALB/c nude mice (5–6  weeks old) were purchased 
from SJA Laboratory Animal Co., Ltd. (Hunan, China) 
for CDXs. NOD/SCID mice, 5–6-week-old female, were 
provided by Cyagen Biosciences Inc (Suzhou, China) 
for PDXs. All mice were fed standard laboratory chow 
and provided ad  libitum access to water under specific 
pathogen-free (SPF) conditions. All animal experiments 
were approved and performed in full compliance with the 
guidelines approved by the Biomedical Research Ethics 
Committee, Gannan Medical University (Jiangxi, China). 
For the CDX models, 3 × 106 A2780 and OVCAR-3 cells 
were suspended in 100 μL of PBS and injected subcu-
taneously into the right flank of the experimental mice. 
For the PDX models, the mice were subcutaneously 
inoculated in the right flank with OCtissue fragments 
measuring 2 to 3 mm3. Once the tumor mean volume 
reached 100–150 mm3, the mice were randomized into 
4 groups (n = 3–5/group) and injected intravenously 
with saline, 5  mg/kg of RC48, 10  mg/kg of RC48, and 
10  mg/kg of Trastuzumab once weekly. In addition, for 
the combination therapy study, the mice were treated 
with saline, 2  mg/kg RC48 for QW × 3, 0.5  mg/kg CM 
for QD × 22, and a combination of RC48 and CM. The 
tumor sizes and body weight of the mice were meas-
ured twice a week using a caliper, and the tumor vol-
umes were calculated using the formula: tumor volume 
(mm3) = length × (width)2 × 0.5. The inhibition rate of the 
tumor growth (TGI) was calculated as (1-treated tumor 
volume/control tumor volume) × 100%. If the tumor 
volume did not exceed 2000 mm3 by the end of the 
experiment, the mice were euthanized, and organs were 
collected for subsequent analyses.

TUNEL assay
The TdT-UTP nick end-labeling (TUNEL) assay was 
performed according to the protocol of the One Step 
TUNEL  Apoptosis Assay  Kit (C1088, Beyotime, Shang-
hai, China). Briefly, tumor tissue sections were fixed with 
4% paraformaldehyde for 30 min and permeabilized with 
0.1% Triton X-100 for 10 min. Slides were incubated with 
the TUNEL detection reagent for 60 min at 37 °C. Tissue 
samples were observed under a laser scanning confocal 
microscope (Zeiss880, Jena, Germany).

H&E staining and immunohistochemistry
Ninety epithelial OC (EOC) tissues including High-
grade serous adenocarcinoma, low-grade serous ade-
nocarcinoma, clear cell adenocarcinoma, mucinous 
cystadenocarcinoma, endometrioid adenocarcinoma and 
carcinosarcoma, were obtained from the Department of 
Pathology, First Affiliated Hospital, Gannan Medical Uni-
versity (Supplementary Tables 3 and 4). All tissues were 
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examined by specialists using the World Health Organi-
zation criteria. Determination of OC stage and grade was 
according to the International Federation of Gynecology 
and obstetrics. The use of these specimens and patient’s 
information was approved by the Ethics Committee of 
First Affiliated Hospital, Gannan Medical University. The 
OC CDXs and PDXs xenograft tumor tissues were fixed 
with formalin and Paraffin-embedded. H&E staining was 
performed using a standard histological protocol. OC 
tissues were collected and made into 4-μm-thick paraf-
fin tissue microarrays for immunohistochemistry (IHC) 
staining. The staining procedure was carried out using 
the UltraSensitive™ SP (mouse/rabbit) IHC Kit and DAB 
Kit (MXB, Fuzhou, China) according to the standard 
procedure. Imaging was captured using the TissueFAXS 
Plus system (version 7.0, TissueGnostics GmbH, Vienna, 
Austria).

Statistical analysis
All experimental data were presented as the 
mean ± standard error of mean (SEM) of 3 independent 
experiments, using GraphPad Prism 5 software. IC50 
values were determined through nonlinear regression 
analysis of concentration-response curves, utilizing SPSS 
16.0. The statistical significance between the two groups 
was analyzed by one-way analysis of variance (ANOVA) 
or Student’s t-test when compared with the untreated 
or vehicle group. For all experiments, differences were 
considered significant at P < 0.05. *0.01 ≤ P < 0.05; 
**0.001 ≤ P < 0.01; ***P < 0.001.

Results
HER2 and VEGFR were overexpressed in OC cell lines 
and tumor tissues
To assess the expression of HER2 and VEGFR in OC, we 
analyzed the GEPIA database and performed immuno-
histochemistry assays on a tissue microarray containing 
90 cores of human OC tumor specimens. Our analysis 
revealed that HER2 expression was significantly upregu-
lated in OC tissues compared to normal ovarian tis-
sues (Fig. 1A). This finding was consistent with previous 
reports [55, 56]. HER2 was overexpressed in OC speci-
mens but rarely positive in normal ovarian tissues. Immu-
nohistochemistry assays showed that HER2 and VEGFR2 
were positive in 70% (63/90) and 53.3% (42/90) of the 90 
OC patient specimens, respectively. Staining intensities 
for HER2 and VEGFR2 ranged from high to negative in 
different proportions of the specimens (Fig.  1B-E). We 
also observed positive expression of HER2, VEGFR2, and 
VEGFR3 in two OC PDX models (Fig. 1F).

