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Retinoblastoma (RB) is the most common malignant eye tumor in children. Cytotoxic drugs like 
melphalam often cause significant side effects and acquired resistance in RB treatment. Here, 
the impact of Paraneoplastic Ma1 (PNMA1) on RB progression and chemotherapy resistance was 
investigated. A series of bioinformatics methods were used for differential expression genes and drug 
resistance genes screening. Western blot was performed for the detection of genes expression. CCK-8 
and EdU staining were assessed for cell viability. Clone formation and TUNEL staining were examined 
for cell viability and apoptosis. Wound healing and transwell assays were analyzed for the cell migrated 
and invasive abilities. Immunofluorescence was observed for γ-H2AX expression. Colorimetric PARP/
Apoptosis Assay was used for PARP activity. PNMA1 was upregulated in RB tumor tissues, and high 
expression of PNMA1 promotes RB cells’ chemoresistance to melphalam, while downregulation of 
PNMA1 reversed chemoresistance in resistant cells. Furthermore, the mechanism by which PNMA1 
mediated chemoresistance to melphalam, discovered that PNMA1 might facilitate melphalam 
resistance through the c-myc-mediated DNA damage repair pathway. PNMA1 functions as a tumor-
promoting factor in retinoblastoma and may regulate melphalam resistance through the upregulation 
of the c-myc gene and the involvement in DNA damage repair.
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Retinoblastoma (RB), the most common malignant eye tumor in children, is characterized by its tendency for 
early metastasis, with a 3-year survival rate of only 57.3% in low-income countries1. Recent advances in targeted 
chemotherapy and multimodal treatment strategies have significantly improved the overall cure rate for RB 
patients2,3. However, challenges persist, particularly for advanced RB, mainly due to tumor progression following 
chemotherapy-induced resistance4. The expression of multidrug resistance proteins (MRPs), enhanced drug 
efflux mechanisms, and the presence of tumor stem cells have been implicated as potential causes of RB tumor 
resistance5–7. Consequently, identifying effective therapeutic targets for RB resistance has become an urgent 
issue in current research.

Paraneoplastic Ma1 (PNMA1) is a member of the PNMA family, which consists of at least 15 members8. 
PNMA1-3 are closely related to paraneoplastic disorder, and they interact with Bax to mediate apoptosis signals8,9. 
Studies have shown that PNMA1was involved in apoptosis signaling in mouse neurons10. In pancreatic cancer, 
PNMA1 has been demonstrated to act as an oncogene by activating the PI3K/AKT and MAPK/ERK pathways11; 
in hepatocellular carcinoma, PNMA1 regulates the WNT/β-catenin pathway to promote cell proliferation and 
epithelial-mesenchymal transition (EMT)12. However, the role of PNMA1 in retinoblastoma remains largely 
unexplored.

In this study, that was investigated, the upregulation of PNMA1 in RB tissues and its role in mediating 
melphalam resistance through the regulation of myc gene expression and DNA damage repair. This finding 
holds significant implications for RB tumor treatment.

Methods
Data download
Download the retinoblastoma RNA-seq data from the GEO database: GSE97508, GSE110811 and GSE229598, 
which include tumor samples (6 cases in GSE97508, 28 cases in GSE110811, and 114 cases in GSE229598) and 
normal retinal tissues (3 cases in GSE97508 and 3 cases in GSE110811). The datasets were combined, and the sva 
package13 was used to normalize the original data. The DEGs were screened in the batch calibrated test set using 
the limma package14. selected |log2 fold change FC | > 1 and adj. p. value < 0.05 as truncation criteria.

