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A B S T R A C T

Signet ring cell carcinoma (SRCC) poses a considerable challenge in terms of treatment, given its refractory 
nature and poor outcomes. Unlike other cancers, SRCC exhibits significant MDM2 copy number gains, with 
elevated MDM2 expression linked to poor prognosis. MDM2 inhibition induces a morphological transition in 
SRCC cells by suppressing E-cadherin degradation, which may render these cells vulnerable to a second drug. 
Using a high-throughput drug screen, our study demonstrated that the combination of MDM2 inhibitors with G2/ 
M checkpoint inhibitors, including WEE1 or CHK1 inhibitors, can elicit a synergistic antitumor response in SRCC 
cells by inducing DNA damage. Furthermore, pharmacological inhibition of MDM2, WEE1, or CHK1 significantly 
impeded tumor growth in in vivo mouse models and organoids of SRCC. Collectively, our findings indicate that 
MDM2 inhibition-induced morphological changes may enhance the efficacy of G2/M checkpoint inhibitors, 
presenting a promising combined treatment for SRCC.

1. Introduction

The treatment of signet ring cell carcinoma (SRCC) poses a major 
challenge because of its resistance to chemotherapy, and its unfavorable 
prognosis [1]. SRCC is characterized by distinct physical features of 
signet ring cells, commonly found in various solid tumors, such as gastric 
cancer (GC) [2]. Gastric SRCC is observed in younger individuals, 
women, and the lower stomach regions [3]. In recent years, the fre-
quency of SRCC consistently increased, comprising 35 45 % of GC cases 
[4]. Currently, chemotherapy is the main form of therapy, and there are 

no targeted drug therapies for SRCC [5]. Hence, the development of new 
and effective drug treatments is urgently required.

Genetic variations can potentially account for SRCC traits. TP53 and 
CDH1 mutations are frequently observed in SRCC, and high-frequency 
amplification of several oncogenes, such as FGFR2, MYB, and MDM2, 
are characteristic of SRCC [6]. Patients with SRCC harboring 
CLDN18-ARHGAP26/6 fusions have poor prognoses and do not respond 
well to oxaliplatin/fluoropyrimidine chemotherapy [7]. This unique 
genetic variation could potentially account for many of the SRCC traits. 
SRCC stands out because of the existence of goblet-like cytoplasmic 
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mucin and nuclei that are displaced in an eccentric manner. CDH1 en-
codes E-cadherin, an essential molecule for cell adhesion in SRCC for-
mation. The absence of E-cadherin is regarded as a vital factor in the 
cellular transition from epithelial to mesenchymal and is linked to 
resistance to treatment [8–10]. Hence, it is plausible to consider thera-
pies based on genomic features or the morphological plasticity of SRCC.

The activities of p53 are mediated by MDM2, which facilitates its 
degradation [11]. Overexpression and amplification of MDM2 can 
accelerate the tumor growth [12]. The MDM2 inhibitor Nutlin-3 (Nut) 
has demonstrated activity in preclinical studies, and another MDM2 
inhibitor, idasanutlin (Ida), has shown antitumor activity and safety in 
clinical trials [13].

Our study suggests that SRCC can be distinguished based on MDM2 
amplification and elevated MDM2 expression. Moreover, MDM2 in-
hibitors altered the appearance of SRCC cells from a s signet ring-like 
shape to a spindle-like shape by enhancing the expression of E-cad-
herin. Synergistic lethal effects can be induced in SRCC by activating 
p53 expression and triggering the DNA damage response through G2/M 
checkpoint inhibitors, such as WEE1 and CHK1 inhibitors, in combina-
tion with MDM2 inhibitors. This study presents a potentially effective 
therapeutic approach for SRCC, thereby offering potential enhance-
ments in patient prognosis.

