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Endometrial carcinoma, a prevailing malignancy of the female reproductive system, exhibits escalating 
incidence and a trend towards early onset. Hormone therapy serves as a primary choice for fertility 
preservation and is also considered for advanced and recurrent cases. However, a considerable number 
of patients fail to respond favorably to progestin treatments. We employed CRISPR/Cas9 technology 
to establish a comprehensive human genome library in the Ishikawa cell line. Subsequent exposure to 
medroxyprogesterone was followed by high-throughput sequencing, and differential gene expression 
and enrichment analyses were conducted using Model-based Analysis of Genome-wide CRISPR-Cas9 
Knockout (MAGeCK) Robust Rank Aggregation (RRA) and MAGeCK Maximum-Likelihood Estimation 
(MLE) algorithms. An iterative data intersection approach was employed, utilizing sequenced data 
from progestin-resistant cell lines, to identify pivotal genes associated with progestin resistance. The 
top 10 identified genes were functionally validated in our previously established progestin-resistant 
cell model through Cell Counting Kit-8 (CCK-8) assays and apoptosis detection. The progestin-resistant 
gene NNMT and the progestin-sensitive gene SOX17 were validated in vivo in xenograft mouse 
models. The constructed library exhibited high quality, meeting sequencing standards. Employing 
RRA and MLE algorithms, we identified 332 and 829 negative selection genes, as well as 3438 and 
5098 positive selection genes. Enrichment analysis implicated pathways linked to DNA and RNA 
synthesis, metabolism, and related processes. After multiple data intersections, we identified a 
total of 5 genes promoting progestin resistance and 20 genes inhibiting resistance, with functional 
experiments confirming their roles. Employing CRISPR/Cas9 technology enables the construction 
of a relatively reliable network of pivotal genes associated with progestin resistance in endometrial 
carcinoma. Processes involving DNA and RNA synthesis, metabolism, and related mechanisms appear 
to significantly impact the progestin sensitivity of endometrial carcinoma.
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CCK-8	� Cell counting kit-8
EC	� Endometrial cancer
EAC	� Endometrial adenocarcinoma
PR	� Progesterone receptor
Ish-MR	� Ishikawa-medroxyprogesterone resistance cell line
CRISPR	� Clustered regularly interspaced short palindromic repeats
Cas9	� CRISPR-associated protein 9
gRNA	� Guide RNA
TCGA	� The cancer genome atlas
siRNA	� Small interfering RNA

Endometrial cancer (EC) is one of the most common malignant tumors of the female reproductive system, 
and its incidence has been increasing year by year, showing a trend of younger age1. The main treatment for 
EC is surgery, followed by adjuvant radiotherapy and chemotherapy according to different risk stratification2. 
Unlike some solid tumors such as lung cancer and melanoma, where immunotherapy is widely used, and ovarian 
cancer, another malignant tumor of the female reproductive system, where PARP inhibitors have clear benefits, 
hormonal therapy is still an attractive treatment option for some patients with EC3–8. For patients with poor 
physical condition, progestin therapy can be used as a first-line treatment for advanced disease, or as a second-
line/third-line treatment9,10. In addition, especially for patients with endometrial hyperplasia with atypia and 
early/low-risk endometrial adenocarcinoma (EAC) who have fertility requirements, hormonal conservative 
treatment seems to have become their first choice11. However, its complete response rate is only 55–76%, and 
about 30% of patients are insensitive to progestin therapy or develop progestin resistance during treatment12,13. 
A large number of patients cannot benefit from progestin therapy, and its clinical application still faces huge 
challenges.

In recent years, numerous studies have been conducted by scholars to elucidate the mechanisms of progesterone 
resistance in EAC. Progesterone inhibits EAC progression by binding to progesterone receptors (PRs), thereby 
impeding cell cycle progression, angiogenesis, and epithelial-mesenchymal transition (EMT) while promoting 
apoptosis14. Resistance to progesterone is classically attributed to aberrant PR signaling, involving mechanisms 
such as reduced PR expression, subtype imbalance, and epigenetic alterations15–18. Several other common 
pathways in tumors, including TGF/EGFR/MAPK, PI3K/AKT/mTOR, and those regulating EMT and oxidative 
stress, have also been shown to play a role in progesterone resistance15,19–23. Furthermore, our research group 
previously established a stable progesterone-resistant EAC cell line (Ishikawa-medroxyprogesterone resistance 
cell line, Ish-MR) through concentration gradient induction, and differential gene expression was identified 
through RNA sequencing. Subsequent enrichment analysis revealed that processes and pathways related to 
lipid metabolism, the immune system and inflammation, and the extracellular environment may play critical 
roles in progesterone resistance24. Subsequent studies have found that cholesterol and fatty acid synthesis rate-
limiting enzyme SREBP-1 and monoglyceride lipase MGLL, closely associated with lipid metabolism, are highly 
expressed in Ish-MR cells and can induce progesterone resistance in EAC25,26. While there are various theories 
regarding progesterone resistance, the complete elucidation of its mechanisms remains an ongoing pursuit.