Department of Ophthalmology, The Second People’s Hospital of Jinan, No.148, Jingyi Road, Jinan 250000, 
Shandong Province, China. email: 18963091069@163.com

OPEN

Scientific Reports |        (2025) 15:26690 1| https://doi.org/10.1038/s41598-025-12206-0

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-12206-0&domain=pdf&date_stamp=2025-7-22


Gene set enrichment analysis (GSEA)
On the grounds of the median risk score, the RB samples were assigned into high-risk and low-risk subsets. GSEA 
was proceeded utilizing GSEA software version 4.1.0, with ‘h.all.v2023.2.Hs.symbols.gmt’ gene set utilized as the 
reference. The Bonferroni correction method was implemented to adjust for comparisons in GSEA evaluations, 
while non-parametric statistical approaches were employed for datasets that violated the assumption of normal 
distribution as assessed by Shapiro-Wilk testing.

Cell culture
SO-RB50 cell line used in this study were obtained from Procell and cultured in Dulbecco’s Modified Eagle 
Medium(DMEM) (Procell, Wuhan, China) supplemented with 10% FBS (Procell, Wuhan, China) at 37 °C and 
5% CO2. All cells were tested negative for Mycoplasma contamination and authenticated by short tandem repeat 
(STR) fingerprinting at Guangzhou Cellcook Biotech Company. When the cell confluence was about 80%, 
digestive passage was performed with trypsin.

Transfection
Transfection was carried out during the logarithmic growth phase of the cells. According to the conditions 
of the manufacturers, serum-free medium and lipo8000 (Beyotime) mixture were used to mix 5nM siRNA 
(si-NC: 5’-​U​U​C​U​C​C​G​A​A​C​G​U​G​U​C​A​C​G​U-3’, si-PNMA1-1: 5’-​G​C​A​G​A​G​A​U​G​C​U​A​A​A​C​U​A​U​A​T​T-3’, si-
PNMA1-2: 5’- ​G​C​G​G​U​U​G​A​U​G​G​A​G​A​G​U​C​U​U​T​T-3’, si-CMYC: 5’- ​C​U​G​C​G​A​C​G​A​G​G​A​G​G​A​G​A​A​C​U​U​T​T-
3’) and 2.5 µg plasmids (oe-PNMA1: HG15170-CF, SinoBiological; oe-NC: pCMV3-C-FLAG, SinoBiological) 
respectively. After 4 h of transfection, fresh complete culture medium with melphalam was replaced. After 48 h 
of transfection, the cells were collected and treated as required.

Western blot
Total cellular protein was extracted using a protein extraction kit (Beyotime) according to the manufacturer’s 
instructions. The concentration of total protein was determined using a BCA protein assay kit (Beyotime) 
following the manufacturer’s protocol.  40 micrograms of protein was separated from each sample by SDS-
PAGE. The separated proteins was transfered to a 0.45-micron PVDF membrane (ImmobilonTM, Millipore 
Corp, Bedford, MA). After the membrane blocked with a rapid blocking buffer, the corresponding protein bands 
was cut out according to the markers, and incubated overnight at 4 °C with the appropriate primary antibody 
(anti-PNMA1: 13631-1-AP, Proteintech; anti-β-actin: #4970, Cell Signaling; anti-c-myc: #18583, Cell Signaling). 
After washed, the second antibody of anti-rabbit IgG (#7074P2, Cell Signaling) was added and incubated at 
room temperature for 30 min. A super-sensitive chemiluminescence (ECL) (Beyotime) detection kit was used 
to detect the chemiluminescent signals. Image J software was used to detect the gray value of target strip. The 
ratio of gray value of target protein to that of β-actin to obtain the relative expression level is calculate for 
normalization.

Drug dose response curves
Cells were seeded at 8,000 cells/well in 96-well clear-bottom, white-walled plates. Sixteen to twenty hours after 
seeding, cells were treated with drug for the indicated treatment. Cells were grown in the presence of the drug 
for 24 h. Cell viability was assessed using the CCK-8 assay following the manufacturer’s recommendations, and 
the colorimetric output was measured on a Perkin Elmer Flexstation 3.0. Data were normalized to the maximum 
and minimum values and plotted in GraphPad Prism. The half-inhibitory concentration (IC50) values were 
estimated, and IC50s from replicate experiments were compared using Student’s t-test.