To select appropriate OC cell lines for further in vitro 
and in  vivo evaluation, we examined the expression 
of HER2, VEGFR2, and VEGFR3 in four OC cell lines 

and one bladder cancer cell line using Western blot 
and immunofluorescence assays. Our data showed that 
A2780 cells exhibited higher expression levels of HER2, 
VEGFR2, and VEGFR3, while OVCAR-3, SK-OV-3, and 
HO-8910PM cells showed moderate expression lev-
els. On the other hand, UM-UC-3 cells exhibited lower 
expression levels of HER2, VEGFR2, and VEGFR3 
(Fig.  1G). Immunofluorescence assays confirmed simi-
lar expression levels of HER2, VEGFR2, and VEGFR3 
in A2780, OVCAR-3, SK-OV-3, and HO-8910PM cells, 
while UM-UC-3 cells showed lower expression levels, 
consistent with the Western blot results (Fig. 1H).

In summary, our findings indicate that HER2, VEGFR2, 
and VEGFR3 are overexpressed in OC tumors. These 
expression patterns provide a basis for further investiga-
tion of the therapeutic potential of targeting HER2 and 
VEGFR in OC.

RC48 and CM alone remarkably inhibit the proliferation 
of OC cells in vitro
To investigate the effects of RC48, T-DM1, T-DXd, 
and trastuzumab on OC cell survival in  vitro, we 
treated A2780, OVCAR-3, SK-OV-3, HO-8910PM, 
and UM-UC-3 cells with these agents and assessed cell 
viability using the Cell Titer-Glo Cell Viability assay. 
Our results showed that both RC48 and T-DM1 signifi-
cantly inhibited the growth of the four OC  cell lines in 
a dose-dependent manner. The IC50 values of RC48 for 
A2780, OVCAR-3, SK-OV-3, and HO-8910PM cells were 
35.42  nM (MIR = 95.95%), 88.56  nM (MIR = 93.26%), 
54.13 nM (MIR = 90.77%), and 116.4 nM (MIR = 93.60%), 
respectively. However, RC48 had the weakest inhibitory 
effect on UM-UC-3 cells, with an IC50 value of 123.8 nM 
and MIR of only 54.85% (Fig.  2A and B). T-DM1 dis-
played moderate antiproliferative activity in A2780, 
OVCAR-3, SK-OV-3, HO-8910PM, and UM-UC-3 cells, 
with IC50 values of 111.0 nM (MIR = 87.29%), 139.9 nM 
(MIR = 85.59%), 101.5  nM (MIR = 84.16%), 23.64  nM 
(MIR = 89.21%), and 25.38  nM (MIR = 72.82%), respec-
tively. T-DXd showed moderate antiproliferative activity 
only in A2780 and UM-UC-3 cells. Trastuzumab showed 
no cytotoxicity in these cell lines (Fig. 2A and B).

We further evaluated the effects of RC48, T-DM1, 
T-DXd, and trastuzumab on cell confluence using 
IncuCyte Live Cell Imaging experiments in A2780, 
OVCAR-3, SK-OV-3, and HO-8910PM cells. Similar 
inhibitory responses were observed in all four cell lines 
(Fig.  2C; Supplementary Figs.  1 and 2), confirming the 
antiproliferative effects of these agents. In addition, EdU 
assays and clonogenic assays confirmed that RC48 sig-
nificantly and dose-dependently inhibited cell prolifera-
tion in A2780, OVCAR-3, SK-OV-3, and HO-8910PM 
cells (Supplemental Figs.  4 and 5). Therefore, RC48 
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Fig. 1  HER2 and VEGFR were overexpressed in OC. A Box plot downloaded from the GEPIA database shows high expression of HER2 in OC tissues. 
B, D The percentage of HER2 and VEGFR2 expression in 90 OC tumors, categorized into four staining intensities: high, moderate, low, and negative. 
C, E Representative images of 4 different staining intensities of HER2 and VEGFR2 immunohistochemistry (IHC) on human OC tumor tissue 
microarrays (TMA). Images were captured at 25 × magnification (upper panels) and 200 × magnification (lower panels), with scale bars = 200 µm 
(upper panels) and scale bars = 50 µm (lower panels), respectively. F Immunofluorescence was used to analyze the expression of HER2 and VEGFR 
in two OC PDX tissues. G, H The protein expression levels of HER2 and VEGFR in four OC cell lines and UM-UC-3 cell lines through western blotting 
(G) and immunofluorescence (H) assay. Immunofluorescence images (F, H) were captured at 400 × magnification, with scale bars = 20 µm

Fig. 2  Antiproliferative effects of RC48 and CM alone on OC cells. A, B A2780, OVCAR-3, SK-OV-3, HO-8910PM and UM-UC-3 cells were treated 
with RC48, T-DM1, T-DXd and trastuzumab for 72 h, respectively. Cell viability was detected using Cell Titer-Glo cytotoxicity assays. C The 
proliferation of OC cells treated with RC48 for 60 h was observed using the Incucyte real-time cell analysis system. D-G The anti-tumor activity 
and survival benefit of 5 and 10 mg/kg RC48 were evaluated in the OC-52 (D, E) and OC-94 (F, G) PDX models. H The toxic effects of VEGFR 
inhibitors on A2780 cells were evaluated, and a scatter map of MIR-IC50 was generated. I A2780, OVCAR-3, SKOV-3 and HO-8910PM cells were 
treated with CM for 72 h, and cell viability was detected using Cell Titer-Glo cytotoxicity assays. J The proliferation of OC cells treated with CM 
for 60 h was observed using the Incucyte real-time cell analysis system. Data represent the mean ± standard error of the mean (SEM) of at least three 
independent experiments, and statistical significance was assessed by unpaired T-test (***p < 0.001)

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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monotherapy demonstrated excellent antiproliferative 
activity in vitro.