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)– CRISPR-associated protein 9 (Cas9) 
system is a natural bacterial defense mechanism against bacteriophage infection and plasmid transfer27. CRISPR-
mediated genome editing relies on Cas effector proteins that target specific genomic sequences of interest. Cas9 
utilizes guide RNA (gRNA) composed of a constant structural scaffold and short programmable sequences 
called spacers to target genomic loci. It has now emerged as a powerful RNA-guided DNA targeting platform, 
employed for genome editing, transcriptional perturbation, epigenetic regulation, and genome imaging28. By 
using single-guide RNA (sgRNA) libraries, CRISPR-based whole-genome screening can be used to identify 
drug targets or disease-resistant genes. Therefore, CRISPR-Cas9-mediated genome engineering holds immense 
promise in the treatment and even cure of genetic diseases, including various forms of cancer, neurodegenerative 
disorders, and immunological conditions, among others29–31.

Here we constructed a whole-genome library for EAC cell lines using the CRISPR-Cas9 system and 
performed high-throughput sequencing after drug treatment in this study. Differential gene screening and 
enrichment analysis were conducted using various algorithms (Fig. 1). Moreover, we identified five genes that 
promote drug resistance and five genes that inhibit drug resistance by intersecting differentially selected gene 
lists obtained through various methods. Their roles in progesterone resistance were further validated through 
MTT and apoptosis assays.

Methods
Genome-wide CRISPR/Cas9 screen
Genome-wide lentiviral Human_GeCKOv2_Library _B was purchased from AZENTA LIFE SCIENCES 
(Suzhou, China). For CRISPR screening, 1 × 108 Ishikawa (RRID: CVCL_2529) cells were infected pooled 
GeCKOv2 lentiviral library with functional MOI of 0.3. (All experiments were performed with mycoplasma-
free cells, cell lines were tested for mycoplasma contamination every two months using the Mycoplasma PCR 
Detection kit (Biyuntian C0301S).) After 48 h of puromycin selection, the cells were divided into three groups, 
the “baseline” group cells were collected and frozen at − 80℃, the “control” group cells were treated with DMSO 
for 10 days while the “MPA” group cells were treated with 15 µM MPA for 10 days. Genomic DNA from each 
group was isolated using HMW DNA Kit (740160.20, MACHEREY-NAGEL, Germany) and amplified by PCR. 
The PCR products were purified and subjected to NGS by using the Novaseq 6000-PE150 platform (AZENTA 
LIFE SCIENCES, China).
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Quality control and differential gene selection
Quality control and preliminary screening
The target sgRNAs were extracted and subjected to quality control using an in-house script. The Model-based 
Analysis of Genome-wide CRISPR-Cas9 Knockout (MAGeCK) software was utilized to align the sgRNAs 
to the sgRNA library, perform differential gene selection, and conduct KEGG/GO enrichment analysis. 
“MAGeCKFlute” was used to analyze CRISPR genetic screens, and MAGeCK Robust Rank Aggregation (RRA) 
and MAGeCK Maximum-Likelihood Estimation (MLE) were performed to identificate the CRISPR-screen hits 
in this flow. MAGeCK RRA utilizes RRA enrichment scores to indicate the importance of genes, and the “beta 
score” was calculated by MAGeCK MLE to measure the degree of selection when perturbing the gene32. We define 
the negatively selected genes as drug-resistant genes and the positively selected genes as drug-sensitive genes. In 
the RRA screening, genes with a defined p-value less than 0.05 are considered as differentially expressed genes. 
We used MAGeCK (Version 0.5.7) and MAGeCKFlute (Version 0.5.7) in R v4.0.3. RRA outputs are reported 
with nominal p and BH-FDR (q), and hits were considered at q < 0.10 unless otherwise noted. MLE results are 
summarized by Δβ effect sizes for direction and magnitude, serving as a complementary ranking metric rather 
than a significance test.