Drug sensitivity analysis
To determine the difference in the efficacy of chemotherapeutic drugs, the “oncopredict” package was utilized 
to calculate IC50 values of the frequently used chemotherapeutic drugs. IC50 values for drugs were extracted 
from the CellMiner database, and the corresponding IC50 data for GSE229598 samples were obtained using the 
“oncopredict” package for training. A correlation analysis between gene expression levels and IC50 values was 
performed using the Spearman rank correlation coefficient.

Melphalam-resistant cell line
SO-RB50 cells were induced to be a melphalam -resistant cell line SO-RB50MR by concentration gradient 
increasing method. When the cell density reached 60%, the incubation was performed in the medium with 
100-nmol/L of melphalam. The cells were then passed through drug-free medium for about 3 times, and the cell 
state gradually recovered. After repeated treatment with 100-nmol/L mephalam for 3 times, the concentration 
was increased according to the proliferation of surviving cells. Finally, the cells can be stably prolificated at 
2500-nmol/L mephalam, indicating the successful construction of a drug-resistant cell line.

Cell counting kit 8 (CCK-8)
Cell viability was measured after treatments in 96 well plates using the CCK8 from Seven Biotech, processed 
according to the manufacturer’s instructions and quantified on a SpectraMax microplate reader (Molecular 
Devices).

EdU staining
For EdU staining, growing cells were treated with EdU (2 µM) for 24 h. The cells were fixed with 10% formalin 
for 10 min and washed three times with PBS. EdU labeling was performed using click chemistry, where Cu (I) 
induced a reaction between Azide 594 (0.25 mg/mL, Beyotime) and the alkyne present in EdU. DAPI (blue) 

Scientific Reports |        (2025) 15:26690 2| https://doi.org/10.1038/s41598-025-12206-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


was used to stain the nuclei. The EdU was observed under fluorescence microscope. The ratio of the number of 
positively stained cells to the total number of cells to obtain the relative positive rate is calculate for normalization.

Colony formation assay
 SO-RB50 cells were seeded at a density of 800 cells/well into 6-well plates. After 10 days of culture,  the cells 
were fixed with formalin and stained with crystal violet. Under the microscope, colonies with more than 50 cells 
were counted.

TUNEL assay
48 h after transfection, cells in logarithmic phase were fixed with 4% paraformaldehyde at room temperature for 
30 min. According to the manufacturer’s instructions, TUNEL staining on cell slideswas performed using the In 
Situ Cell Death Detection Kit (Roche). After the cells were fixed and permeated, the TUNEL reaction mixture 
was reacted at 37 ℃ in the dark for 1 h. They were then treated with Hoechst at room temperature in the dark 
for 12 min. After rinsing with PBS, the apoptosis was observed under fluorescence microscope. The ratio of the 
number of positively stained cells to the total number of cells to obtain the relative positive rate is calculate for 
normalization.

Cell migration assay
The cells of each group were inoculated on a 6-well plate. When the cells were overgrown, a sterile 10 µL 
micropipette tip created a 1 mm wide wound. The culture was carried out at 37℃ and 5% CO2. The wound was 
photographed at 0 and 24 h. The migration ability of cells was analyzed by ImageJ software.

Cell invasion assay
Matrigel was added in the upper chamber with 8 μm pore size. Then, medium was added in the lower chamber. 
SO-RB50 cells were seeded to the upper chamber. The outer side of upper chamber was stained by crystal violet 
and observed under the microscope after 24 h.

PARP activity
PARP activity was measured using Trevigen’s HT Colorimetric PARP/Apoptosis Assay. Cellswere grown 
in 96-well plates and treated with melphalan or DMSO for 24 h. The cells were washed with PBS and lysates 
were lysated using the provided cell extraction buffer. Tte protein concentration was estimated using the BCA 
Protein Assay Kit and the lysates was diluted with cell lysis buffer. The assay was performed according to the 
manufacturer’s instructions. PARP activity was related to the absorbance of the generated colorimetric signal, 
which was quantified at 450 nm using SpectraMax microplate reader (Molecular Devices).