To evaluate the therapeutic efficacy of RC48 in  vivo, 
we used PDX models, which maintain the key patho-
logical and genetic characteristics of the original tumors 
and are considered a successful tool for preclinical drug 
development [57, 58]. Treatment with RC48 resulted in 
significant and dose-dependent tumor regression in two 
OC PDX models compared to the vehicle and 10 mg/kg 
trastuzumab groups. Furthermore, RC48 treatment led to 
a significant improvement in overall survival compared 
to their respective VEH groups (Fig. 2D-G). Notably, the 
therapeutic efficacy of RC48 resulted in tumor remission 
without relapse until the end of the 118-day study period 
in the OC-94 PDX model. Importantly, none of the treat-
ments caused significant changes in mouse body weight 
(Supplementary Fig. 6).

To explore the therapeutic efficacy of VEGFR inhibi-
tors, we screened 22 VEGFR inhibitors in A2780 cells 
using Cell Titer-Glo cytotoxicity assays. Our data demon-
strated that CM exhibited stronger antiproliferative activ-
ity compared to the other VEGFR inhibitors (Fig. 2H and 
Supplementary Fig. 3). We further confirmed the inhibi-
tory effects of CM on cell viability in A2780, OVCAR-3, 
SK-OV-3, and HO-8910PM cell lines using Cell Titer-Glo 
cytotoxicity assays, IncuCyte Live Cell Imaging experi-
ments, EdU assays, and clonogenic assays (Fig. 2I, J and 
Supplementary Figs. 2, 4, and 5). The IC50 values of CM 
for A2780, OVCAR-3, SK-OV-3, and HO-8910PM cells 
were 3.267  μM, 2.882  μM, 13.49  μM, and 16.00  μM, 
respectively.

In conclusion, both RC48 and CM alone revealed excel-
lent anti-tumor activity in these OC cells, suggesting 
their potential as anti-cancer agents for the treatment of 
OC.

RC48 and CM cooperatively inhibit the proliferation 
and motility of OC cells
We investigated the synergistic effects of combining 
RC48 and CM on OC cells. Cell viability was assessed 

using the Cell TiterGlo Cell Viability assay in A2780, 
OVCAR-3, SK-OV-3, and HO-8910PM cells treated 
with RC48 alone or in combination with CM. Various 
combination doses showed synergistic effects in A2780, 
OVCAR-3, SK-OV-3, and HO-8910PM cells. Among 
them, the combination treatment of 4 μg/mL RC48 and 
2.5  μM CM exhibited the most superior synergistic 
effect in these cell lines (Fig. 3A). Notably, the combina-
tion treatment showed greater inhibition in A2780 and 
OVCAR-3 cells compared to SK-OV-3 and HO-8910PM 
cells. Therefore, we selected A2780 and OVCAR-3 cells 
treated with RC48 alone or in combination with CM for 
further in vitro and in vivo experiments.

Cell survival and cell confluency were assessed using 
IncuCyte Live Cell Imaging experiments. The combina-
tion of RC48 and CM synergistically and time-depend-
ently induced cell death in A2780 and OVCAR-3 cells 
compared to other treatment groups (Fig. 3B, C). Addi-
tionally, EdU (Fig.  3D, E) and clonogenic (Fig.  3F, G) 
assays revealed that combination therapy of RC48 and 
CM reduced cell proliferation and colony formation in 
these OC cells compared to each treatment alone. Flow 
cytometry analysis demonstrated that the combination 
of RC48 and CM cooperatively increased the percent-
age of apoptotic cells compared to RC48 or CM alone 
(Fig. 3H, I). At the molecular level, western blot analysis 
showed that the combination treatment downregulated 
the expression levels of apoptosis-related proteins, such 
as c-Myc and MCL-1, consistent with the apoptosis data 
obtained by flow cytometry (Fig. 3J, K).

Tumor cell dissemination is a characteristic feature 
of malignant tumors and a major cause of tumor recur-
rence and distant metastasis. Epithelial-to-mesenchymal 
transition (EMT) is a crucial pathway for invasion and 
migration of epithelial cell tumors [59, 60]. We exam-
ined the combined effect of RC48 and CM on motility 
in A2780 and OVCAR-3 cells. Transwell cell migration/
invasion assays showed that RC48 and CM alone moder-
ately inhibited the migration and invasion of A2780 and 
OVCAR-3 cells. However, the combination of RC48 and 

(See figure on next page.)
Fig. 3  Synergistic inhibition of OC Cell Proliferation in vitro by RC48 and CM. A A2780, OVCAR-3, SK-OV-3 and HO-8910PM cells were treated 
with various concentrations of RC48, CM, or their combination (COM) for 72 h. Cell viability was detected using Cell Titer-Glo cytotoxicity assays. 
B, C The proliferation of A2780, OVCAR-3 cells treated with vehicle control (VEH), 4 μg/mL RC48, 2.5 μM CM, or COM for 60 h was observed using 
the Incucyte real-time cell analysis system. Images captured at 100 × magnification, respectively. Scale bars = 400 µm. D, E A2780 and OVCAR-3 cells 
were treated with 4 μg/mL RC48, 2.5 μM CM, or COM for 24 h, and cell proliferation was determined using the EdU assay. Images were captured 
using a laser scanning confocal microscope. Images were captured at 100 × magnification (C) and 400 × magnification (D), with scale bars = 400 µm 
and scale bars = 20 µm, respectively. F, G The anti-proliferative effects were determined by assessing the area of colonies stained with crystal 
violet. H, I A2780 and OVCAR-3 cells were treated with 4 μg/mL RC48, 2.5 μM CM, or COM for 48 h. Apoptosis was analyzed by staining the cells 
with Annexin V-FITC/PI and flow cytometry. J, K Western blotting was performed to detect c-Myc, and MCL-1 levels as indicators of apoptotic cell 
death. GAPDH was used as loading control. The experiments were conducted in triplicate. Data represent the mean ± SEM of three independent 
experiments. Statistical significance was assessed using one-way ANOVA with Bonferroni post hoc test (*p < 0.05; **p < 0.01; ***p < 0.001)
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Fig. 3  (See legend on previous page.)
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CM displayed a stronger inhibitory effect on the migra-
tion and invasion of OC cells (Fig. 4A-D). Furthermore, 
we assessed the expression of EMT markers, includ-
ing ZEB1, N-cadherin, and Snail1. The combination 
of RC48 and CM decreased the protein levels of ZEB1, 

