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Abstract 24 

Protein arginine methyltransferase 1 (PRMT1) dysregulation is frequently observed in various 25 

human cancers, including breast cancer. However, the antitumor efficacy of PRMT1 inhibitors 26 

remains limited in the treatment of breast cancer. Here, we propose a dual epigenetic inhibition 27 

strategy that effectively suppresses breast cancer growth and metastasis. We demonstrate that 28 

GSK3368715, a small-molecule inhibitor of PRMT1, downregulates the protein levels of the histone 29 

lysine methyltransferase SUV39H1 by enhancing its ubiquitination. Dual inhibition of PRMT1 and 30 

SUV39H1 results in significantly greater suppression of tumor growth and metastasis compared to 31 

either monotherapy, supporting the synergistic effects of targeting two epigenetic regulators. 32 

Consistently, dual inhibition markedly suppresses the growth of breast cancer organoids relative to 33 

single-agent treatments. Mechanistically, co-inhibition of SUV39H1 and PRMT1 enhances 34 

chromatin accessibility in promoter regions, thereby promoting the expression of key regulators 35 

involved in cell growth and migration. Furthermore, dual inhibition increases infiltration of CD8+ 36 

T cells and NK cells and upregulates PD-L1 expression. Importantly, the combination of dual 37 

inhibition with anti-PD-L1 antibody enhances the responsiveness of breast cancer to immunotherapy. 38 

Taken together, our findings indicate that co-targeting PRMT1 and SUV39H1 represents a 39 

promising therapeutic strategy for breast cancer. 40 

  41 
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 42 

Introduction 43 

Protein arginine methyltransferases (PRMTs) mediate arginine methylation in both histone and 44 

non-histone proteins, regulating a wide range of biological processes, including translation, RNA 45 

metabolism, DNA damage response, and stem cell maintenance[1-6]. PRMTs are frequently 46 

dysregulated in various human cancers[7]. Specific PRMT inhibitors have emerged as promising 47 

therapeutic agents for cancer treatment[8, 9], and their combination with other therapeutic 48 

modalities may offer clinical benefits to patients[10, 11]. PRMT1 is the predominant type I PRMT 49 

responsible for catalyzing asymmetric dimethylarginine (ADMA)[12] and accounts for the majority 50 

of PRMT activity in mammalian cells. Previous studies have reported that PRMT1 mediates ADMA 51 

modification of certain histone methyltransferases, thereby enhancing their protein stability[13]. 52 

PRMT1 inhibitors exhibit synergistic effects in suppressing tumor growth when combined with 53 

other small-molecule inhibitors[14, 15]. Pharmacological inhibition of PRMT1 in combination with 54 

chemotherapy gemcitabine has a synergistic effect on pancreatic tumor growth[16]. However, 55 

PRMT1 inhibitors alone exert minimal inhibition on tumor growth. Therefore, combination therapy 56 

represents the most effective strategy to overcome this limitation. 57 

Suppressors of variegation 3-9 homologs (SUV39H) are specific H3K9 methyltransferases[17]. 58 

SUV39H1-dependent trimethylation of histone H3 lysine 9 (H3K9me3) is essential for 59 

heterochromatin maintenance and genome stability[18, 19]. SUV39H1 inhibition activates antiviral 60 

pathways and enhances cancer cell immunogenicity[20]. SUV39H1 can function as either a tumor 61 

suppressor or an oncogenic promoter, depending on the cancer type. SUV39H1 is downregulated in 62 

various leukemias, and its knockdown accelerates disease progression by expanding the leukemia 63 

stem cell population[21]. In contrast, SUV39H1 is frequently upregulated in solid tumors, where it 64 

promotes mammary tumor progression and has been identified as a potential biomarker for 65 

hepatocellular carcinoma diagnosis[22, 23]. A recent study reports that ASB7 acts as an E3 ubiquitin 66 

ligase targeting SUV39H1, rendering cancer cells more susceptible to poly (ADP-ribose) 67 

polymerase inhibitors[24]. In addition, inhibition of SUV39H1 activates cGAS-STING signaling, 68 

and targeting the SUV39H1-cGAS axis can promote the efficacy of radiotherapy[25]. However, 69 

SUV39H1 inhibitors fail to sufficiently suppress tumor growth when used as monotherapy. 70 

Therefore, we propose that combining SUV39H1 inhibitors with other epigenetic inhibitors or 71 

immune checkpoint blockade represents a promising therapeutic strategy for cancer treatment. 72 

In this study, we aim to evaluate the combined effect of two epigenetic inhibitors on breast 73 

cancer progression. Our results demonstrate that dual inhibition of PRMT1 and SUV39H1 74 

significantly suppresses breast tumor growth and metastasis both in vitro and in vivo. Notably, the 75 

integration of immune checkpoint blockade with this dual-inhibitor regimen produces a synergistic 76 

antitumor response. Collectively, co-targeting PRMT1 and SUV39H1 represents a promising 77 

strategy for the treatment of breast cancer. 78 

 79 
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Materials and methods 80 
Cell culture  81 
Human breast cancer cells lines were obtained from the Cell Resource Center, Peking Union 82 
Medical College (the Headquarters of National Infrastructure of Cell Line Resource, NSTI). Human 83 
breast cancer cell lines were cultured in DMEM supplemented with 10% FBS (Invitrogen, Carlsbad, 84 
CA, USA), 100 units/mL penicillin and 0.1 mg/mL streptomycin at 37℃ under 5% CO2 in a 85 
humidified incubator. 86 
 87 

Western blot analysis and Co-immunoprecipitation (Co-IP) 88 

Western blot and Co-IP assays were performed as described previously [26]. We used anti-89 