2. Results

2.1. Copy number gains of MDM2 are a critical characteristic of SRCC 
and higher MDM2 expression correlates with poor prognosis

SRCC exhibits a decreased therapeutic response rate and worse 
prognosis than those of other types of GC [3]. A correlation between 
SRCC and reduced overall survival was identified in the SYSU cohort, as 
well as in the TCGA-STAD and ACRG (GSE62254) cohorts (Fig. 1A and 
S1A–D). To determine the essential copy number variations (CNV) genes 
in SRCC, we extracted genomic data from the cBioPortal database. 
MDM2 is frequently altered in gastric, bladder, and appendiceal cancers 
(Fig. 1B). MDM2, an E3 ubiquitin ligase, plays a crucial role in pro-
moting the degradation of the p53 protein [14]. To confirm the impact 
of MDM2 amplification in SRCC, we performed further studies utilizing 
in situ fluorescence hybridization (FISH) and immunohistochemistry 
(IHC) in practical scenarios. FISH analysis was conducted on 19 SRCC 
cases and 100 cases of different forms of GC to examine MDM2. In SRCC 
cases, FISH analysis revealed significant amplification of MDM2 when 
compared with that in other types of GC (Fig. 1C–D). The prevalence of 
MDM2 changes exceeded 6 % in GC, whereas it was 2/13 (15.4 %) in 
SRCC (Fig. 1E and S1I). The alteration frequency of MDM2 in colorectal 
cancer was lower than that in GC (Fig. S1H). Furthermore, an increased 
CNV of MDM2 was significantly associated with MDM2 transcript 
abundance (Fig. 1F). These results imply that amplification of MDM2 
could be a pathogenic event in a subgroup of SRCC.

MDM2 expression was significantly higher in SRCC than in other GC 
types or para-carcinoma tissues (Fig. 1G). Moreover, in the TCGA- 

PanCancer-Atlas cohort, the alteration frequency of MDM2 in colo-
rectal cancer was lower than that in GC (Fig. S1H). IHC of tissue 
microarray from the SYSU and GEPIA2 cohorts revealed a significant 
increase in MDM2 levels in GC tumors compared to para-carcinoma (P 
< 0.05, Figs. S1E–F) [15]. Moreover, there was a notable link between 
elevated MDM2 levels and reduced duration of both overall survival and 
progression-free survival in the SYSU cohort and Kaplan–Meier Plotter 
database (P < 0.05, Fig. 1I–J and S1G) [16]. Our study enhances the 
understanding of MDM2 amplification in SRCC, suggesting its potential 
as a key biomarker and therapeutic target.

2.2. Inhibition of MDM2 suppresses E-cadherin degradation in SRCC cells 
independent of TP53 status

To evaluate the cytotoxic effects of MDM2 inhibitors (Nut; Ida) on 
GC in vitro, colony formation and growth curve assays showed that cell 
lines derived from SRCC, including SNU668, KATOIII, and NUGC3 with 
poor differentiation, exhibited significant resistance to MDM2 inhibitors 
(Fig. 2A and B). The tumorsphere formation assay revealed the same 
results (Figs. S2A–B). Cells resistant to MDM2 inhibitors, including 
SNU668, KATOIII, NUGC3, and MKN74, showed elevated MDM2 
expression levels (Figs. S2C–D). The CCLE public database was used to 
further investigate the sensitivity of MDM2 inhibitors to SNU668 and 
NUGC3. The survival rates of NUGC3 and SNU668 cells treated with the 
same dose of MDM2 inhibitor were significantly higher compared than 
those of MKN45 and AGS cells (Fig. S2E) [17]. Although MDM2 inhib-
itor monotherapy proved ineffective in SRCC cells, it induced a 
spindle-shaped morphology in vitro (Fig. 2D). The SNU668-xenograft 
model, when treated with an MDM2 inhibitor, also exhibited a trans-
formation resembling a spindle (Fig. 2E). The inhibition of MDM2 
caused a notable decrease in the cell cycle, but it did not trigger 
apoptosis (Fig. 2C and S2F). MDM2 is a key negative regulator of p53, 
but evidence indicates its oncogenic functions also operate indepen-
dently of p53 [13,21,22]. We found that p53 expression increased in 
TP53 wild-type cells (SNU638 and MKN45) and was stable in TP53 
mutant cells (NUGC3 and KATOIII) after treatment with MDM2 in-
hibitors (Fig. 2G), indicating that MDM2 inhibition may affect SRCC 
cells independently of p53.