Screen genes for validation
The data from GSE121367 was standardized using R. Genes were defined as differentially expressed if they 
had a p-value less than 0.05 and an absolute log2 fold change (LogFc) greater than or equal to 2. Subsequently, 
the differentially expressed genes were sorted in descending order based on the absolute LogFc values, and 
then separated into two groups: the high-expression group (drug-resistant genes) and the low-expression group 
(drug-sensitive genes). Further filtering is performed by taking the intersection of the results obtained from RRA 
and MLE. The new gene list maintains the order of genes as they appear in the MLE screening results. Finally, the 
intersection of the top half of drug-resistant and drug-sensitive genes from the aforementioned intersection is 
further intersected with the corresponding top half of genes from GSE121367, which will be used for subsequent 
analysis and functional validation.

Gene expression and survival analysis
The RNA-sequencing data (level 3) and corresponding clinical information from 544 patients with uterus 
carcinoma were collected from The Cancer Genome Atlas (TCGA) dataset (https://portal.gdc.cancer.gov/). 
The data acquisition and application followed the recommended guidelines and policies. To assess the survival 

Fig. 1.  Conceptual and workflow diagram of the study. (A) Cell line treatment and library construction 
process. (B) Sequencing data analysis and gene selection verification workflow.

 

Scientific Reports |         (2026) 16:8030 3| https://doi.org/10.1038/s41598-026-36534-x

www.nature.com/scientificreports/

https://portal.gdc.cancer.gov/
http://www.nature.com/scientificreports


difference between the two groups, Kaplan-Meier survival analysis with log-rank tests was conducted. Kaplan-
Meier curves, p-values, and hazard ratios (HR) with 95% confidence intervals (CI) were generated using log-
rank tests and univariate Cox proportional hazards regression. All the aforementioned analytical methods and R 
packages were implemented with R software version v4.0.3 (The R Foundation for Statistical Computing, 2020). 
A significance level of p < 0.05 was considered statistically significant.

Functional validation of selected genes
The effects of these genes on progestin sensitivity in endometrial cancer were validated by measuring the IC50 
and apoptosis levels of the Ish-MR cell line after separately inhibiting drug resistance-promoting genes and 
overexpressing drug sensitivity-promoting genes. As the representatives of drug resistance-promoting and 
sensitivity-promoting genes, the effects of NNMT and SOX17 were validated in xenograft models.

Plasmid construct and transfection
The coding sequence of NNMT, HHIPL, KCNRG, SOX17, RPL22L1 and ZIC2 was cloned into pcDNA3.1 
plasmid. Small interfering RNA (siRNA) of PDE1A, NNMT, DTX3L, AMPD3 and ABCC2 was synthesized by 
RiboBio. Plasmids and siRNAs were transfected into cells using lipo2000 reagent (Invitrogen; Thermo Fisher 
Scientific, Waltham, MA, USA). RNA and protein were extracted 48–72 h after transfection. The sequence of 
siRNAs were shown in SupTable 1.

Western blot
Total protein was extracted by ultrasonic lysis of RIPA buffer, protein concentration was measured by BCA 
method. A total of 15–30 µg protein was used to perform SDS-PAGE electrophoresis per lane. Then protein was 
transferred to PVDF membranes and blocked with 5% nonfat milk. Then membrane was incubated by primary 
antibodies and secondary antibodies. The ECL system was used to detect the expression of protein. The antidodies 
of SOX17(A18858), RPL22L1(A23204), ZIC2(A15736), PDE1A(A10457), NNMT(A23786), DTX3L(A18551), 
AMPD (A6354) and ABCC2(A8405) were from ABclonal. The antidodies of HHIPL(sc-515618) and 
KCNRG(sc-390290) were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). The experimental 
samples were blinded to the experimental operator.

qPCR
Total RNA was extracted by FastPure Cell/Tissue Total RNA Isolation Kit (RC101, Vazyme). RNA was reverse 
transcribed as cDNA. qPCR was performed using cDNA as a template. The relative expression of genes was 
calculated by ΔΔCt method. The primer sequences were listed in SupTable 2. The experimental samples were 
blinded to the experimental operator.

Cell viability
Cell viability was measured by Cell Counting Kit-8 (CCK8-kit). In brief, cells were seeded in 96-well plates 
and exposed to different concentration of MPA for 48 h. 100µL of fresh culture medium containing 10µL of 
CCK-8 solution was added to each well and incubation for 4 h. The absorbance at 450 nm was quantified by a 
microplate spectrophotometer. Data from CCK-8 assays are expressed as the mean ± SD from three independent 
experiments. Statistical differences were analyzed by one-way ANOVA with Dunnett’s multiple comparisons 
test. The IC50 values were derived from nonlinear regression and compared between cells using an unpaired 
t-test. P < 0.05 was considered significant.