SUV39H1 (active motif, 39785), anti-PRMT1 (abcam, ab190892), anti-GAPDH (abclonal, AC002), 90 

anti-HA (abcam, ab9110), and anti-Flag (Sigma-Aldrich, F1804). 91 

 92 

Cell proliferation and colony formation 93 

Cells were plated into 96-well plates at 1000 cells/well. WST-1 (Roche) (10 μl/well) was added into 94 

the cells and incubated at 37℃ for 2 h. The absorbance at 450 nm was then measured in a microplate 95 

reader. For colony formation, 1000 cells were plated into 6-well plates. Two weeks later, cells were 96 

fixed, stained with crystal violet, and photographed. 97 

 98 

TAXIScan-FL assay 99 

SUM159 cells were dissociated into single cells and the concentration was adjusted to 1×10⁶ 100 

cells/mL. The TAXIScan-FL cell dynamic analysis system was used to continuously record cell 101 

motility trajectories over a period of 5–6 hours, followed by analysis of migration distance and 102 

motility speed. 103 

 104 

Animal models  105 

BALB/c nude mice and C57BL/6N mice (4-6 weeks old) were purchased from the Animal 106 

Experimental Center of Peking University Health Science Center and raised in a specific pathogen-107 

free animal laboratory. The Ethics Committee of Peking University Health Science Center approved 108 

the mouse experiments (Permit Number: LA2020183) for this study. The mice were handled in 109 

accordance with the ethical standards of the Helsinki Declaration of 1975 and the revised version in 110 

1983.  111 

Xenografts in mice: MDA-MB-231 cells were inoculated orthotopically onto the abdominal 112 

mammary fat pad of nude mice (5×106 cells/mouse), and py8119 cells were inoculated 113 

orthotopically onto the abdominal mammary fat pad of C57BL/6N mice (4×105 cells/mouse). 114 

Tumor volume (V=length×width×width×0.5mm3) was measured at regular intervals. After the mice 115 

were sacrificed, the tumors were weighed and photographed. Left cardiac ventricle injection model: 116 

Py8119-luci cells were inoculated into the left cardiac ventricle of C57BL/6N mice (1×105 cells 117 

/mouse) through VisualSonics Vevo3100 (FUJIFILM). After 2-4 weeks, D-luciferin potassium salt 118 
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was injected into the peritoneal cavity of each mouse, the luciferase signal was detected by IVIS 119 

Spectrum (PerkinElmer). 120 

 121 

Reagents 122 

GSK3368715 (MCE, Cat#HY-128717A) (100-150 mg/kg, once every two days), chaetocin (MCE, 123 

Cat# HY-N2019) (0.5-0.75 mg/kg, once every two days), and F5446 (MCE, Cat#HY-150190) 124 

(20mg/kg, once every two days) were administered alternately by intraperitoneal injection. 125 

InVivoMAb anti-mouse PD-L1 (BioXCell, Cat#BE0101) (300 μg/mouse, once every four days) 126 

was administered by intraperitoneal injection. 127 

 128 

Flow cytometry 129 

Tumors from mice were dissociated into single cells and filtered by a 70 mm filter. Cell surface 130 

staining was performed with the indicated antibodies: BV605 anti-CD45 (Biolegend, 103140), 131 

FITC anti-CD3 (Biolegend, 100203), PE/Cyanine7 anti-CD8a (Biolegend, 100722), PE anti-NK1.1 132 

(Biolegend, 156504), FITC anti-F4/80 (Biolegend, 123107), and PE anti-CD11b (Biolegend, 133 

101207) antibodies. All antibodies were purchased from BioLegend. Samples were analyzed using 134 

a flow cytometer and data analyzed with FlowJo Software. 135 

 136 

RNA isolation and quantitative real-time PCR (qPCR) 137 

Total RNA was isolated from tumor tissues with TRIzol reagent (Invitrogen) according to the 138 

manufacturer's instructions. cDNA was synthesized using a HiScript II Q RT SuperMix Kit 139 

(Vazyme). Real-time PCR was performed using a ChamQ SYBR qPCR Master Mix (Vazyme) by 140 

LightCycler 96 detection system (Roche). Mouse qPCR primers: 141 

cGAS-F-CAGGAAGGAACCGGACAAGC, R-CCGACTCCCGTTTCTGCATT; 142 

STING-F-GGTCACCGCTCCAAATATGTAG, R-CAGTAGTCCAAGTTCGTGCGA; 143 

RIG-I-F-CAGATCCGAGACACTAAAGGGA, R-TCCTCATCAGCCTTGCTTTCA; 144 

MDA5-F-ATGGACGCAGATGTTCGTGG, R-TCCCTTCTCGAAGCAAGTGTC; 145 

MAVS-F-CTGCCTCACAGCTAGTGACC, R-CCGGCGCTGGAGATTATTG; 146 

IFNβ-F-GGTGGAATGAGACTATTGTTG, R-AGGACATCTCCCACGTC; 147 

CXCL9-F-TGAGGTCTTTGAGGGATTTGTAGTG, R-GGAACCCTAGTGATAAGGAATGCA; 148 

CXCL10-F-GACGGTCCGCTGCAACTG, R-CTTCCCTATGGCCCTCATTCT; 149 

PD-L1-F-GACCAGGTTTTGAAGGGAAATG, R-CTGGTTGATTTTGCGGTATGG; 150 

GAPDH-F-TGACCTCAACTACATGGTCTACA, R-CTTCCCATTCTCGGCCTTG. 151 

 152 

ATAC-seq 153 

FASTQ files were checked with FastQC. Raw reads were trimmed with Fastp and aligned to the 154 

hg38 genome using Bowtie2. BAM files were sorted and indexed with SAMtools. Peaks were called 155 

using MACS2 in narrow peak mode. BigWig files were generated with deepTools bamCoverage. 156 
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Heatmaps and profile plots were created using deepTools. Peaks were annotated with ChIPseeker. 157 