Our analysis revealed that MDM2 amplification and p53 status are 
not significantly correlated in public databases, suggesting that MDM2 
amplification or high expression might be crucial in TP53 mutant tumors 
(Fig. S3A). This implies an independent aberrant expression pattern of 
MDM2 unrelated to TP53 status. Furthermore, tumors with high MDM2 
expression and TP53 mutations exhibited the worst progression free 
survival in multiple cancers (Fig. S3B). These data suggest that MDM2 
may play an oncogenic role in TP53 mutant tumors, which supports our 
findings in SRCC.

The lack of E-cadherin expression is a key feature of SRCC, indicating 
that E-cadherin may contribute to transformational plasticity.MDM2- 
mediated posttranscriptional changes in breast cancer suggest that 
MDM2 may lead to decreased E-cadherin expression [9,18,19]. We 

Fig. 1. Copy number gains of MDM2 are a critical characteristic of SRCC, and high MDM2 expression correlates with poor prognosis (A) The Kaplan-Meier 
curves of overall survival (OS) in SYSU cohort patients grouped according to SRCC status. (B) CNV gene frequency of SRCC in the stomach, bladder, and appendix. (C 
and D) Representative images (C) and quantification (D) of FISH demonstrating the MDM2 locus in SRCC (n = 19) and other types of GC (n = 100) from the SYSU 
cohort have been presented. The images have been color-coded, with blue representing DNA stained with DAPI, green representing the centromere of chromosome 
12, and red representing the genomic locus of MDM2 (Scale bars, 2 μm), Mann-Whitney U test was applied. (E) Genetic alteration frequency of MDM2 in each 
pathological subtype in TCGA-STAD cohort. Each group represents the proportion of gastric cancer patients with MDM2 gene abnormality in this pathological 
subtype. (F) The mRNA expression of MDM2 according to different MDM2 amplification status (Shallow Deletion, Diploid, Gain and Amplification). (G) Repre-
sentative immunohistochemical staining (IHC) images of MDM2 in gastric SRCC (n = 19), other types of GC (n = 100), and normal stomach tissues (n = 100) from 
SYSU (The Sixth Affiliated Hospital of Sun Yat-sen University) cohort (Left) (Scale bar, 20 μm). IHC scores of MDM2 in gastric SRCC (n = 19), other types of GC (n =
100), and normal stomach tissues (n = 100) (Right), the Mann-Whitney U test was performed. (H) The Mann-Whitney U test was performed to compare the mRNA 
expression of MDM2 between patients with scirrhous gastric cancer (SRCC) (n = 12, shown in red) and other types of gastric cancer (GC) patients (n = 395, shown in 
blue) from the TCGA-STAD cohort. (I) The Kaplan-Meier curves of OS in the SYSU-TMA cohort grouped according to high (red, n = 110) and low (blue, n = 184) 
MDM2 expression. (J) The Kaplan-Meier curves of OS in GC cohort from Kaplan-Meier Plotter Database grouped according to high (red, n = 290) and low (blue, n =
585) MDM2 expression. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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hypothesized that elevated MDM2 levels inhibit E-cadherin expression 
in SRCC. Inhibiting MDM2 increased E-cadherin expression and altered 
SRCC morphology. Inhibition of MDM2 did not significantly alter CDH1 
mRNA expression (Fig. 2F). Interestingly, the gradual upregulation of 
E-cadherin was dependent on the concentration of Nut (Fig. 2G). We 
further examined whether MDM2 directly interacted with E-cadherin 
and aided in posttranscriptional regulation. Endogenous E-cadherin was 
identified in the anti-MDM2 immunoprecipitate, with this interaction 
validated through reciprocal immunoprecipitation and immunoblotting 
(Fig. 2H and I). Nut treatment also decreased E-cadherin ubiquitination 
levels (Fig. 2J). E-cadherin ubiquitination increased with MDM2 and 
CDH1 overexpression but decreased dose-dependently with higher Nut 
concentrations (Fig. 2K and L). Previous studies have also supported that 
MDM2 can induce protein ubiquitination and regulate cells indepen-
dently of p53 [20–22]. Mechanistically, MDM2 directly binds to 
E-cadherin and induces its ubiquitination.