N-cadherin, and Snail1 compared to the single-agent 
treatment groups (Fig. 4E, F). Immunofluorescence assay 
further demonstrated that the combination of RC48 and 
CM downregulated the mesenchymal marker N-cadherin 
and upregulated the epithelial marker E-cadherin in 

Fig. 4  RC48 and CM cooperatively suppressed the cell motility of OC cells. A, B A2780 and OVCAR-3 cells were exposed to VEH, 4 μg/mL 
RC48, 2.5 μM CM, or COM for 48 h. Cell motility was detected using transwell migration (A, B) and invasion (C, D) assays. Images were captured 
at 100 × magnification (A, B), with scale bars = 100 µm. E–F A2780 and OVCAR-3 cells were exposed to different treatments for 60 h, including 4 μg/
mL RC48, 2.5 μM CM, or COM. Western blotting was performed to examine the expression of EMT markers (ZEB1, N-cadherin, and Snai1). 
β-tubulin served as the loading control. G A2780 and OVCAR-3 cells were treated with 4 μg/mL RC48, 2.5 μM CM, or COM for 48 h. Representative 
immunofluorescence images of N-cadherin and E-cadherin in A2780 and OVCAR-3 cells were captured using LSCM at 400 × magnification. Scale 
bars = 20 µm. Nuclei were counterstained with DAPI. The data shown represent the mean ± SEM from three independent experiments performed 
in triplicate. Statistically significant values of *p < 0.05, **p < 0.01, and ***p < 0.001
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A2780 and OVCAR-3 cells compared to other treatment 
groups (Fig. 4G).

Overall, these findings indicate that the combination of 
RC48 and CM synergistically inhibits the proliferation, 
migration, and invasion of OC cells in vitro.

Combination of RC48 and CM synergistically inhibited cell 
growth via the PI3K‑AKT pathway
To further explore the molecular mechanisms underly-
ing the combination treatment, we performed RNA-Seq 
analysis in A2780 and OVCAR-3 cells treated with RC48 
and CM, alone or in combination. Multidimensional scal-
ing analysis revealed significant differential expression of 
genes in the COM group compared to the VEH group. To 
visualize the differences, we performed multidimensional 
scaling analysis, which demonstrated distinct clustering 
of the COM group compared to the VEH group (Fig. 5A-
F, Supplementary Fig.  7). This clustering pattern indi-
cated that the combination treatment induced significant 
changes in gene expression profiles compared to the VEH 
group. By using RNA-Seq analysis and multidimensional 
scaling, we gained insights into the global gene expres-
sion alterations induced by the combination treatment. 
These findings contribute to our understanding of the 
molecular changes associated with the therapeutic effects 
of RC48 and CM in OC cells. Specifically, in A2780 and 
OVCAR-3 cells, a substantial number of genes showed 
differential expression in the combination group. Out 
of these genes, 5730 (18.81%) and 2766 (9.66%) genes 
were significantly differentially expressed in A2780 and 
OVCAR-3 cells, respectively. Among the differentially 
expressed genes  (DEGs), 2756 (9.05%) and 1094 (3.82%) 
were upregulated, while 2974 (9.76%) and 1672 (5.84%) 
were downregulated compared to the VEH group.

To gain further insights into the functional implications 
of these DEGs, we performed KEGG pathway analysis. 
This analysis revealed the modulation of multiple sign-
aling pathways by the COM treatment in A2780 and 
OVCAR-3 cells. Specifically, the COM treatment affected 
pathways such as the PI3K-AKT pathway, FOXO path-
way, apoptosis, cell cycle, p53 pathway, focal adhesion, 
and cellular senescence (Fig. 5G, H). These pathways play 

crucial roles in cancer cell proliferation and metastasis. 
Moreover, the key genes associated with these pathways 
were significantly altered in the COM treatment group 
(Supplementary Figs.  8–9, Supplementary Tables  5–14). 
Furthermore, protein-level analysis confirmed that RC48 
plus CM downregulated key proteins involved in the 
PI3K-AKT pathway, FOXO pathway, and cell cycle in 
A2780 and OVCAR-3 cells, consistent with the RNA-Seq 
analysis (Fig.  5I, J). These results highlight the superior 
ability of the COM treatment to block key cancer-related 
pathways.