GO and KEGG enrichment analyses were performed and visualized with ClusterProfiler. 158 

 159 

RNA-seq 160 

FASTQ files were checked with FastQC. Raw reads were trimmed with Fastp and aligned to the 161 

hg38 genome using HISAT2. Gene expression was quantified from BAM files using FeatureCounts. 162 

Differentially expressed genes were identified with EdgeR. GO and KEGG enrichment analyses 163 

were performed and visualized using ClusterProfiler. GSEA was done with enrichplot. 164 

 165 

Tumor specimens and Immunohistochemistry staining 166 

Human breast cancer tissue microarrays were purchased from the National Human Genetic 167 

Resources Sharing Service Platform2005DKA21300 (Shanghai Outdo Biotechnology Company 168 

Ltd., China). The Ethics Committee of Shanghai Outdo Biotechnology Company approved the study 169 

(Permit Number: SHYJS-CP-1804004). Tissue sections were subjected to immunohistochemical 170 

staining using anti-PRMT1 and anti-SUV39H1 antibodies. Staining intensity was semi-171 

quantitatively scored on staining level: 0 (negative), 1+ (weak), 2+ (moderate), and 3+ (strong). 172 

Based on the median immunostaining score for each protein, samples were divided into high-173 

expression and low-expression groups. Survival curves were estimated by the Kaplan–Meier 174 

method, and survival rates in different groups were compared by the log rank test. 175 

Tissue sections were deparaffinized and gradually rehydrated. Endogenous peroxidase activity 176 

was blocked by incubation with 3% hydrogen peroxide for 30 minutes at room temperature, 177 

followed by antigen retrieval in sodium citrate buffer (pH 6.0) for 20 minutes in a 100°C water bath. 178 

The sections were then incubated with primary antibodies overnight at 4°C. Detection was 179 

performed using the PV9000 2-step plus Poly-HRP anti-mouse/rabbit IgG (Zhong Shan Jin Qiao). 180 

Diaminobenzidine (DAB) was used as the chromogen (ChemMate Detection Kit, DAKO, Glostrup, 181 

Denmark), and hematoxylin served as the counterstain.  182 

 183 

Organoid preparation and culture 184 

Patient-derived breast cancer organoids were generated from fresh or cryopreserved tumor tissues. 185 

Tissue samples were minced and digested using a dissociation reagent (Beijing Daxiang Technology 186 

Co., Ltd.). The cell suspension was centrifuged, filtered through a 70 μm strainer, and mixed 1:1 187 

with growth factor reduced Matrigel (Corning). After seeding as 30–50 μL droplets and 188 

polymerizing at 37 °C for 30 min, Matrigel domes were overlaid with specialized breast cancer 189 

organoid medium (Beijing Daxiang Technology Co., Ltd.). Organoids were cultured at 37 °C with 190 

5% CO₂, with medium refreshed every 2–3 days and passaged every 7–14 days via 191 

mechanical/enzymatic dissociation. 192 

 193 

Organoid viability assay 194 
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Organoids were dissociated, embedded in Matrigel, and seeded into 96-well plates. After a 3-day 195 

recovery period, organoids were treated for 72 h with the indicated agents: 0.1% DMSO (vehicle 196 

control), 200 nM GSK, 100 nM Chaetocin, the combination of GSK and Chaetocin. To visualize 197 

live and dead cells, organoids were stained with AO/PI and incubated at 37 °C for 1 h, followed by 198 

imaging using a high-content confocal microscope (Perkin Elmer CLS Operetta). Viability was 199 

quantified with the CellTiter-Glo 3D Cell Viability Assay (Promega) using a GloMax Luminometer 200 

(Promega). 201 

 202 

LC-MS/MS analysis 203 

Total proteins were extracted from MCF7 cells treated with either DMSO (vehicle control) or 204 

GSK3368715 (2 μM, 48 h) using RIPA lysis buffer, followed by liquid chromatography–tandem 205 

mass spectrometry (LC-MS/MS) analysis. Label-free quantification (LFQ) was performed to 206 

determine relative protein abundances. Raw MS data were processed using MaxQuant (v2.0.3.0) 207 

against the UniProt Human reference proteome, with peptide-spectrum match (PSM) and protein-208 

level false discovery rates (FDR) both set to ≤ 1%. Protein abundance was calculated based on the 209 

integrated signal intensity of peptide peaks. Proteins exhibiting a fold change ≥ 2.0 or ≤ 0.5 and an 210 

adjusted P value < 0.05 were classified as differentially expressed based on data from four 211 

independent experiments. 212 

 213 

Statistical analysis 214 

All statistical analyses were performed using GraphPad Prism software. Unpaired t-tests with 215 

Welch’s correction were used to compare two groups, two-tailed, 95% CI. One-way ANOVA 216 

combined with Tukey’s multiple comparisons test was employed for analyses involving more than 217 

two groups. Growth curves were analyzed using two-way ANOVA with Geisser-Greenhouse 218 

correction. All results are presented as mean ± SD. Statistical significance was defined as P < 0.05, 219 

with a 95% confidence interval. 220 

 221 

Results 222 

Dual inhibition of PRMT1 and SUV39H1 effectively suppresses breast cancer growth and 223 

metastasis  224 

GSK3368715, a well-characterized inhibitor of PRMT1, represents a promising therapeutic 225 

candidate for cancer treatment. To explore novel combination strategies involving GSK3368715, 226 

we performed mass spectrometry (MS) analysis in MCF7 cells treated with GSK3368715. Gene 227 