The findings suggest an interaction between MDM2 and E-cadherin. 
The study found a significant negative correlation between the IHC in-
tensities of MDM2 and E-cadherin in SRCC (P < 0.001, R = − 0.3647) 
(Fig. 2M). Nut sensitivity showed a negative correlation with both 
MDM2 copy number and expression, while it was positively correlated 
with E-cadherin levels (Figs. S4A–C). The findings corroborate the the-
ory that MDM2 disrupts E-cadherin expression, leading to the trans-
formation of SRCC cells into a signet ring-like morphology.

2.3. Combined MDM2 inhibitors with G2/M checkpoint inhibitors can 
induce a synergistic antitumor effect on SRCC in vitro

After observing the capacity of MDM2 inhibition to cause cell cycle 
arrest in SRCC, we examined the potential for combining drugs targeting 
the cell cycle apparatus along with MDM2 inhibition. Candidate drugs 
can be effectively selected using high-throughput drug screening com-
bined with the detection of a combination index [23]. First, we exam-
ined 130 compounds that inhibited the kinases involved in the cell cycle 
in SNU668 cells (Supplementary Tables 1–2). Through drug screening, 
we assessed the effects of Nut (15 μM) in combination with kinase in-
hibitors (0.2 μM). Notably, 15 potential compounds were identified, and 
five of them demonstrated inhibitory effects on the G2/M phase 
checkpoint, such as CHK1 and WEE1 inhibitors (Fig. 3A and B). Com-
bination index analysis showed a collaborative connection between Nut 
and either adavosertib (Ada, a WEE1 inhibitor) or PF477736 (a CHK1 
inhibitor) (Fig. 3C). This combined effect was also confirmed by colony 
formation and growth histogram assays (Fig. 3D and E). Furthermore, 
the knockdown of MDM2 induced spindle-shaped morphology and 
caused coordinated lethality with G2/M checkpoint inhibitors in the 
SNU668 cells (Figs. S5A–C). Cancer stem cells are a small group of tumor 
cells with exceptional self-renewal and differentiation abilities. They 
play pivotal roles in tumor initiation and perpetuation, while concur-
rently exhibiting chemoresistance and fostering tumor progression 
[24–26]. The combination therapy was found to effectively inhibit the 
cancer stem cells of SRCC, as demonstrated by the tumorsphere assay. 

This suggests that implementing this modified strategy may lead to a 
reduction in tumor recurrence (Fig. 3F–G and S5D–E). Combination 
therapy significantly elevated phosphorylated histone H2AX expression 
(Fig. 3H–K and S5F–H). These results show that the combination of 
MDM2 inhibitors with G2/M checkpoint inhibitors can induce a syner-
gistic antitumor effect on SRCC in vitro.

2.4. Combination of MDM2 inhibitor and G2/M checkpoint inhibitors 
induces a synergistic antitumor effect in vivo and ex vivo