Flow cytometry
Cells were collected and stained using FITC Annexin V Apoptosis Detection kit (556547, BD Biosciences, USA) 
as manufacturer’s instructions. Then cells were detected by flow cytometry with three independent biological 
replicates. CytExpert (2.4.0.28) software was used to analyze the flow cytometry data.

Tumor xenograft model
This study was approved by the Research Ethics Committee of Qilu Hospital of Shandong University (KYLL-
202210-055-1). All animal procedures were performed in accordance with the relevant guidelines and 
regulations.The four-week-old female BALB/c nude mice were randomly divided into four groups (n = 5) using 
a stratified randomization method: Group 1 received Ish-PCMV-Ctrl cell implantation and DMSO; Group 2 
received Ish-PCMV-Ctrl cell implantation and MPA; Group 3 received Ish-PCMV-NNMT cell implantation 
and DMSO; Group 4 received Ish-PCMV-NNMT cell implantation and MPA. The mice were injected with 1 × 
107 tumor cells subcutaneously and treated with intraperitoneal injection of drugs every other day after tumor 
formation. For MPA, the dose was 100 mg/kg/ bodyweight25,33 and the control group received the same amount 
of DMSO. Tumor size = width2 × length/2. After the sacrifice of the mice, tumor weight was measured. And 
we established four additional groups with IshMR-PCMV-Ctrl cells and IshMR-PCMV-SOX17 cells. All other 
parameters were identical to those previously described.

Results
The sequencing quality control of the samples is qualified
After filtering, all three sample groups yielded valid read counts exceeding 24,000,000, representing approximately 
95% of the original read count. The proportion of bases with sequencing quality values greater than 20 was over 
98% of the total bases, and bases with sequencing quality values exceeding 30 accounted for over 95% of the total 
bases. The average error rate for all bases was 0.02%. The median gRNA sequencing depth was around 370, and 
the average number of lost gRNAs in the gRNA library among the three samples was 5. The library coverage for 
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all samples was 99.99%. The gRNA library corresponded to a total of 19,834 genes, with only one gene remaining 
undetected in the Control group (Table 1 and SupFigure 1).

Differential genes were identified using the RRA algorithm
The RRA algorithm is primarily employed for comparing two experimental conditions and can identify 
significantly selected sgRNAs and their corresponding genes between these conditions. The use of RRA 
enrichment scores facilitates the ranking of differentially expressed genes, where lower RRA scores indicate 
greater importance in cellular growth32,34. After filtering and sorting based on a significance threshold of P 
< 0.05, a total of 332 negatively selected genes and 3438 positively selected genes were identified. The top 
ten genes based on RRA scores, for negative selection, are KAL1, GPX4, NXF5, CLEC4F, COQ10B, CCR9, 
RDH16, RNMT, YME1L1, and NNMT. For positive selection, the top ten genes are ATP6V1G1, SIN3A, DET1, 
ATP6V0C, GINS1, WDR55, BRF1, ZNRD1, LOC100288332, and FOXD4L2. Their distribution and weights are 
depicted in Fig. 2A-B. Subsequent Gene Set Enrichment Analysis (GSEA) revealed enrichment of GO pathways 
including Rna metabolic process, Cytoplasmic translation, Site of double-strand break, Chromosome, telomeric 
region, Translation initiation factor activity (Fig. 2C). Additionally, KEGG pathways such as Dna replication, 
Rna polymerase, Mismatch repair, Basal transcription factors, Nucleotide excision repair, and Homologous 
recombination were enriched (Fig. 2D)35–37, as determined by GSEA analysis.

  

Differential genes were identified using the MLE algorithm
MLE is an analytical modeling method suitable for complex experimental designs. It enables the analysis of data 
from various conditions, as in the case of typical drug screening experiments involving at least three conditions: 

SampleID Baseline MPA treatment Control

Sequencing quality

Raw reads 25,240,962 26,167,956 25,710,382

Raw bases(G) 7.57 7.85 7.71

Clean reads 24,046,198 24,821,110 24,255,587

Clean bases(G) 0.48 0.5 0.49

Effective rate(%) 95.27 94.85 94.34

Q20(%) 98.66 98.56 98.45

Q30(%) 95.98 95.69 95.41

Error rate(%) 0.02 0.02 0.02

GC ration(%) 54.44 54.21 54.16

Comparison information

Read 24,046,198 24,821,110 24,255,587

Mappedreads 22,527,777(93.69%) 23,162,120(93.32%) 22,556,693(93.00%)