Ontology analysis revealed that the differentially regulated proteins were predominantly enriched 228 

in biological processes including negative regulation of cell cycle and histone modifying activity 229 

(SFig. 1A). Notably, the protein level of histone lysine methyltransferase SUV39H1 was markedly 230 

decreased following GSK3368715 treatment (Fig. 1A). Thus, we first investigated the effect of 231 

GSK3368715 on SUV39H1 protein levels. GSK3368715 treatment markedly reduced SUV39H1 232 
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protein level in a time- and dose-dependent manner (Fig. 1B). However, the mRNA levels of 233 

SUV39H1 remained unchanged (SFig. 1B), suggesting that GSK3368715 regulates SUV39H1 234 

degradation. Next, treatment with the proteasomal inhibitor MG132 reversed the downregulation of 235 

SUV39H1 protein levels induced by either GSK3368715 or PRMT1 siRNA (Fig. 1C). Furthermore, 236 

both pharmacological inhibition and genetic knockdown of PRMT1 significantly increased 237 

SUV39H1 ubiquitination; this effect was fully abrogated by the degradation-resistant SUV39H1 238 

mutant (K87R) (Fig. 1D–E). These results demonstrate that PRMT1 inhibition by GSK3368715 239 

triggers SUV39H1 ubiquitination and subsequent proteasomal degradation.   240 

To explore a potential therapeutic strategy, we first evaluated the effects of PRMT1 and 241 

SUV39H1 inhibitors on breast cancer cell proliferation and migration. MDA-MB-231 cells were 242 

treated with the PRMT1 inhibitor GSK3368715 and the SUV39H1 inhibitor chaetocin, followed by 243 

WST-1 cell proliferation assays. The results showed that both GSK3368715 and chaetocin inhibited 244 

breast cancer cell proliferation in a dose-dependent manner (SFig. 1C–F). Next, we confirmed a 245 

synergistic effect between GSK3368715 and chaetocin using the drug interaction model (HAS 246 

model) (SFig. 1G). We selected pharmacologically relevant concentrations—200 nM GSK3368715 247 

and 100 nM chaetocin—for combination treatment of MDA-MB-231 cells and assessed their impact 248 

on proliferation and migration. The combination of GSK3368715 and chaetocin significantly 249 

enhanced the suppression of cell proliferation compared to either agent alone (Fig. 1F). Additionally, 250 

dual inhibition markedly reduced colony formation compared to either inhibitor alone (Fig. 1G), an 251 

effect phenocopying that induced by PRMT1 or SUV39H1 knockdown (SFig. 1H–I). Next, 252 

Transwell assays confirmed that the dual inhibition significantly impaired breast cancer cell 253 

migration (Fig. 1H). Moreover, we utilized the TAXIScan-FL assay to track and quantitatively 254 

assess cell migration and motility. Inhibition of either PRMT1 or SUV39H1 reduced the migration 255 

distance of breast cancer cells. Notably, the combination of the two inhibitors significantly 256 

suppressed migration distance to a greater extent than either inhibitor alone (Fig. 1I–K). These 257 

results demonstrate that the combined treatment with GSK3368715 and chaetocin exerts a 258 

synergistic effect in inhibiting breast cancer cell proliferation and migration in vitro. 259 

Furthermore, we employed nude mice bearing xenograft tumors to evaluate the in vivo 260 

antitumor efficacy of chaetocin alone, GSK3368715 alone, or their combination (Fig. 2A). Tumor 261 

growth was monitored over time, and at the experimental endpoint, both tumor volume and final 262 

tumor weight were significantly reduced in the combination group compared to either monotherapy 263 

group (Fig. 2B–D). To evaluate the systemic toxicity of the dual-inhibitor regimen, we conducted a 264 

comprehensive assessment including monitoring of body weight, serum biochemical parameters, 265 

hematological indices, and histopathological examination of major organs. No statistically 266 

significant changes in body weight were observed among the four groups (Fig. 2E). Serum analysis 267 

revealed no significant alterations in alanine aminotransferase (ALT), urea nitrogen (BUN), 268 

creatinine, or thromboxane B2 (TXB2) levels (Fig. 2F–I). Similarly, hematological indices—269 

including platelet count, hemoglobin concentration, and white blood cell count—showed no 270 
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significant differences across all four experimental groups (Fig. 2J–L). Histopathological evaluation 271 

of the liver, kidneys, small intestine, and stomach revealed no structural abnormalities (Fig. 2M and 272 

SFig. 2A). Collectively, these data indicate that the dual-inhibitor combination is well tolerated in 273 

this murine model.  274 

As previously reported, loss of PRMT1 or SUV39H1 induces spontaneous DNA damage. To 275 

assess this effect, we detected the formation of γH2A.X foci, a well-established marker of DNA 276 

double-strand breaks. Data showed that either individually or in combination significantly increased 277 

the number of γH2A.X foci in vivo (SFig. 2B), an effect phenocopying that induced by PRMT1 278 

knockdown (SFig. 2C), indicating that induction of DNA damage plays an important role in the 279 

antitumor activity of dual inhibition. Additionally, the expression level of Ki67 is significantly 280 

decreased upon treatment with dual inhibitors, confirming that dual inhibition of PRMT1 and 281 

SUV39H1 markedly suppresses tumor cell proliferation (SFig. 2D). 282 

Given the inhibitory effects of the two compounds on cancer cell migration in vitro, we next 283 

evaluated their efficacy in a metastatic mouse model. MDA-MB-231-Luc-D3H2LN cells were 284 

inoculated intracardially into nude mice, and treatment with chaetocin, GSK3368715, or their 285 

combination was initiated 10 days after inoculation (Fig. 2N). As expected, the combination group 286 

exhibited lower metastatic signals compared to either chaetocin or GSK3368715 monotherapy 287 

groups (Fig. 2O–P). Collectively, these results demonstrate that combined inhibition of PRMT1 and 288 