An NUGC3-derived xenograft nude mouse model was used to eval-
uate the synergistic effects in vivo. While Ida monotherapy had no effect 
and Ada monotherapy only had a modest effect on reducing tumor 
growth, the combination of Ida and Ada significantly suppressed tumor 
growth (Fig. 4A–C). The weight of mice in the combination group 
decreased (Fig. 4D and K), which may be due to the low weight of the 
xenograft tumors in the combination group (Fig. 4D and K). This study 
indicates that combination therapy significantly reduced Ki-67 levels 
and elevated cleaved caspase-3 levels (Fig. 4E–G). Additionally, sub-
stantial combination inhibition was confirmed in the SNU668-derived 
xenograft nude mouse model (Fig. 4H–N and S6A–E). Liquid 
chromatography-mass spectrometry was used to measure plasma drug 
concentrations in BALB/c nude mice treated with Ida and Ada for 3 h. 
Results showed a significant increase in concentration in the Ida and Ada 
groups compared to the negative control group (Figs. S6F–K). WEE1 
kinase phosphorylates the cell division cycle (CDC2) gene, down-
regulating its activity and thereby regulating the G2 to M phase transi-
tion and mitosis [24,25]. Therefore, we examined phosphorylated CDC2 
as a marker of WEE1 inhibition. IHC was performed to investigate the 
systemic effects of Ida and Ada. In the combination group, phosphory-
lated CDC2 expression notably decreased, while MDM2 expression 
significantly increased (Fig. 4O–Q).

Patient-derived organoids (PDOs) are cutting-edge research models 
that accurately replicate the original tissue’s phenotypic and genetic 
characteristics, proving essential for disease study and drug screening 
[26]. We confirmed the clinical efficacy of this combination strategy 
using a PDO model. A patient who underwent preoperative neoadjuvant 
therapy consisting of four cycles of a PD-1 inhibitor and FLOT regimens 
was used to establish an SRCC-derived organoid (SRCC-1099) (Fig. 5A). 
SRCC-1099 organoids were derived from patients with SRCC, whereas 
GC-1097 organoids were derived from the diffuse type of adenocarci-
noma with poor differentiation (Supplementary Table 3). However, after 
analyzing the imaging and pathological results before and after treat-
ment, the tumors did not show a significant decrease (Fig. 5B and C). 
Histopathological examination confirmed the establishment of 
SRCC-1099 using IHC (Fig. 5D). MDM2 expression was positively 
identified in tissues and organoids derived from PDO (Fig. S6L). The 
simultaneous application of an MDM2 inhibitor with a WEE1 or CHK1 
inhibitor effectively inhibited SRCC-1099 progression (Fig. 5E). The 
effectiveness of the MDM2 inhibitor in conjunction with a G2/M 
checkpoint inhibitor was validated using the GC-1097 organoid model, 

Fig. 2. Inhibition of MDM2 suppresses E-cadherin degradation in SRCC cells. (A) Representative image of the colony formation assay in GC (Gastric cancer) 
cells treated with MDM2 inhibitors (Nutlin, Nut; Idasnutlin, Ida) for 8 days. (B)The viability of GC cells treated with Nut and Ida for 4 days. (C) The cell cycle analysis 
on SNU668 treated with Nut for 48 h. Left panel, representative images of fluorescence-activated cell sorting (FACS) analysis, right panel, S-G2/M phase. (D) The 
representative image of cell morphology of SNU668 treated with Nut (15 μM) and Ida (10 μM) for 24 h (Scale bar, 100 μm). (E) The representative hematoxylin and 
eosin (H&E) staining image of SNU668 -xenograft model mice treated with (Case 03 and 04) or without Ida (Case 01 and 02) (37.5 mg/kg) (Scale bar, 20 μm). (F) RT- 
qPCR assay of SRCC cell lines treated with Nut for 24 h. (G) Western blot assay of resistant GC cells (NUGC3 and KATOIII) and sensitive GC cells (SNU638 and 
MKN45) treated with Nut at the indicated time points (NUGC3 and KATOIII, 72 h; SNU638 and MKN45, 24 h). (H) The co-immunoprecipitation (Co-IP) analysis of 
endogenous platelet proteins reveals that MDM2 specifically associates with E-cadherin in NUGC3 cells. Immunoglobulin G (IgG) was employed as a control. (I) The 
Co-IP assay was conducted in 293T and NUGC3 cells following transfection of the overexpressed CDH1 plasmid labeled with FLAG and MDM2 labeled with HA, 
respectively. (J) The ubiquitination levels were assessed in NUGC3 cells treated with Nut and subjected to Co-IP analysis incubating E-cadherin. (K) The ubiq-
uitination coimmunoprecipitation and Western blot were performed in 293T cells treated with an overexpression plasmid FLAG-CDH1, either alone or in combi-
nation with the overexpression plasmid HA-MDM2. (L) The ubiquitination coimmunoprecipitation and Western blot were conducted in 293T cells treated with an 
overexpression plasmid FLAG-CDH1, either alone or in combination with the MDM2 inhibitor Nut. (M) Representative immunohistochemical staining (IHC) images 
of E-cadherin and MDM2 in GC tissues (Left) (Scale bar, 20 μm). Relationship between E-cadherin and IHC scores of MDM2 in GC tissue (n = 119) (Right).
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derived from poorly differentiated gastric adenocarcinoma (Fig. 5F and 
G). The combination of the MDM2 inhibitor with G2/M checkpoint in-
hibitors effectively inhibited SRCC growth both in vivo and ex vivo. The 
combination of MDM2 and WEE1 inhibitors presents a promising ther-
apeutic strategy for SRCC patients.