In order to investigate the role of the PI3K-AKT 
pathway in the effects of RC48 alone or in combina-
tion with CM, we assessed the impact of Akti1/2, a 
small molecule AKT inhibitor. The results revealed 
that   Akti1/2 significantly enhanced the anti-prolif-
erative activity of RC48 alone or in combination with 
CM in A2780 and OVCAR-3 cells. Notably, AKTi1/2 
combined with RC48 or CM exhibited stronger inhibi-
tory effects than the monotherapy groups. Additionally, 
AKTi1/2 + RC48 + CM demonstrated more significant 
anti-proliferative activity compared to RC48 plus CM 
in A2780 and OVCAR-3 cells (Fig.  5K). Conversely, the 
AKT activator SC79 reversed the inhibitory effects of 
RC48 alone or in combination with CM and promoted 
cell survival (Fig. 5K). These results suggest that the inhi-
bition of tumor growth by RC48 alone or in combination 
with CM occurs via the PI3K-AKT signaling pathway in 
A2780 and OVCAR-3 cells.

In conclusion, our findings indicate that combination 
treatment of RC48 and CM efficiently blocks key cancer-
driving signaling pathways and has a broader impact on 
additional pathways. These findings emphasize the need 
for further investigation into the potential therapeutic 
implications of these pathways in OC treatment.

Combination treatment of RC48 and CM affected signaling 
pathways and unique OC‑associated prognostic genes
We conducted gene set enrichment analysis (GSEA) to 
explore the functional and signaling pathway changes 
induced by the combination treatment of RC48 and 

(See figure on next page.)
Fig. 5  Effects of RC48 and CM combinational treatment on global gene expression in OC cells. Gene expression studies were performed using 
RNA-Seq in A2780 cells and OVCAR-3 cells treated with VEH, 4 μg/mL RC48, 2.5 µM CM or COM for 48 h. Each group consisted of triplicate 
samples. A, B The expression of DEGs in A2780 (A) and OVCAR-3 (B) cells between the VEH and COM groups is shown. Upregulated genes are 
depicted in red, while downregulated genes are depicted in green. Gene expression values are presented as the log10 of tag counts. E, F The 
number of overlapping DEGs in RC48, CM, and COM treated cells compared to VEH-treated cells is displayed. G, H Kyoto Encyclopedia of Genes 
and Genomes (KEGG) analysis was performed on DEGs in COM-treated samples compared to VEH-treated samples. I, J Analysis of the PI3K/
AKT signaling pathway and cell cycle-related proteins. GAPDH was used as the loading control. K The effect of 5 µM AKTi1/2 and 5 µM SC79 
on the combined effect of RC48 and CM in OC cells was assessed using Cell Titer-Glo cytotoxicity assays. Data represent the mean ± SEM of at least 
three independent experiments, and statistical significance was assessed using an unpaired T-test (*P < 0.05, **P < 0.01, ***p < 0.001)
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Fig. 5  (See legend on previous page.)
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CM in ovarian cancer. GSEA analysis identified nega-
tively enriched and positively enriched gene sets in 
A2780 and OVCAR-3 cells after the combination treat-
ment (Fig. 6A and Supplementary Table 15). These gene 
sets provide insights into the biological processes and 
pathways affected by the treatment.

In particular, we observed that two signaling path-
ways, ferroptosis and lysosomes, were significantly 
upregulated following the combination treatment 
(Fig.  6B). Conversely, four signaling pathways, includ-
ing cellular senescence, GAP junction, hippo signaling 
pathway, and TGF-β signaling pathway, were signifi-
cantly downregulated (Fig. 6C). These findings suggest 
that the combination treatment of RC48 and CM has a 
profound impact on these specific signaling pathways 
in OC cells.

To validate the biological relevance of the genes 
regulated by the combination treatment, we analyzed 
the relationship between the GSEA-enriched genes 
and overall survival using Kaplan-Meier curves in the 
ovarian cancer cohort from The Cancer Genome Atlas 
(TCGA) dataset. We found that a low expression level 
of CDKN2B and WNT11 was associated with longer 
survival in ovarian cancer patients, while high expres-
sion levels of SMAD3, ZFYVE16, BMP6, LEFTY1, and 
DVL2 were significantly associated with poor survival 
(Fig. 6D, E).

Furthermore, we investigated the expression levels of 
these genes in OC tissues and in the combination treat-
ment group. We found that CDKN2B and WNT11 were 
significantly upregulated in OC tissues and downregu-
lated in the combination treatment group, supporting 
their potential role as prognostic markers (Fig.  6F). 
Conversely, SMAD3, ZFYVE16, BMP6, LEFTY1, and 
DVL2 showed weak expression in OC tissues but were 
strongly expressed in the combination treatment group 
(Fig. 6G).

Overall, these results provide a comprehensive analy-
sis of the functional and prognostic implications of the 
gene expression changes induced by the combination 

treatment of RC48 and CM in OC. These findings con-
tribute to our understanding of the underlying mecha-
nisms and potential therapeutic targets in this context.

RC48 synergized with CM remarkably to improve 
the anti‑tumor activity in CDX models
To assess the translational potential of our in vitro find-
ings, we investigated the synergistic effects of RC48 
combined with CM in in vivo models. Subcutaneous xen-
ografts were established using the A2780 and OVCAR-3 
cell lines. Mice were then treated once a week for three 
weeks (QW × 3) with either vehicle (VEH), 2  mg/kg 
RC48, 0.5  mg/kg CM alone, or the combination treat-
ment (COM). Tumor growth was monitored for 22 days. 
In the A2780 CDX model, RC48 and CM alone exhib-
ited modest tumor growth inhibition, and their TGI val-
ues were 46.04% and 54.26%, respectively. However, the 
combination treatment of RC48 and CM significantly 
inhibited tumor growth, resulting in a TGI of 75.55% 
(Fig. 7A). Similarly, in the OVCAR-3 CDX model, RC48 
alone exhibited minimal inhibitory effects with a TGI of 
20.45%, while CM showed slight antitumor activity with 
a TGI of 30.95%. In contrast, the combination treatment 
resulted in a remarkable synergistic tumor inhibition rate 
of 65.96% (Fig. 7B).