SUV39H1 has therapeutic potential for suppressing breast cancer growth and metastasis. 289 

 290 

Combination therapy targeting PRMT1 and SUV39H1 enhances immunotherapy responses  291 

Both SUV39H1 and PRMT1 inhibitors were administered to immunocompetent mice bearing 292 

tumors to evaluate their therapeutic potential in the context of an intact immune system. In addition 293 

to chaetocin, another selective SUV39H1 inhibitor F5446 also exhibited significant synergy with 294 

GSK3368715 (SFig. 3A–C). We therefore treated C57BL/6 mice bearing Py8119 tumors with either 295 

the GSK3368715–chaetocin or the GSK3368715–F5446 combination regimen (Fig. 3A). Both 296 

tumor volume and weight were decreased in mice treated with either inhibitor alone compared to 297 

controls. Notably, the combination therapy resulted in a more pronounced reduction in tumor size 298 

and weight than either monotherapy, further supporting the synergistic effect of two epigenetic 299 

inhibitors (Fig. 3B–D). No statistically significant changes in body weight, blood ALT, BUN, 300 

creatinine, TXB2 levels, or hepatic and renal histological architecture were observed across all the 301 

experimental groups (Fig. 3E–I and SFig. 3D), indicating that the dual-inhibitor combination is well 302 

tolerated in C57BL/6 mice model. 303 

Moreover, we assessed intratumoral immune cell infiltration by multiparametric flow 304 

cytometry and found that combination therapy significantly increased the infiltration of CD8+ T 305 

cells and natural killer (NK) cells within tumors, whereas no significant changes were observed in 306 

macrophages or B cells (Fig. 3J–M and SFig. 4A). Flow cytometry analysis also revealed a marked 307 

increase in the proportion of PD-L1–positive tumor cells following treatment with either chaetocin 308 
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or GSK3368715 alone, and a further enhancement upon combination treatment (Fig. 3N and SFig. 309 

4B).  310 

Given to the established link between PRMT1 or SUV39H1 inhibition and dsDNA or dsRNA 311 

sensing pathways, we quantified mRNA expression levels of key components in these pathways in 312 

py8119 cells treated with chaetocin, GSK3368715, or their combination by RT-PCR. We found that 313 

either PRMT1 or SUV39H1 inhibition activated the cGAS–STING pathway; however, only 314 

SUV39H1 inhibition induced activation of the RIG-I–MDA5–MAVS pathway. Notably, 315 

combination treatment synergistically upregulated IFN-β and IFN-stimulated genes including 316 

CXCL9 and CXCL10, as well as PD-L1. These findings demonstrate functional cooperativity 317 

between PRMT1 and SUV39H1 inhibition in activating IFN-β signaling (Fig. 3O). 318 

Next, we investigated whether dual inhibition of PRMT1 and SUV39H1 potentiates response 319 

to immune checkpoint blockade. Immunocompetent C57BL/6 mice bearing Py8119 syngeneic 320 

mammary tumors were treated with the dual-inhibitor regimen (GSK3368715 plus chaetocin), anti-321 

PD-L1 antibody, or their combination. To enhance the therapeutic relevance of immunotherapy and 322 

reduce the potential off-target toxicity, the doses of both inhibitors were reduced by one third. The 323 

dual inhibitors were administered for two cycles; anti-PD-L1 was then initiated to establish the 324 

combinatorial immunomodulatory regimen (Fig. 4A). As expected, the triple-combination 325 

therapy—dual inhibitors plus anti-PD-L1—significantly suppressed tumor growth compared with 326 

either dual inhibition alone or anti-PD-L1 monotherapy, demonstrating a synergistic antitumor 327 

effect (Fig. 4B–D). No significant differences were observed among the four groups in body weight 328 

change (Fig. 4E), serum ALT activity (Fig. 4F), BUN concentration (Fig. 4G), or histopathological 329 

architecture of liver and kidney tissues (Fig. 4H), indicating that the combination regimen is well 330 

tolerated. Collectively, these findings demonstrate that dual pharmacological inhibition of PRMT1 331 

and SUV39H1 synergizes with anti-PD-L1 therapy to enhance antitumor immunity.   332 

 333 

Dual inhibition increases the chromatin accessibility 334 

To elucidate the mechanism underlying dual inhibitor-mediated suppression of breast cancer 335 

progression, multi-omics analyses were performed on tumor tissues isolated from Py8119-336 

inoculated C57BL/6 mice. First, chromatin accessibility changes induced by dual inhibitor 337 

treatment were assessed using assay for transposase-accessible chromatin with high-throughput 338 

sequencing (ATAC-seq). Dual inhibition of SUV39H1 and PRMT1 resulted in an increase in 339 

chromatin accessibility across multiple genomic regions, identified 5,460 gained and 1,615 lost 340 

peaks in dual inhibitor-treated samples compared to controls (Fig. 5A–B). The individual 341 

contributions of PRMT1 and SUV39H1 to the observed chromatin accessibility changes were 342 

exhibited on the basis of differential peaks in either PRMT1 or SUV39H1 inhibition alone (SFig. 343 

5A–B). We then compared our ATAC-seq data with publicly available ChIP-seq datasets for the 344 

active chromatin marks H3K27ac and H3K4me3 (GSE178144). The results showed substantial 345 

overlap between the open chromatin regions induced by dual inhibitor treatment and the peak 346 
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regions of both H3K27ac and H3K4me3, suggesting their potential for transcriptional activation 347 