3. Discussion

SRCC is a unique form of adenocarcinoma in which the nucleus is 
pushed towards the edge of the cell because of the abundance of mucin 
in the cytoplasm. Gastric SRCC accounts for approximately 57 % of all 
SRCC cases and 16.8 % of all GC [27]. Moreover, the lack of effective 
drugs for SRCC is evidenced by the limited success rates of chemo-
therapy, targeted therapy, and immunotherapy, leading to poor out-
comes [28].

Our study confirms that MDM2 amplification is common in diffuse 
gastric cancer, aligning with previous findings [2,7]. The presence of the 
MDM2 promoter SNP309 is associated with adverse outcomes in GC, 
whereas MDM2 amplification in GC is associated with resistance to 
neoadjuvant treatment [29]. The study identified MDM2 as a significant 
CNV gene in SRCC, with its increased expression linked to poor prog-
nosis. The results suggest that MDM2 could be an effective target for 
SRCC treatment.

MDM2 inhibitors can interfere with the MDM2-p53 interaction, 
resulting in cell cycle arrest and tumor growth suppression [30]. How-
ever, the utility of MDM2 inhibitors is constrained due to 
dose-dependent toxicity and inconsistent p53 activation efficacy [13]. 
p53 can be activated by MDM2-TP53 inhibitors and induces DNA 
damage, thereby enhancing effectiveness of chemotherapy and radio-
therapy [11,30–33]. Tumor growth is inhibited by cell cycle checkpoint 
inhibitors, such as CDK4/6 inhibitors, which specifically target the cell 
cycle [34]. The antitumor effect primarily results from inducing cell 
cycle arrest at the G2/M phase. Previous studies have demonstrated that 
SOX2 expression in prostate cancer induces resistance to nuclear hor-
mone receptor signaling inhibition via the WEE1/CDK1 pathway [25]. 
This finding suggests that interfering with the cell cycle influences 
cancer progression. This study demonstrated that combining MDM2 
inhibitors with either WEE1 or CHK1 inhibitors can greatly enhance p53 
protein levels. This represents a promising strategy for effectively 
inhibiting tumor cells by activating p53. MDM2 negatively regulates 
E-cadherin protein levels via ubiquitination [18]. CDH1 deletion occurs 
in 4 % of hereditary diffuse gastric cancer cases, leading to reduced 
E-cadherin expression [35,36]. The infrequent deletion of CDH1 does 
not entirely account for the reduced expression of E-cadherin [9,37,38]. 
E-cadherin expression is often reduced in SRCC, even without CDH1 

mutations or deletions [39]. This study shows that MDM2 inhibitors 
alter SRCC morphology from signet-ring-like to spindle-like. Our study 
reveals that elevated MDM2 expression in SRCC modulates E-cadherin 
ubiquitination, providing insights into the mechanisms responsible for 
the reduced E-cadherin levels in SRCC.