Furthermore, at the end of the experiment, all CDX 
xenograft tumors were collected and subjected to immu-
nohistochemistry staining for Ki-67 expression and 
apoptosis analysis using the TUNEL assay. The immu-
nohistochemistry staining demonstrated that the com-
bination of RC48 and CM led to a significant decrease 
in Ki-67 expression compared to all other single-agent 
groups, indicating enhanced antiproliferative activ-
ity of the combination treatment in both CDX models 
(Fig.  7C). The quantification of Ki-67 staining intensity 
further supported the observed decrease in proliferative 
activity in the combination treatment group compared 
to the single-agent groups (Fig. 7D). These findings sug-
gest that the combination of RC48 and CM exerts a syn-
ergistic effect in inhibiting tumor cell proliferation in the 

Fig. 6  Combination treatment of RC48 and CM affected signaling pathways and unique OC-associated prognostic genes. GSEA 
was performed using the 50 HALLMARK gene set database in MSigDB to analyze the most common DEGs in A2780 and OVCAR-3 cells treated 
with the combination therapy. A Positively and negatively enriched gene sets responsive to RC48 plus CM were identified using GSEA. B 
GSEA revealed strong positive enrichment of cell death-related pathways, such as ferroptosis and lysosomes, in A2780 and OVCAR-3 cells 
under combination treatment. C Negative enrichment was observed in cellular senescence, GAP junction, the hippo signaling pathway, and TGF-β 
signaling pathway, which are related to cell growth and adhesion pathways. NES, Normalised Enrichment Score; FDR, false discovery rate. D, E 
The relationship between different expressed genes enriched by GSEA and overall survival rate was evaluated using Kaplan-Meier analysis. Lower 
expression of CDKN2B and WNT11 was found to be beneficial to the overall survival rate of patients with OC (p < 0.01), while high expression 
of SMAD3, ZFYVE16, BMP6, LEFTY1, and DVL2 significantly improved the overall survival of OC patients (p < 0.05). Significance was determined using 
the log-rank (Mantel-Cox) test, and p < 0.05 was considered significant. F, G GEPIA was used to analyze the differential expression of genes enriched 
by GSEA in OC tissues and adjacent tissues

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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CDX models. Immunofluorescence images revealed that 
the combination of RC48 and CM significantly increased 
cell apoptosis compared to the VEH, RC48, or CM alone 
(Fig.  7E, F). These findings further support the signifi-
cant inhibitory effect of the combination therapy on OC 
tumor growth in vivo.

RC48 synergized remarkably with CM to improve 
the anti‑tumor activity in PDX models
To further investigate the synergistic antitumor effects 
of the combination treatment of RC48 and CM in  vivo, 
OC-52 and OC-94 PDX models were selected for efficacy 

evaluation. Cell viability assays demonstrated that the 
combination of RC48 and CM more effectively inhib-
ited tumor cell growth in both OC-52 and OC-94 PDX-
derived primary cells, compared to RC48 or CM alone. 
Furthermore, the combination treatment showed a 
stronger inhibitory effect in OC-94 cells than in OC-52 
cells (Fig.  8A). In the OC-52 PDX model, mice treated 
with 2.0  mg/kg RC48 or 0.5  mg/kg CM exhibited a 
moderate decrease in tumor volume, resulting in tumor 
growth inhibition (TGI) of 46.47% and 41.59%, respec-
tively, compared to the VEH group. Importantly, the 
combination of RC48 and CM significantly suppressed 

Fig. 7  Synergistic inhibition of tumor growth in OC CDX models by RC48 and CM. In both CDX models, mice were intravenously administered 
with VEH, 2.0 mg/kg (MPK) RC48 (once a week for 3 times), 0.5 MPK CM (once every day), or COM. A, B Tumor growth curve and transplanted tumor 
weight were evaluated in the A2780 (A) and OVCAR-3 (B) CDX models. C, D Representative IHC image of Ki‐67 staining (a proliferation index) 
in A2780 (upper panel) and OVCAR-3 (lower panel) xenograft tumors. Images were captured using TissueFAXS Plus at 400 × magnification. Scale 
bars = 20 µm. E, F The quantification of apoptotic cells in A2780 (upper panel) and OVCAR-3 (lower panel) xenograft tumors was determined using 
TUNEL assay. Apoptotic cells are represented by green fluorescent-stained cell nuclei. Images were captured using LSCM at 400 × magnification. 
Scale bars = 20 µm. The data shown represent the mean ± SEM from three independent experiments performed in triplicate. All treated groups 
compared to VEH group or COM group compared to single agent group. Statistically significant values are denoted as *p < 0.05, **p < 0.01, 
and ***p < 0.001
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tumor growth compared to the monotherapy groups, 
resulting in a TGI of 74.67% (Fig. 8B).