γ-H2AX staining
SO-RB50 cells were plated 24 h before the addition of melphalan. The slides were fixed with 4% formaldehyde, 
permeabilized with 0.5% Triton-X, and blocked overnight with 10% BSA. Following this, the slides were 
incubated for 4 h with anti-γH2AX antibody (1:200; Cell Signaling Technology #9718S) in 1% BSA and 0.1% 
Triton-X, followed by a 1-hour incubation with anti-rabbit antibody (1:1000, Abcam ab150079). The slides were 
digitally scanned before nuclei segmentation with the DAPI channel and γH2AX foci counting using the Find 
Maxima algorithm in ImageJ.

Statistical analysis
Each of experiments was repeated three times. Statistical analysis was conducted using GraphPad Prism 7 
software (La Jolla, CA, USA). For comparisons between two groups, that was used, the Mann-Whitney U test 
for non-parametric data or Student’s t-test for parametric data after verifying normality using the Shapiro-Wilk 
test and equality of variances using Levene’s test. For multiple comparisons, that was used, one-way ANOVA 
followed by Tukey’s post-hoc test if data met the assumptions of normality and homogeneity of variances. 
For non-parametric data, that was used, the Kruskal-Wallis test followed by Dunn’s post-hoc test Statistical 
significance was indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001. Results were derived from a minimum of 
three independent experiments. Error bars in all graphs represent the mean ± S.E.M.

Results
Differential gene identification
To explore genes associated with RB, two RNA high-throughput sequencing datasets were accessed, GSE97508 
and GSE110811, from the GEO database. The differential analysis outcomes showed that in the GSE97508 
dataset, a total of 5,346 differentially expressed genes were identified between RB samples and normal retinas, 
with 2,963 genes upregulated and 2,382 genes downregulated. In the GSE110811 dataset, 1,312 different genes 
were found to be differentially expressed, with 561 genes being upregulated and 750 genes downregulated 
(Supplementary Table 1). Additionally, 13 shared differentially expressed genes were identified, of which 8 genes 
were consistently upregulated in both datasets, and 5 genes were downregulated in both (Fig. 1A, B).

PNMA1 is upregulated in RB and promotes melphalan chemoresistance
As a frontline drug in the clinical treatment of RB, melphalan plays a crucial role in inhibiting tumor progression. 
Therefore, the correlation between 13 genes and melphalam sensitivity was predicated using the R package 
‘oncopredict’. The results showed a positive correlation between PNMA1 expression and the IC50 value of 
melphalam (Fig. 1C), and PNMA1 was found to be more highly expressed in RB tissues compared to normal 
retinal tissues (Fig. 1D, E), suggesting that high PNMA1 expression might contribute to tumor progression and 
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resistance to melphalam. Statistical significance between two groups was obtained using the Wilcoxon test, with 
P-values adjusted via the Bonferroni method (Fig. 1D, E).

To validate these findings, PNMA1 was overexpressed in the SO-RB50 cell line with culture medium, the 
transfected vehicle plasmid as the control (Fig. 2A). The results demonstrated that overexpression of PNMA1 
increased the IC50 value for melphalan (631.74 nmol/L) compared with the control group (585.42 nmol/L) 
(Fig. 2B). Next, the cells were treated with melphalan at half the concentration of IC50 for 24 h. The TUNEL 
experiment showed that overexpressed PNMA1 cells exhibited significantly reduced apoptosis compared with 
control cells (Fig.  2C). These findings indicated that PNMA1 facilitates chemoresistance to melphalam. The 
Student’s t-test for parametric data (Fig. 2A), the Mann-Whitney U test for non-parametric data (Fig. 2C) and 
the two-way ANOVA followed by Bonferroni correction. (Fig. 2B) were used.