The combination of MDM2 inhibitors with other drugs enhances 
antitumor efficacy synergistically [40]. Ida combined with Bcl-2 inhib-
itor venetoclax showed notable effectiveness in treating p53 wild-type 
acute myeloid leukemia (AML) [41]. The synergistic effect of 
combining MDM2 inhibitor with PD-1 blockade has shown significant 
antineoplastic activity in tumor models, regardless of TP53 status [42]. 
Dual therapy comprising an MDM2 inhibitor and an FLT3 inhibitor is 
highly effective in treating FLT3-ITD-positive AML [43]. Ida can in-
crease venetoclax sensitivity in relapsed/refractory AML, even in pa-
tients with TP53 mutations [40,44]. However, the clinical effectiveness 
of a single application of an MDM2 inhibitor or FLT3 inhibitor is limited, 
and combination therapy can enhance clinical efficacy. In our study, we 
discovered a novel strategy that combines MDM2 inhibitors with either 
WEE1 or CHK1 inhibitors. This approach led to notable synthetic 
lethality in SRCC. A phase 2 study demonstrated a notable impact on 
patients with high-grade serous ovarian cancer when combining Ada 
with chemotherapeutics, suggesting potential clinical applications [45]. 
Importantly, the weight of the xenograft models derived from SNU668 
and NUGC3 cells remained constant throughout the study, suggesting 
that the combination of Ada and MDM2 inhibitors was well-tolerated 
and had minimal harmful effects.

4. Conclusions

Collectively, our findings indicate that the use of MDM2 inhibition- 
induced morphological changes could potentially enhance the effects 
of G2/M checkpoint inhibitors, offering a promising strategy for 
combining treatments for SRCC.