Grna_mean_depth 396 407 396

Max_depth 17,016 20,072 17,846

Median_depth 369 378 366

Totalgrnas 56,869 56,869 56,869

Zerogrnas 4 5 6

Coverage_rate 99.99% 99.99% 99.99%

Totalgenes 19,834 19,834 19,834

Zerogenes 0 0 1

Giniindex 0.05885 0.05838 0.06206

Table 1.  Statistical data of sequencing quality and sample comparison information. Raw_reads: Raw number 
of reads; Raw_base(G): Raw base number; Clean_reads: Read counts after filtration; Clean_base(G): Base 
counts after filtration; Effective rate(%): The ratio of clean reads to raw reads; Q20(%): Proportion of the total 
bases with a sequencing quality value greater than 20(Generally above 90%); Q30(%): Proportion of the total 
bases with a sequencing quality value greater than 30(Generally above 80%); Error rate(%): Average error 
rate for all bases; GC ratio(%): The total content of GC bases; Read: gRNA read counts; MappedReads: Full 
Alignment of Reads to the gRNA Library; Grna_mean_depth: Average Sequencing Depth of gRNAs, calculated 
as the total number of gRNA reads aligned to the reference sequence divided by the number of gRNAs in 
the aligned gRNA Library; Max_depth: Maximum Sequencing Depth of gRNAs, referring to the number of 
alignments for the gRNA in the gRNA Library with the highest number of reads aligned among all gRNAs; 
Median_depth: Median Sequencing Depth of gRNAs; Totalgrnas: Total number of gRNAs in the gRNA library; 
Zerogrnas: Number of missing gRNAs in the gRNA library; Coverage_rate: Library coverage, defined as 
the proportion of detected gRNAs out of the total gRNAs(For library quality control, a coverage of > 90% is 
typically required); Totalgenes: Total number of genes targeted by the gRNA library; Zerogenes: Number of 
genes that were not detected; GiniIndex: Average abundance of gRNAs, with values between 0 and 1 (Average 
abundance of gRNAs, with values between 0 and 1. A smaller value indicates a more uniform distribution of 
sequencing reads across gRNAs, typically less than 0.1).
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blank control, vector or drug solvent treatment control, and drug treatment conditions32. MLE computes a “β 
score” for each target gene to measure the extent of gene perturbation, akin to the “log fold change” measurement 
in differential expression analysis. The Delta Beta Score (treatment group beta score minus control group beta 
score) is used for ranking differentially expressed genes. Scatter plots and differential gene rankings based on 
the Delta Beta Score are presented in Figs. 3A-B. In this study, a total of 829 negatively selected genes and 5098 
positively selected genes were identified. The top 10 negatively selected genes are FAM3C, YME1L1, KRT86, 
LRRC37B, DNAF1, FAM126B, CACNA1D, CLEC4F, COQ10B, and KCTD3. The top 10 positively selected genes 
are ATP6V0C, ST20-MTHFS, SPDYE5, ATP6V1G1, ARL17B, MBD3L4, GINS1, RPL13, SART3, and PRC1. GSEA 
results show enrichment in GO pathways, including Chromosome, telomeric region, Cytoplasmic translation, 
Rna metabolic process, Positive regulation of gene expression, epigenetic, Cajal body, and Translation initiation 
factor activity (Fig. 3C), similar to the earlier RRA section. Similarly, KEGG pathways such as Nucleotide 
excision repair, Basal transcription factors, Dna replication, Rna polymerase, Mismatch repair, and Homologous 
recombination were also enriched (Fig. 3D)35–37.

  

Key genes were further selected through the integration of Ish-MR sequencing results
We intersected the negative screening gene sets of RRA and MLE, resulting in a total of 240 genes (Fig. 4A). 
Similarly, the intersection of the positive screening gene sets of RRA and MLE yielded a total of 3064 genes (Fig. 
4B). Subsequently, we further intersected the top 1/2 of these two sets with the top 1/2 of the pro-resistance 