Similarly, in the OC-94 PDX model, mice treated 
with 2.0  mg/kg RC48 or 0.5  mg/kg CM also displayed 
a moderate decrease in tumor volume, with TGIs of 
42.56% and 35.86%, respectively, compared to the VEH 
group. Notably, the combination of 2.0  mg/kg RC48 
and 0.5  mg/kg CM exhibited significantly better anti-
tumor activity compared to the monotherapy groups, 
resulting in a TGI of 59.24% (Fig.  8B). Furthermore, 
we collected all PDX xenograft tumors and conducted 
analyses using Western blot, immunohistochemistry, 

and TUNEL assay. Immunohistochemistry staining for 
Ki-67, a marker of proliferation, showed that all treat-
ment groups significantly inhibited Ki-67-positive cells 
compared to the VEH group. Importantly, the combi-
nation of RC48 and CM exhibited a more significant 
inhibitory effect on tumor cell proliferation compared 
to single agent groups (Fig.  8C, D). Similarly, the 
TUNEL assay demonstrated significantly higher num-
bers of apoptosis-positive cells in the groups treated 
with RC48 or CM alone, as well as the combination 
therapy group, compared to the vehicle group. Notably, 
the combination treatment showed superior apoptotic 

Fig. 8  RC48 and CM synergistically inhibit tumor growth in OC PDX models. A OC-52 and OC-94 PDX-derived cells were isolated in vitro, 
and treated with VEH, 10 μg/mL RC48, 2 µM CM or their COM for 5 days. Cell viability was assessed using Cell Titer-Glo cytotoxicity assays. B In 
both PDX models, mice were intravenously administered with VEH, 2.0 MPK RC48 (once a week for 3 times), 0.5 MPK CM (once every day), and their 
COM. Tumor growth curves were evaluated in OC-52 and OC-94 PDX models. C, D Representative IHC image of Ki‐67 staining (proliferation index) 
in OC-52 (upper panel) and OC-94 (lower panel) xenograft tumors. Images were captured with TissueFAXS Plus at 400 × magnification. Scale 
bars = 20 µm. E, F The quantification of apoptotic cells in OC-52 (upper panel) and OC-94 (lower panel) xenograft tumors was determined by TUNEL 
assay. Apoptotic cells are represented by green fluorescent-stained cell nuclei. Images were captured using LSCM at 400 × magnification. Scale 
bars = 20 µm. The data shown represent the mean ± SEM from three independent experiments performed in triplicate. All treated groups compared 
to VEH group or COM group compared to single agent group. Statistically significant values are denoted as *p < 0.05, **p < 0.01, and ***p < 0.001
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effects when compared to the VEH, RC48, or CM alone 
(Fig. 8E, F).

In addition, the combination treatment was well-toler-
ated in both CDX and PDX models, as there were no sig-
nificant changes in body weight observed throughout the 
experimental process. H&E staining of essential organs in 
the CDX and PDX model mice indicated no obvious toxic 
side effects on the heart, liver, spleen, lung, and kidney 
compared to the VEH group. These results suggested that 
the combination therapy had negligible toxicity in  vivo 
(Supplementary Figs. 10 and 11).

Overall, these exciting findings show that combination 
of RC48 and CM synergistically enhances tumoricidal 
activity in  vivo, providing a strong rationale for further 
clinical development of the RC48 and CM combination 
for treating OC.

Discussion
Ovarian cancer (OC) is a highly heterogeneous disease, 
and the identification of specific molecular targets has 
become crucial for developing effective therapeutic strat-
egies. In this study, we focused on the therapeutic efficacy 
of RC48, an antibody-drug conjugate (ADC) targeting 
HER2, alone or in combination with CM, an oral VEGFR 
inhibitor, in advanced OC. Our findings highlight the 
significance of HER2 expression in OC and demonstrate 
the synergistic antitumor effects of combining RC48 and 
CM.

HER2 is commonly observed in patients with the 
serous subtype and late-stage, highly differentiated OC 
[61]. Lee et  al. reported that HER2 expression is low in 
normal ovarian epithelial cells but highly expressed in 
epithelial OC, including 45.5% of mucinous OC, 41.7% of 
clear cell OC, and 17.5% of serous OC [62]. Studies have 
also shown that the expression of HER2 in OC is associ-
ated with tumor stage, recurrence rate, survival period, 
and sensitivity to platinum-based chemotherapy [63, 
64]. Consistent with previous reports, we confirmed the 
overexpression of HER2 in human OC cell lines, PDXs, 
and patient specimens. This observation supports the rel-
evance of HER2 as a therapeutic target in OC.

Our study systematically investigated the antitumor 
activity of RC48 in OC cells and PDX models. We found 
that RC48 significantly inhibited human OC growth in a 
dose-dependent manner in vitro, outperforming T-DM1 
and showing better efficacy than T-DXd. Trastuzumab, 
another anti-HER2 agent, did not show cytotoxicity in 
these HER2-positive OC cells. Notably, RC48 alone dem-
onstrated excellent tumoricidal activity in OC PDX mod-
els. These findings suggest that RC48 is more effective 
than other anti-HER2 agents in these OC cells.

In addition to investigating the effects of RC48, we 
screened 22 VEGFR inhibitors in various stages of 
research and development. Among them, CM exhibited 
much stronger antiproliferative activity compared to 
other VEGFR inhibitors. Our data suggested that com-
bining CM with other agents could potentially improve 
its efficacy, reduce lesion size, and prolong overall sur-
vival. Although CM monotherapy has only shown mod-
est clinical benefits in advanced OC and melanoma in 
phase II/III studies [43, 65, 66], our findings provide a 
rationale for exploring combination strategies to enhance 
its therapeutic potential.