Supplementary methods and figures

The supplementary methods and figures provide a comprehensive 
description of the materials and methodologies employed in this study.
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Fig. 3. Combined MDM2 inhibitors with G2/M checkpoint inhibitors can induce a synergistic antitumor effect on SRCC in vitro (A) The combinatorial 
effects of 130 inhibitors related to the cell cycle in SNU668 were evaluated. Each data point represents the normalized cell viability (Combination/Nut) after 
treatment with compound X (0.2 μM), either alone or in combination with Nut (15 μM). The non-black 
data points correspond to the top 15 most effective drugs, including WEE1 inhibitors (green), Chks inhibitors (red), and another inhibitor (blue). (B) The accom-
panying histogram and table depict the survival rate (Combination/Nc or monotherapy alone/Nc) of SNU668 cells treated with the 15 most potent drugs (0.2 μM), 
either individually or in combination with Nut (15 μM), over a duration of 6 days. (C) The drug combination index (CI) was determined for Nut and Ada/Pf in 
SNU668 and NUGC3 cells using a cell survival assay at 6d. The CI values were interpreted as follows: CI < 1 indicated17 synergism, CI = 1 indicated additivity, and 
CI > 1 indicated antagonism. (D) The representative image of colony formation assay of SNU668 and NUGC3 cells treated with Nut, Ada, Pf, or a combination of 
these drugs after 12 days. (E) The growth histogram of SNU668, KATOIII, and NUGC3 cells treated with Nut or Ida in combination with Ada or Pf at the indicated 
concentrations (SNU668: Nut 15 μM, Ida 5 μM, Ada 0.2 μM, Pf 0.2 μM; KATOIII: Nut 10 μM, Ida 5 μM, Ada 0.1 μM, Pf 0.1 μM; NUGC3: Nut 10 μM, Ida 2 μM Ada 0.1 
μM, Pf 0.1μ M) was analyzed over a period of 6 days. (F) The left panel displays the representative image of tumor sphere formation assay in NUGC3 cells treated with 
Nut, Ada, Pf, or a combination of these compounds at specified concentrations (Nut 10 μM, Ada 0.2 μM, Pf 0.2 μM) for a duration of 10 days (Scale bar: 200 μm). The 
right panel shows the relative rate of tumor sphere formation. (G) The left panel displays the representative image of tumor sphere formation assay in SNU668 cells 
treated with Nut, Ada, Pf, or a combination of these compounds at specified concentrations (Nut 10 μM, Ada 0.25 μM, Pf 0.25 μM) for a duration of 10 days (Scale 
bar: 200 μm). The right panel shows the relative rate of tumor sphere formation. (H) The representative image of γ-H2AX staining in NUGC3 cells treated with Nut, 
Ida Ada, Pf or a combination at the indicated concentrations (Nut 1 μM, Ada 0.25 μM, Pf 0.025 μM) for 72 h. (I) The representative image of γ-H2AX staining in 
SNU668 cells treated with Nut, Ida Ada, Pf or a combination at the indicated concentrations (Nut 10 μM, Ada 0.25 μM, Pf 0.025 μM) for 72 h. (J) The SNU668 cells 
were subjected to Western blot analysis after treatment with Nut, Ada, Pf, or a combination of these compounds at specified concentrations (Nut 10 μM, Ada 0.25 μM; 
Pf 0.025 μM) for a duration of 4 h. (K) The NUGC3 cells were subjected to Western blot analysis after treatment with Nut, Ada, Pf, or a combination of these 
compounds at specified concentrations (Nut 10 μM, Ada 0.25 μM; Pf 0.25 μM) for a duration of 4 h. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.)
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Fig. 4. Combination of MDM2 inhibitor and G2/M checkpoint inhibitors induces a synergistic antitumor effect in vivo and ex vivo (A–D) The representative 
image of tumor (A) tumor weights (B) growth curve of tumor volume (C) and body weights (D) treated with vehicle, Ida (37.5 mg/kg), Ada (150 mg/kg), or their 
combination in NUGC3 xenografts(n = 8). Error bars represent ± SEM. (E–G) The representative image(E), relative expression of Ki-67(F) and cleaved-caspase 3(G) 
of IHC in NUGC3 xenografts tumors (Scale bar, 100 μm). (H–K) The representative image of tumor (H) tumor weights (I) growth curve of tumor volume (J) and body 
weights (K) treated with vehicle, Ida (37.5 mg/kg), Ada (150 mg/kg), or their combination in SNU668 xenografts (n = 7). Error bars represent ± SEM. (L–N) The 
representative image (L), relative expression of Ki-67 (M) and cleaved-caspase 3 (N) of IHC in SNU668 xenografts tumors (Scale bar, 100 μm). (O–Q) The repre-
sentative image (O), relative expression of p-CDC2 (M) and MDM2 (N) of IHC in SNU668 xenografts tumors (Scale bar, 100 μm).
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Fig. 5. Combination of MDM2 inhibitor and G2/M checkpoint inhibitors can induce a synergistic antitumor effect in patient-derived organoids (A) 
Schematic illustration of gastric SRCC patient derived organoids establishment. (B) Representative CT image of gastric SRCC patient (SRCC-1099) before and after 
neoadjuvant treatment, red arrow means the tumor location. (C) Representative H&E staining of SRCC-1099 tissues was performed both pre- and post-neoadjuvant 
treatment (Scale bar, 100 μm). (D) Representative H&E is staining of tissues and organoids derived from SRCC-1099 (Scale bar, 10 μm). (E) Representative image of 
SRCC-1099 treated with Nut, Ada, or Pf at an indicated concentration (Nut 10 μM, Ada 0.2 μM, Pf 0.2 μM) after 5 days of culture respectively (Scale bar = 200 μm). 
(F) Representative H&E is staining tissues and organoids derived from gastric poorly differentiated adenocarcinoma patient (GC-1097) (Scale bar, 10 μm). (G) 
Representative image of GC-1097 treated with Nut, Ada, or Pf at an indicated concentration (Nut 10 μM, Ada 0.2 μM, Pf 0.2 μM) after 5 days of culture respectively 
(Scale bar = 200 μm). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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