Fig. 2.   Differential genes selected by RRA and GSEA. (A) Volcano plot of negative select genes, distribution 
of RRA scores of negative select genes and LogFC distribution of top 10 genes in negative selection. Each bar 
represents one sgRNA, showing the effect size and direction (depletion or enrichment) in treatment compared 
to control. (B) Volcano plot of positive select genes, distribution of RRA scores of positive select genes and 
LogFC distribution of top 10 genes in positive selection. Each bar represents one sgRNA, showing the effect 
size and direction (depletion or enrichment) in treatment compared to control. (C) GO analysis of differential 
genes selected by RRA. (D) KEGG analysis of differential genes selected by RRA. Pathway enrichment analysis 
was performed using KEGG database resources35–37.
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and anti-resistance gene sets from the GSE121367 dataset, leading to the identification of 5 key pro-resistance 
genes and 20 anti-resistance genes (Fig. 4C). The top 5 ranked genes from each set were chosen for subsequent 
analysis and validation. Expression analysis using the TCGA database revealed that, overall, pro-resistance 
genes show relatively low mRNA expression levels in EC samples, whereas anti-resistance genes tend to be 
more highly expressed. Further analysis demonstrated that most (4 out of 5) of the pro-resistance genes showed 
no significant differences in expression across different pathological types. On the other hand, a significant 
increase in expression was observed for the majority (4 out of 5) of anti-resistance genes in EAC compared to 
serous carcinoma and mixed-type carcinoma (SupFigure 2 A-B). Gene expression correlation analysis revealed 
that the expression of PGR, progesterone membrane receptors (PGRMC1, PGRMC2, PAQR7, PAQR8), estrogen 
receptors (ESR1, ESR2) and ESRRG was positively correlated with most of the 10 genes, with sifgnificant 
correlations observed especially for PGRMC1, PGRMC2, ESR1, and ESRRG (P<0.001) (SupFigure 2 C). ESRRB 
also showed strong positive correlations with PDE1A, ABCC2 and DTX3L. In contrast, NNMT expression is 
weakly negatively correlated with PGR and ESR1. This may reflect that mRNA levels do not equate to protein 
function, and progesterone resistance involves mechanisms beyond PR expression alone, which are consistent 
with the findings of previous clinical studies38,39. Survival analysis indicated a significant association between 
high expression of AMPD3 and KCNRG and unfavorable prognosis, whereas elevated expression of DTX3L was 
associated with a favorable prognosis (SupFigure 2D-E).

Manipulation of selected genes can effectively reverse progesterone resistance
We performed transfections and rescue experiment using siRNA and overexpression plasmids for the 
previously identified 5 pro-resistance and 5 anti-resistance genes. This allowed us to observe the impact of 
these manipulations on the progesterone sensitivity of the Ish-MR. The results demonstrated that all 10 genes 
could be effectively knocked down or overexpressed (SupFigure 3). Upon knocking down the pro-resistance 
genes or overexpressing the anti-resistance genes, Ish-MR cells exhibited a significant increase in apoptosis 
and a marked decrease in the IC50 value after progesterone treatment (Figs. 5 and 6). These findings provide 

Fig. 3.  Differential genes selected by MLE and GSEA. (A) Dot plot of beta value distribution. Group A refers 
to positive selected genes by MLE, and Group B refers to negative selected genes by MLE. (B) Delta beta score 
ranks of genes selected by MLE. Red refers to positive selected genes, and blue refers to negative selected genes. 
(C) GO analysis of differential genes selected by MLE. (D) KEGG analysis of differential genes selected by 
RRA. Pathway enrichment analysis was performed using KEGG database resources35–37.
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conclusive evidence that the manipulation of these genes led to an enhancement in progesterone sensitivity. 
In an in vivo context, Ishikawa and IshMR cell xenograft models were established and treated with DMSO or 
MPA respectively. It was found that compared with the control groups, overexpression of NNMT enhanced 
progesterone resistance in Ishikawa cells, while overexpression of SOX17 promoted progesterone sensitivity in 
Ish-MR cells (Fig. 7, SupFigure 4).

Discussion
Endometrial cancer (EC) remains a major challenge in gynecologic oncology, particularly for young patients 
seeking fertility preservation. Progestin-based therapies, including oral progesterone and LNG-IUD, are widely 
used for early-stage and recurrent EC. However, their clinical efficacy is limited—complete remission rates in 
early-stage EC rarely exceed 70–80%40,41, and the overall response rate (ORR) for progesterone treatment in 
advanced and recurrent EC patients is only about 30%42. The emergence of progesterone resistance has therefore 
become a major obstacle to successful conservative and systemic treatment, underscoring the urgent need to 
elucidate its molecular mechanisms and identify new therapeutic targets.