(Fig. 5C and SFig. 5C–D). These open chromatin regions were predominantly located in promoter 348 

regions, intergenic regions and intronic regions (Fig. 5D). GSEA enrichment analysis indicated that 349 

many of the up-regulated peaks were associated with biological processes such as cell migration, 350 

growth, immune response, and DNA damage response (Fig. 5E).   351 

Next, RNA-seq analysis identified 704 up-regulated and 369 down-regulated genes in dual 352 

inhibitor-treated samples compared to controls (Fig. 5F). The gained peaks from the ATAC-seq 353 

dataset were integrated with the up-regulated genes from the RNA-seq dataset, yielding 140 354 

overlapping genes (Fig. 5G). These genes were enriched in pathways associated with the regulation 355 

of cell migration, growth, inflammatory, and immune response (Fig. 5H). Representative genes 356 

associated with favorable prognosis in breast cancer patients were selected to illustrate their 357 

genomic accessibility profiles (Fig. 5I and SFig. 6). Collectively, these findings demonstrate that 358 

the increase in chromatin accessibility induced by dual inhibition of PRMT1 and SUV39H1 359 

contributes mechanistically to the suppression of tumor progression.   360 

 361 

The clinical relevance of targeting PRMT1 and SUV39H1 in breast cancer 362 

To investigate the clinical relevance of the epigenetic regulators PRMT1 and SUV39H1 in 363 

breast cancer, we first performed immunofluorescence staining to evaluate their expression in both 364 

breast cancer and normal tissues. Both proteins displayed significantly stronger signals in tumor 365 

tissues relative to normal tissues (Fig. 6 A–B), a result consistent with data from the TCGA database 366 

(Fig. 6C), thereby supporting their potential oncogenic functions in breast cancer development. Next, 367 

immunohistochemical analysis was carried out on human breast cancer tissue microarrays to assess 368 

protein expression levels. A positive correlation was observed between PRMT1 and SUV39H1 369 

expression in breast tumor specimens (Fig. 6D–E). Survival analysis revealed that patients with co-370 

high expression of PRMT1 and SUV39H1 exhibited significantly worse overall survival and 371 

disease-free survival compared to those with co-low expression (Fig. 6F–G). These findings 372 

collectively suggest that the concurrent overexpression of PRMT1 and SUV39H1 may serve as a 373 

prognostic indicator for poor outcomes in breast cancer patients. 374 

Furthermore, we examined the expression levels of PRMT1 and SUV39H1 in breast cancer 375 

organoids, confirming strong expression of both epigenetic regulators (Fig. 7A). Breast cancer 376 

organoids were treated with chaetocin alone, GSK3368715 alone, or the combination of both 377 

inhibitors. Consistent with our in vivo results, dual inhibition significantly suppressed organoid 378 

growth compared to single-agent treatments (Fig. 7B). Additionally, the combined treatment 379 

markedly reduced organoid size, as evidenced by live-cell imaging (Fig. 7C). Collectively, these 380 

results demonstrate that dual inhibition of PRMT1 and SUV39H1 impairs breast cancer progression. 381 

 382 

Discussion 383 

In this study, we identify a promising therapeutic strategy for breast cancer via dual 384 
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pharmacological inhibition of the epigenetic methyltransferases PRMT1 and SUV39H1. This dual 385 

inhibition synergistically suppresses breast cancer cell growth and metastasis by increasing the 386 

chromatin accessibility across multiple genomic regions. Furthermore, dual inhibition upregulates 387 

tumor cell-intrinsic PD-L1 expression, thereby sensitizing tumors to anti–PD-1 immunotherapy.  388 

GSK3368715, a selective small-molecule inhibitor of PRMT1, exhibits potent antiproliferative 389 

activity across multiple cancer types in both cellular and murine models [9]. This compound entered 390 

a phase I clinical trial for the treatment of solid tumors and diffuse large B-cell lymphoma 391 

[NCT03666988]. However, the trial was prematurely terminated due to limited clinical efficacy and 392 

severe adverse events—a higher-than-expected incidence of thromboembolic events at the 200 mg 393 

dose and an absence of measurable clinical benefit at lower doses (100 mg) [27]. It underscores a 394 

narrow therapeutic window and highlight the critical need to optimize dosing strategies that preserve 395 

antitumor efficacy while reducing prothrombotic risk. To address this challenge, our study employed 396 

a rationally selected intermediate dose (150 mg) of GSK3368715 in combination with the SUV39H1 397 

inhibitors (chaetocin and F5446). The dual inhibition of PRMT1 and SUV39H1 yields synergy, not 398 

merely additive effects (SFig. 1G and SFig. 3C). Given the thromboembolic incidence observed 399 

with monotherapy, we rigorously assessed the prothrombotic potential of the combination regimen 400 

through quantitative measurement of serum TXB2 levels and hematological indices. No significant 401 

hematologic toxicity was observed (Fig. 2I–L), and the regimen was well tolerated in murine breast 402 

cancer models. Thus, dual PRMT1–SUV39H1 inhibition at optimized doses represents a 403 

therapeutically viable and mechanistically rational strategy for breast cancer treatment. 404 

Prior work from our group demonstrated that PRMT1 interacts with SUV39H1 and methylates 405 

it at R378, which blocks the binding of SUV39H1 and E3 ligase MDM2, resulting in the 406 

stabilization of SUV39H1 [28]. This establishes a modification-dependent regulatory axis between 407 

the two enzymes. Here, PRMT1 inhibition by GSK3368715 promotes SUV39H1 ubiquitination and 408 

subsequent proteasomal degradation (Fig. 1C–E). The rescue experiments using the degradation-409 

resistant SUV39H1-K87A mutant provide direct functional evidence that the synergistic antitumor 410 

effect arises from coordinated disruption of the PRMT1–SUV39H1 regulatory axis, rather than 411 

independent parallel pathways. 412 

Emerging evidence implicates the roles of PRMT1 and SUV39H1 in antitumor immunity. 413 