PNMA1 facilitates the proliferation, migration, and invasion of RB cells
The cells were treated with melphalan at half IC50 concentration for 24 h. Colony formation assays revealed 
that overexpression of PNMA1  enhanced the clonogenic capacity of RB cells compared with transfected 
vehicle control (Fig. 3A). CCK-8 assays and EdU staining confirmed the promoting effect of PNMA1 on RB cell 
proliferation and DNA synthesis rates compared with transfected vehicle control (Fig. 3B, C). These findings 
indicate that PNMA1 promotes the proliferation of RB cells. To further explore the impact of PNMA1 on other 
malignant phenotypes of RB cells, wound healing and transwell assays was conducted, which also demonstrated 
the facilitatory role of PNMA1 in cell migration and invasion compared with transfected vehicle control (Fig. 3D, 
E). In summary, PNMA1 positively regulates the proliferation and invasive abilities of RB cells. The Student’s 
t-test for parametric data (Fig. 3A, C-E) and the two-way ANOVA followed by Bonferroni correction. (Fig. 3B) 
were used.

Knockdown of PNMA1 restores chemosensitivity to Melphalan in resistant cells
To further investigate the impact of PNMA1 on melphalan resistance, the resistant strain SO-RB50MR was 
generated. The IC50 value of the resistant strain was approximately 8 times higher than that of the wild-type 
cell line (Fig. 4A). Western blot results showed increased PNMA1 expression in the resistant cells with culture 
medium compared with the wild-type cells (Fig.  4B). Treatment of SO-RB50 and SO-RB50MR cells with 
melphalan at half IC50 concentration revealed significantly enhanced apoptosis in the wild-type cells, while the 
resistant cells exhibited higher cell viability (Fig. 4C).

PNMA1 expression was knocked down in SO-RB50MR cells with culture medium using shRNA and stable 
cell lines was established using lentiviral vectors (Fig. 4D). Under melphalan treatment at half IC50 concentration, 
the SO-RB50MR cells with PNMA1 knockdown showed increased apoptosis and reduced viability (Fig.  4E, 
F). Additionally, the knockdown of PNMA1 lowered the IC50 value of the SO-RB50MR cells for melphalan 
(Fig.  4G). These findings suggest that knocking down PNMA1 can restore chemosensitivity to melphalan 

Fig. 1.  PNMA1 is identified as an upregulated gene in RB and associated with melphalan drug 
sensitivity. A-B  The shared differentially expressed genes between Dataset GSE97508 and Dataset GSE110811. 
C. The correlation between PNMA1 mRNA expression levels and the IC50 of melphalan. D, E The mRNA 
expression of PNMA1 between tumor and normal tissue was evaluated by GSE97508 (D) and GSE110811 (E) 
database. *p < 0.05, **p < 0.01.
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Fig. 3.  Enhanced PNMA1 expression facilitates proliferation and invasion of RB cells. A-B Colony formation 
(A) assay and CCK8 assay(B) revealed that PNMA1 overexpression could increase the proliferation ability of 
RB cells. C EdU staining (red fluorescence) revealed that PNMA1 overexpression enhances DNA synthesis. 
D-E. Wound healing assay (D) and transwell assay (E) demonstrate that PNMA1 overexpression promotes RB 
cells migration and invasion. ***p < 0.001.

 

Fig. 2.  Upregulation of PNMA1 expression impairs melphalan chemosensitivity. A Efficiency of PNMA1 
overexpression. B The impact of PNMA1 overexpression on the half-maximal inhibitory concentration 
(IC50) of melphalan. C The effect of PNMA1 overexpression on cell apoptosis under melphalan treatment. 
***p < 0.001.
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in resistant cells. The Student’s t-test for parametric data (Fig. 4B, D-E), the Mann-Whitney U test for non-
parametric data (Fig. 4C) and the two-way ANOVA followed by Bonferroni correction. (Fig. 4A, F-G) were used.