With this in mind, researchers have made tremendous efforts to explore the mechanisms underlying 
progesterone resistance in EC and have attempted to develop therapeutic strategies to reverse this 
resistance. Inhibitors of the PI3K/AKT/mTOR pathway, for example, can enhance the therapeutic effect 
of progesterone by increasing PR protein or PR messenger RNA expression. Epigenetic regulators, such as 
DNA methyltransferase inhibitors and histone deacetylase inhibitors, can reverse progesterone resistance 
by reducing methylation of the PR promoter and restoring functional PR expression. Additionally, certain 
psychiatric drugs, like chlorpromazine, may increase the expression of PRB to enhance progesterone 
sensitivity43–48. Furthermore, our research group discovered that the SREBP1 inhibitor Fatostatin can 
reverse progesterone resistance by inhibiting the SREBP1-NF-κB pathway, and the MGLL inhibitor ABX-
1431 can reverse progesterone resistance as well25,26. In summary, progesterone itself regulates various 
mechanisms through PRs and its A and B isoforms to achieve therapeutic effects in EC49. However, it is 
also posited that the emergence of progesterone resistance is not solely dependent on aberrations in PR 
expression, especially in studies concerning endometriosis50,51. In this study, although genes such as PGR, 
PGRMC1, and PGRMC2 appeared in the list of positively screened genes, they were not situated in pivotal 
positions. Moreover, the PCR results following the manipulation of target genes demonstrated that the 
expression patterns of these progesterone receptor-associated genes did not fully correlate with the resistant 
phenotype (SupFigure 5). Previous studies mostly focused on exploring the function and mechanisms of 
individual genes/pathways in progesterone sensitivity. In the early stages of this project, we performed 
transcriptome sequencing on constructed Ish-MR to screen for resistance-related genes. However, with 

Fig. 4.  Genes selected via intersection of different sets. (A) The 240 genes were selected via intersection of 
RRA and MLE negative selections. (B) The 3064 genes were selected via intersection of RRA and MLE positive 
selections. (C) The 5 candidate drug-resistant genes were selected through two rounds of intersections, and the 
5 genes within the blue box were selected for further functional validation. (D) The 20 candidate drug-sensitive 
genes were selected through two rounds of intersections, and the top 5 genes have been highlighted with a red 
box and selected for further functional validation.
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advancements in gene-editing technology, CRISPR-Cas9 library screening has been utilized for drug-
related gene selection, offering greater accuracy and efficiency compared to traditional gene screening 
methods34,52. In this study, we employed CRISPR-Cas9 whole-genome library to screen genes related to 
progesterone resistance in EAC, revealing some previously unfamiliar genes and pathways that play a role 
in this process. Recently, Wang et al. also used CRISPR library screening to identify ADCK3 as a key gene 
involved in MPA resistance and conducted in-depth validation53. In contrast, our study focused more on 
utilizing various algorithms to construct a broader and comprehensive MPA resistance network. Moreover, 
the list of differentially expressed genes we obtained still exhibits significant discrepancies compared with 
theirs, which may be attributed to variations in culture conditions and screening procedures.

Our findings suggest that the resistance to MPA may involve processes associated with DNA and 
RNA. Pathways closely related to DNA and RNA synthesis, metabolism, and transcription, such as DNA 
replication, RNA polymerase, basal transcription factors, and nucleotide excision repair, were enriched, 
indicating that MPA resistance may depend on the initial stages. Individual differences originating from 
DNA and RNA stages might also contribute to the occurrence of MPA resistance. Additionally, pathways 
like mismatch repair and homologous recombination, which are widely mentioned in gynecologic 
malignancies, were also enriched. Studies have indicated that BRCA1/BRCA2 mutation carriers exposed 
to higher levels of estrogen and progesterone may be related to defects in steroid progestin regulation54. 

Fig. 5.  Changes in sensitivity of Ish-MR to MPA after interference with drug-resistant genes. (A) Following 
the knockdown of ABCC2 expression using various siRNA sequences and subsequent rescue overexpression, 
Ish-MR cells were assessed for MPA drug concentration inhibition curves and apoptosis detection via flow 
cytometry. The IC50 values were determined to be 138.6, 96.9, 96.3, 135.0, and 167.18 µM, respectively. (B) 
Similar experimental interventions on AMPD3. The IC50 values were determined to be 130.8, 88.7, 76.4, 
139.1, and 183.5 µM, respectively. (C) Similar experimental interventions on NNMT. The IC50 values were 
determined to be 119.2, 66.5, 87.8, 145.1, and 120.8 µM, respectively. (D) Similar experimental interventions 
on DTX3L. The IC50 values were determined to be 119.9, 87.5, 88.0, 128.0, and 142.1 µM, respectively. (E) 
Similar experimental interventions on PDE1A. The IC50 values were determined to be 136.4, 91.5, 80.8, 124.8, 
and 123.6 µM, respectively. (The IC50 value was calculated from three independent biological replicates (n = 3) 
using the “Quest Graph™ IC50 Calculator” (AAT Bioquest, Inc., https://www.aatbio.com/tools/ic50-calculator). 
The apoptosis data are presented as the mean ± SD of three independent biological replicates (n = 3). Error bar 
refers to mean and SD. *P < 0.05.)
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Furthermore, clinical research has shown that the mismatch repair status affects the response to fertility-
sparing treatment in EC55, suggesting that such pathways may serve as predictive markers for treatment 
response to some extent.