SUV39H1 inhibition can trigger both dsRNA and dsDNA sensing [20], while PRMT1 loss can 414 

activate either dsDNA- or dsRNA-specific responses depending on cellular context [29, 30]. Here, 415 

dual inhibition of PRMT1 and SUV39H1 synergistically enhances the infiltration of both CD8+ T 416 

cells and NK cells. The increase in immune cell infiltration is predominantly driven by tumor cell–417 

intrinsic epigenetic reprogramming, as confirmed by our in vitro assays, which showed potent 418 

induction of IFN-β and several key chemokines upon dual-inhibitor treatment of tumor cells. 419 

However, arginine methylation and H3K9 methylation is implicated in T cell activation and 420 

differentiation [31, 32]. Thus, direct immune cell modulation by dual inhibitors cannot be excluded. 421 

The causal regulation of dual inhibition on CD8+ T cells and NK cells in vivo warrants further 422 
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investigation. 423 

Although PRMT1 and SUV39H1 inhibitors effectively activate the tumor immune 424 

microenvironment, the antitumor efficacy of dual PRMT1–SUV39H1 inhibition in the 425 

immunocompetent Py8119 xenograft model (Fig. 3B) was less pronounced than that observed in 426 

the immunocompromised MDA-MB-231 model (Fig. 2B). This discrepancy arises from two 427 

complementary mechanisms: first, MDA-MB-231 cells exhibit greater sensitivity to both chaetocin 428 

and GSK3368715 than Py8119 cells in vitro (SFig. 1C–F); second, dual inhibition of PRMT1 and 429 

SUV39H1 enhances CD8+ T cell and NK cell infiltration, but concurrently induces marked PD-L1 430 

upregulation in tumor cells (Fig. 3N), a canonical adaptive immune resistance mechanism. Thus, 431 

dual PRMT1–SUV39H1 inhibition exerts a dual-edged immunomodulatory effect: it augments 432 

cytotoxic lymphocyte infiltration while simultaneously engaging an adaptive immune escape 433 

pathway.  434 

Given that prior studies have established a link between PRMT1 or SUV39H1 inhibition and PD-435 

L1 expression [20, 29], we propose that dual inhibition of PRMT1 and SUV39H1 synergistically 436 

upregulates PD-L1 expression through two complementary epigenetic mechanisms. First, inhibition 437 

of SUV39H1 reduces H3K9me3 occupancy at the PD-L1 promoter. Second, PRMT1 inhibition 438 

promotes SUV39H1 degradation, thereby indirectly decreasing H3K9me3 abundance. Thus, 439 

concomitant PD-L1 blockade is necessary to fully realize the therapeutic potential of dual-inhibition. 440 
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Figure legends 544 
 545 
Fig. 1. Dual inhibition of PRMT1 and SUV39H1 suppresses breast cancer cell proliferation and 546 

migration in vitro. (A) Total proteins were extracted from MCF7 cells treated with the PRMT1 547 

inhibitor GSK3368715 (2 μM, 48 h) for LC-MS/MS. Volcano plots showing differentially expressed 548 

proteins in GSK3368715-treated versus untreated cells (P < 0.05; fold change ≥ 2.0 or ≤ 0.5) from 549 

four independent experiments. (B) Both MDA-MB-231 and MCF7 cells were treated with 550 

GSK3368715 at different time points and various concentrations, followed by Western blotting. (C) 551 

MDA-MB-231 cells were treated with GSK3368715 (2μM, 48 h) or PRMT1 siRNA (48 h), together 552 

with MG132 (25μM, 6 h), followed by Western blotting. (D) HA-ub and Flag-SUV39H1 (WT or 553 

K87R) was transfected into MDA-MB-231cells. Cells were treated with GSK3368715 (2 μM, 48 h) 554 

and MG132 (25μM, 6 h). Flag-SUV39H1 ubiquitination was detected by Co-IP. (E) HA-ub and 555 

Flag-SUV39H1 (WT or K87R) was transfected into control or PRMT1 siRNA-treated MDA-MB-556 

231cells. Flag-SUV39H1 ubiquitination was detected by Co-IP. (F) MDA-MB-231 cells were 557 

treated by GSK3368715 (200 nM) and/or chaetocin (100 nM) followed by WST-1 assays. *p< 0.05, 558 

**p< 0.01 by two-way ANOVA with Geisser-Greenhouse correction. (G-H) MDA-MB-231 cells 559 

were treated with GSK3368715 (200 nM) and/or chaetocin (100 nM), and followed by colony 560 

formation assays and transwell assays. (I-K) MDA-MB-231 cells were treated with GSK3368715 561 

(200 nM) and/or chaetocin (100 nM), followed by TAXIScan-FL. The movement trajectories of 562 

individual cells (I-J), and the distance of cell motility for each group (K) were analyzed. Data 563 

represent the mean ±SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by one-way ANOVA 564 

with multiple comparisons (G, H, K). 565 

 566 

Fig. 2. Combination therapy of PRMT1 and SUV39H1 inhibitors suppresses breast cancer growth 567 

and metastasis in vivo. (A-M) A schematic illustration of the experimental setup for MDA-MB-231 568 

cells in vivo (A). MDA-MB-231 cells were inoculated onto mammary fat pad of nude mice. After 569 