PNMA1 mediates Melphalan chemoresistance through enhanced DNA damage repair
As a DNA alkylating agent, melphalan’s primary anticancer mechanism involves inducing DNA damage in tumors. 
PNMA1 might contribute to melphalan chemoresistance by promoting DNA damage repair. The results showed 
that shPNMA1 SO-RB50MR cells exhibited higher γH2AX levels and lower PARP activity compared to shNC 
SO-RB50MR control cells with culture medium (Fig. 5A, B), indicating that PNMA1 knockdown exacerbated 
DNA damage and inhibited DNA repair. Conversely, overexpression of PNMA1 in the SO-RB50 wild-type cell 
line led to increased PARP activity and lower γH2AX levels compared with transfected vehicle control with 
melphalan at half IC50 concentration (Fig.  5C, D), suggesting that PNMA1 overexpression promoted DNA 
damage repair. These findings collectively suggest that PNMA1 mediates melphalan chemoresistance through its 
role in enhancing DNA damage repair. The Student’s t-test for parametric data (Fig. 5A-D).

PNMA1 enhances DNA damage repair by upregulating c-myc, thereby contributing to RB 
chemoresistance
To further investigate the mechanism by which PNMA1 affects DNA damage repair, GSEA analysis on 
PNMA1 was performed using the GSE229598 dataset. The GSEA results showed a positive correlation between 
PNMA1 and the ‘HALLMARK_MYC_TARGETS_V1’ and ‘HALLMARK_MYC_TARGETS_V2’ pathways 
(Fig. 6A). In the SO-RB50 cells, c-myc gene expression was upregulated after overexpressing PNMA1 compared 
with transfected vehicle cells, while in the shPNMA1 SO-RB50MR cell line, c-myc expression was downregulated 
after knocking down PNMA1 compared to shNC SO-RB50MR control cells, cells were treated with culture 
medium (Fig.  6B). Notably, c-myc expression was higher in SO-RB50MR cells compared to the wild-type 
SO-RB50 cells (Fig.  6B). Upon knocking down c-myc in SO-RB50MR cells, PNMA1 expression remained 
unchanged, but γH2AX levels increased, and PARP activity decreased compared to shNC SO-RB50MR control 
cells with culture medium (Fig. 6C-E). Next, c-myc was knocked down while overexpressing PNMA1 in SO-
RB50 cells and each group of cells was simultaneously treated with melphalam at half IC50 concentration. 
Compared to the PNMA1overexpression group, the group with both PNMA1 overexpression and c-myc 
knockdown showed increased apoptosis, reduced cell viability, elevated γH2AX, and decreased PARP activity 
(Fig. 6F-H). Additionally, the combination of PNMA1 overexpression and c-mycknockdown lowered the IC50 
of melphalan (Fig. 6I). This suggests that knocking down c-myc impairs PNMA1-mediated DNA damage repair 
and chemoresistance. Collectively, these results indicate that PNMA1 may promote DNA damage repair by 
upregulating c-myc, thereby contributing to chemoresistance in RB. The Student’s t-test for parametric data 
(Fig. 6B-E), one-way ANOVA followed by Tukey’s post-hoc test for parametric data (Fig. 6H), Kruskal-Wallis 

Fig. 4.  Reducing PNMA1 expression can restore chemosensitivity in melphalan-resistant cells. A Melphalan-
resistant (MR) cell lines were established. B PNMA1 expression is upregulated in melphalan-resistant cells. 
C MR cells exhibit enhanced anti-apoptotic properties under melphalan treatment. D Downregulation of 
PNMA1 expression in MR cells (control). E-G Downregulation of PNMA1 results in increased apoptosis (E), 
decreased cellular activity (F), and enhanced melphalan chemosensitivity (G) under melphalan treatment. 
***p < 0.001.
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test followed by Dunn’s post-hoc test for parametric data (Fig. 6F, G), and the two-way ANOVA followed by 
Bonferroni correction. (Fig. 6I) were used.