In this study, we employed various algorithms and intersected the lists of genes associated with 
promoting and inhibiting resistance to screen the top 5 genes from each group for validation. The results 
from in vitro and in vivo experiments were all in line with our expectations, and among them, NNMT and 
SOX17 were the representatives. NNMT is closely related to metabolic disorders and tumors. Research 

Fig. 6.  Changes in sensitivity of Ish-MR to MPA after overexpression of drug-sensitive genes. (A) (From left 
to right) Drug concentration inhibition curve of Ish-MR cells towards MPA after plasmid overexpression of 
SOX17 and results of flow cytometry apoptosis detection. The IC50 values before and after overexpression 
are 130.94µM and 73.53µM, respectively. (B) Images are in the same order as mentioned above. The IC50 
values for KCNRG overexpression were 138.28µM before overexpression and 82.41µM after overexpression. 
(C) Images are in the same order as mentioned above. The IC50 values for RPL22L1 overexpression were 
136.77µM before overexpression and 89.16µM after overexpression. (D) Images are in the same order as 
mentioned above. The IC50 values for ZIC2 overexpression were 143.14µM before overexpression and 
50.90µM after overexpression. (E) Images are in the same order as mentioned above. The IC50 values for 
HHIPL1 overexpression were 132.65µM before overexpression and 72.75 µM after overexpression (*P < 0.05. 
The IC50 values were calculated using the “Quest Graph™ IC50 Calculator” (AAT Bioquest, Inc., ​h​t​t​p​s​:​/​/​w​w​w​.​a​
a​t​b​i​o​.​c​o​m​/​t​o​o​l​s​/​i​c​5​0​-​c​a​l​c​u​l​a​t​o​r​​​​​)​)​.​​​​
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suggests that NNMT may serve as a target for treating obesity and type II diabetes56. Proteomic studies 
have revealed that NNMT plays a central role in cancer-associated fibroblast (CAF) differentiation and 
metabolic regulation in the tumor microenvironment57. On the other hand, SOX17 has been proven to 
play a significant role in the development of EC. Independent follow-up studies confirmed that low/loss 
of SOX17 expression is associated with poor prognosis, advanced cancer stage, high-grade tumors, and 
low recurrence-free survival rate58. Furthermore, SOX17 has been shown to play an important role in 
ovarian cancer and cervical cancer as well59,60. The functional experiments conducted in this study have 
yielded results that are consistent with our expectations, and supported the proposed pro-resistance or 
anti-resistance roles of the genes we selected. While we won’t elaborate on the introduction of more genes, 
it’s important to note that further mechanistic research and exploration of applications are still worth 
expecting. For instance, Ibudilast, a relatively non-selective PDE inhibitor, has been studied for its potential 
in preventing chemotherapy-induced neurotoxicity61, but its application in EC remains unexplored. This 
class of inhibitors or activators may hold promising roles in future clinical applications.

One concern of this study is that functional validation was performed mainly in a single endometrial 
cancer cell line, which may not fully capture tumor heterogeneity. Another limitation is the relatively small 
number of biological replicates. Future studies using multiple models and larger sample sizes will be needed 
to confirm and extend our findings. In addition, future studies should further investigate the mechanistic 
roles of DNA and RNA synthesis–related pathways identified in this study, as these processes appear to be 
closely linked to progesterone resistance. It should also be noted that some of the findings presented here 
are primarily correlative, and additional experimental validation will be necessary to establish direct causal 
relationships.

In conclusion, through CRISPR/Cas9 whole-genome library drug screening, we have established a 
preliminary progesterone-resistant gene network in EAC (based on the Ishikawa cell line). The results 
indicate that processes such as DNA and RNA synthesis and metabolism play a crucial role in progestin 
resistance. Furthermore, our subsequent functional experiments further validated the reliability of the 
screening network. This study can provide potential clinical implications by highlighting novel candidate 
genes and pathways that could serve as predictive biomarkers or therapeutic targets. The findings can 
serve as a reference for preclinical research, especially in the development of drugs aimed at reversing 
progesterone resistance. Incorporating these insights into future translational studies may contribute to 
more precise and effective management of progesterone-resistant endometrial cancer.
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Fig. 7.  The effects of NNMT and SOX17 overexpression on tumors growth in vivo. (A) In vivo xenograft 
experiments to evaluate the effects of NNMT overexpression on tumor growth. (B) In vivo xenograft 
experiments to evaluate the effects of SOX17 overexpression on tumor growth.
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