4 weeks, the mice were divided into 4 groups (n=5/group) and followed the intraperitoneal injection 570 

with inhibitors once every 2 days. Images of primary tumor (B), tumor growth curve (C), tumor 571 

weights (D), mice weights (E), blood ALT activity (F), BUN concentration (G), creatinine 572 

concentration (H), TBX2 concentration (I), platelet count (J), hemoglobin concentration (K), and 573 

white blood cell count (L). H&E staining of the liver and kidney tissues (M). (N-P) MDA-MB-231-574 

GFP cells were injected into nude mice through heart injection. Mice were divided into 4 groups 575 

(n=4/group) and treated with the inhibitors by intraperitoneal injection every two days (N). IVIS 576 

imaging on the 22nd day (O), and the fluorescence intensity (P). Data represent the mean ±SD, *p 577 

< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by two-way ANOVA with Geisser-Greenhouse 578 

correction (C) and one-way ANOVA with multiple comparisons (D-L, P). 579 

 580 

Fig. 3. Combination therapy with PRMT1 and SUV39H1 inhibitors enhances immune cell 581 

infiltration. (A-I) A schematic illustration of the experimental setup for Py8119 cells in vivo (A). 582 
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Mouse py8119 cells were inoculated onto mammary fat pad of C57 mice (n=6/group). Images of 583 

primary tumor (B), tumor weights (C), tumor growth curve (D), mice weights (E), blood ALT 584 

activity (F), BUN concentration (G), creatinine concentration (H), TBX2 concentration (I). (J-N) 585 

Tumors from six groups were digested into a single cell suspension for multiparametric flow 586 

cytometry. Cell populations of CD8+ T cells, NK cells, macrophages, B cells, and PD-L1+ cells were 587 

quantified. (O) Py8119 cells were treated with GSK3368715, chaetocin or the combination. The 588 

total RNA was extracted for RT-qPCR. Data represent the mean ±SD, *p < 0.05, **p < 0.01, ***p 589 

< 0.001, ****p < 0.0001 by two-way ANOVA with Geisser-Greenhouse correction (D) and one-590 

way ANOVA with multiple comparisons (C, E-N). 591 

 592 

Fig. 4. Dual inhibition enhances the response to immunotherapy. (A) Py8119 cells were injected 593 

into C57BL/6N mice. Mice were divided into 4 groups (n=5/group) and administrated with dual 594 

inhibitors and/or InVivoMAb anti-PD-L1. (B) Images of primary tumor. (C) Tumor weights. (D) 595 

Tumor growth curve. (E) Mice weights. (F) Blood ALT activity. (G) BUN concentration. (H) HE 596 

staining of the liver and kidney tissues. Data represent the mean ±SD, *p < 0.05, **p < 0.01, ***p 597 

< 0.001, ****p < 0.0001 by two-way ANOVA with Geisser-Greenhouse correction (D), and one-598 

way ANOVA with multiple comparisons (C, E, F, G).  599 

 600 

Fig. 5. Multi-omics analysis reveals chromatin accessibility changes induced by dual inhibitors. (A) 601 

Heatmap and profile of ATAC-seq signals sorted on the basis of differential peaks in the dual-602 

inhibitor group. (B) Total number of peaks identified by ATAC-seq analysis of control and dual-603 

inhibitor groups. (C) Profile plot of ATAC-seq read density across H3K27ac and H3K4me3 ChIP-604 

seq peak centers. (D) Pie chart showing the genomic distribution of treat-specific open chromatin 605 

regions. (E) GO analysis for genes corresponding to the up-regulated peaks in B. (F) Volcano plot 606 

showing downregulated and upregulated genes in dual-inhibitor treat versus control. (G) Venn 607 

diagram showing the intersection of genes with increased accessibility and upregulated genes at the 608 

transcriptional level. (H) GO analysis for the overlapped genes in G. (I) Genomic tracks of 609 

representative genes in ATAC-seq, RNA-seq, and ChIP-seq. 610 

 611 

Fig. 6. High PRMT1 and SUV39H1 is associated with poor outcomes in breast cancer patients. (A-612 

B) Multiple IF staining was performed in tissue sections from 25 cases of breast invasive ductal 613 

carcinoma and 8 cases of normal breast tissue using PRMT1 and SUV39H1 antibodies. 614 

Representative images (A) and the fluorescence intensities of PRMT1 and SUV39H1 (B). *p < 0.05, 615 

**p < 0.01 by unpaired t test with Welch's correction. (C) Analysis of expression of SUV39H1 and 616 

PRMT1 in breast cancer patients’ samples obtained from Oncomine datasets. (D-G) PRMT1 and 617 

SUV39H1 protein expression levels were assessed by immunohistochemistry (IHC) in a tissue 618 

microarray comprising 135 breast cancer patients. Representative IHC images illustrating high-619 
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expression (patient #1) and low-expression (patient #2) cases (D). Pearson and Spearman correlation 620 

tests (n=135) (E). Kaplan–Meier survival analysis was performed using overall survival data from 621 

breast cancer patients, based on immunohistochemical expression levels in tissue sections. Patients 622 

were stratified into a “both high-expression” group (n = 47) and a “both low-expression” group (n 623 

= 62) (F-G). 624 

 625 

Fig. 7. Dual inhibition suppresses the growth of breast cancer organoids. (A) Representative HE 626 

staining images, immunohistochemistry staining of PRMT1 and SUV39H1 in breast cancer 627 

organoids. (B) The viability of breast cancer organoids derived from 8 patients was assessed after 628 

72-hour treatment with 0.1% DMSO, 200 nM GSK, 100 nM Chaetocin, 200 nM GSK plus 100 nM 629 

Chaetocin, using the CellTiter-Glo 3D Cell Viability Assay. Data are presented as mean ± SD. ***p 630 

< 0.001, and ****p < 0.0001 by one-way ANOVA (n=8). (C) Representative AO/PI staining images 631 

from B. 632 
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