Discussion
PNMA1 wais initially discovered in the serum of patients with neuroendocrine tumors of the nervous system15. 
At present, PNMA1 has been confirmed to play an important role in the malignant process of a variety of tumors. 
However, the role of PNMA1 in RB remains unclear. A study suggests that PNMA1 regulates the WNT/β-catenin 
pathway to facilitate EMT in hepatocellular carcinoma cells12. Previous study found that PNMA1 knockdown 
inhibits the migration, invasion, proliferation and proliferation of osteosarcoma cells16. Furthermore, inhibition 
of PNMA1 expression promotes apoptosis and reduces cell viability in pancreatic ductal adenocarcinoma11. 
This study found that PNMA1 facilitates proliferation, migration, and invasion of RB cells, which is consistent 
with the above conclusions. Therefore, PNMA1 is suggested its potential as a driver molecule in RB tumor 
progression.

Chemotherapy advancements have improved the chances of preserving vision in young patients with 
retinoblastoma17. Melphalan, a frontline chemotherapy drug for RB, is commonly used18,19, but resistance 
remains a significant barrier to treatment success20. Therefore, identifying targets to overcome melphalan 
resistance is crucial.

In this study, elevated PNMA1 expression was observed in RB tumors compared to normal tissue. 
Bioinformatics analysis revealed that high PNMA1 expression might contribute to RB tumor cell resistance, and 
experiments confirmed that PNMA1 levels were significantly higher in resistant cells than in wild-type ones. 
PNMA1 mediated chemoresistance in RB cells, and downregulating PNMA1 effectively reversed melphalam 
resistance. Melphalan exerted its anti-tumor activity by forming cross-links with DNA, causing DNA damage21. 
Consequently, PNMA1’s impact on DNA damage repair was investigated. PNMA1 was found to enhance DNA 
repair, which may be the main mechanism for promoting chemotherapy resistance. Therefore,  PNMA1 may be 
a therapeutic target for RB.

GSEA of mRNA-seq data from the GEO database in the PNMA1-high RB group showed enrichment 
of the ‘HALLMARK_MYC_TARGETS_V1’ and ‘HALLMARK_MYC_TARGETS_V2’ pathways. c-myc, 
a transcription factor encoded by the oncogene MYC, plays a critical role in cell growth, proliferation, and 
metabolism22. c-myc is implicated in various tumor development processes19,23–27. Numerous studies confirm 
that increased c-myc levels can upregulate transcription via RNA polymerase I-III, promoting replication, RNA 
processing, and translation28–34. During DNA damage, c-myc accumulates around stalled replication forks or 
promoters, recruiting other proteins to form a complex that aids DNA repair35,36. These findings suggest that 
PNMA1 regulates the expression of c-myc in RB cells. PNMA1 may enhance DNA repair by upregulating c-myc 
expression, and downregulating c-myc protein levels effectively counteracts PNMA1’s promotion of DNA repair 
ability and chemoresistance. However, due to the limitations of this study, the role of PNMA1 in tumor tissues 
and vitreous seeds has not been studied, and relevant studies may be considered in the future.

Fig. 5.  PNMA1 affects DNA damage repair. A-B Downregulation of PNMA1 increased DNA damage (A) and 
decreased DNA repair capability (B). C-D Upregulation of PNMA1 decreased DNA damage (C) and increased 
DNA repair capability (D). ***p < 0.001.
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Fig. 6.  PNMA1 regulates c-myc to affect DNA damage repair. A Gene Set Enrichment Analysis (GSEA) results 
indicate that PNMA1 is associated with the c-myc signaling pathway. B Upregulation or downregulation 
of PNMA1 leads to changes in c-myc protein levels. C-E Downregulation of c-myc in MR cells (C) results 
in increased DNA damage (D) and reduced repair (E). F-I. Simultaneous upregulation of PNMA1 and 
downregulation of c-myc (F) results in increased DNA damage (G), reduced DNA repair (H), and enhanced 
melphalan chemosensitivity (I). **p < 0.01, ***p < 0.001, ns, not significant.
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Conclusion
PNMA1 is an oncogene in RB that may promote DNA repair by upregulating c-myc expression, thereby 
mediating melphalan chemoresistance. These findings suggest that PNMA1 promotes in the development of RB 
and that PNMA1 may be a potential therapeutic target for RB.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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