ADC monotherapy has shown promising anti-tumor 
effects in various hematological and solid cancers. How-
ever, resistance mechanisms often limit the duration of 
objective responses or clinical benefits [67, 68]. While 
ADC combination therapy has been extensively explored 
with chemotherapy and immune checkpoint inhibitors, 
there are limited clinical trials investigating the com-
bination of ADCs with targeted therapy or anti-angio-
genic inhibitors. In our previous study, we reported the 
superior antitumor activity of the novel anti-DR5 ADC, 
Oba01, in combination with gemcitabine in DR5-positive 
CDX and PDX models, without inducing toxic effects or 
tolerance [69]. These findings highlight the potential of 
ADC combination therapy and its importance in improv-
ing treatment efficacy in OC. However, there are cur-
rently limited clinical trials exploring the combination 
of ADCs with targeted therapy, immunotherapy, or anti-
angiogenic inhibitors. For instance, ongoing clinical trials 
are evaluating the combination of T-DM1 with alpelisib, 
tucatinib, or neratinib in patients with metastatic breast 
cancer [70–72].

In this study, we investigated the combined anti-tumor 
activity of RC48 and CM in OC. Importantly, we found 
that the combination of RC48 and CM exhibited highly 
synergistic antitumor activity against OC cells in  vitro. 
The therapeutic potential of this combination treatment 
was further supported by in vivo studies, which demon-
strated significantly enhanced synergistic effects in RC48 
combined with CM-treated CDX and PDX models com-
pared to either single agent. Notably, this combination 
treatment did not show adverse effects.

To understand the underlying mechanisms of the syn-
ergistic effects of RC48 and CM combination treatment 
in OC cells, we evaluated their impact on apoptosis and 
cell motility. The combination of RC48 and CM signifi-
cantly induced apoptosis in A2780 and OVCAR-3 cells, 
as evidenced by the regulation of apoptotic proteins 
such as c-Myc, BAX, and MCl-1. Moreover, the combi-
nation treatment exhibited significant inhibitory effects 
on migration and invasion in A2780 and OVCAR-3 
cells, accompanied by changes in the expression of 
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epithelial-to-mesenchymal transition (EMT) markers 
including ZEB1, N-cadherin, and Snail1.

Furthermore, RNA-seq data analysis revealed that 
RC48 and CM combination treatment affected key 
cancer-related pathways, including the mTOR signal-
ing pathway, MAPK signaling pathway, FOXO signaling 
pathway, cell cycle, and p53 signaling pathway. These 
pathways collectively contributed to the observed 
in  vitro anti-tumor effect. The combination treatment 
showed a greater contribution of RC48 in A2780 cells 
and CM in OVCAR-3 cells. Additionally, key genes 
involved in the FOXO pathway, cell cycle, p53 path-
way, AMPK pathway, apoptosis, and lysosome were sig-
nificantly altered in the combination treatment group. 
Consistent with the RNA-seq analysis, the protein 
expression of p-FOXO3A, and CDC25C was downreg-
ulated by the combination treatment of RC48 and CM. 
Similarly, the levels of p-HER2, p-AKT, and p-mTOR 
were also downregulated in OC cells. These findings 
provide mechanistic insights into the synergistic effects 
of the combination treatment.

Moreover, gene set enrichment analysis identified 
important gene sets regulated by the combination ther-
apy, including genes involved in ferroptosis, lysosomes, 
cellular senescence, GAP junction, hippo signaling path-
way, and TGF-β signaling pathway. Interestingly, the 
overexpression of certain genes (SMAD3, ZFYVE16, 
BMP6, LEFTY1, and DVL2) and the low expression of 
others (CDKN2B and WNT11) were associated with 
favorable prognosis in OC patients. These genes have 
been implicated in tumor cell growth, proliferation, inva-
sion, and metastasis in various cancers [73–78].

Looking ahead, future research should focus on fur-
ther elucidating the mechanisms underlying the syner-
gistic effects of RC48 and CM combination treatment. 
Additionally, clinical trials are warranted to evaluate the 
efficacy and safety of this combination therapy in OC 
patients. The identification and validation of predictive 
biomarkers for patient stratification and response assess-
ment should be an integral part of future studies. More-
over, exploring novel combination strategies involving 
ADCs and targeted therapies or anti-angiogenic inhibi-
tors could lead to improved treatment outcomes. It is 
important to note that the dual targeting of HER2 and 
VEGFR using combination therapy has the potential to be 
extended beyond OC. The aberrant expression of HER2 
and VEGFR is observed in several other solid tumors, 
providing a rationale for further preclinical and clinical 
investigations in these tumor types. The findings from 
our study may serve as a foundation for future studies 
exploring the efficacy of dual-target combination therapy 
in other HER2- and VEGFR-positive malignancies.

The findings of this study have important clinical impli-
cations. The highly synergistic antitumor effects observed 
with RC48 and CM combination therapy provide a 
strong rationale for its translation into clinical practice. If 
validated in clinical trials, this combination therapy could 
potentially improve treatment outcomes for patients with 
advanced OC, offering a more effective and personalized 
therapeutic approach. Furthermore, the identification 
of gene sets associated with favorable prognosis in OC 
patients could aid in the development of precision medi-
cine approaches for patient stratification and treatment 
selection.

Conclusions
Our study demonstrates the therapeutic effectiveness of 
combining RC48 and CM in advanced OC. The combi-
nation treatment exhibits highly synergistic antitumor 
activity, induces apoptosis, and inhibits cell motility. 
The mechanistic analysis reveals the impact of the com-
bination treatment on key cancer-related pathways and 
identifies important gene sets regulated by the therapy. 
These findings support the potential of ADC combina-
tion therapy as a promising approach for the treatment 
of OC. Future research and clinical trials should further 
explore this combination treatment strategy, with a focus 
on understanding the underlying mechanisms and trans-
lating the findings into improved patient care and treat-
ment strategies.
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