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REVIEWER COMMENTS 

 

Reviewer #1 (Epigenetic regulation of cancer immunity)(Remarks to the Author): 

 

The manuscript provides a comprehensive analysis of the role of PRMT3 in regulating anti-tumor 

immunity in hepatocellular carcinoma (HCC), through a series of in silico analyses and in vivo studies. 

The authors identified PRMT3 as a key player associated with CD8 T cell abundance, cytotoxic signature, 

patients’ survival, and response to immune checkpoint blockade (ICB) therapy in TCGA-LIHC and in-

house datasets. The study further identified HSP60 as a PRMT3 substrate and explored its function in 

mediating anti-tumor immunity, shedding light on mitochondrial homeostasis and concomitant 

activation of type I interferon pathways via mtDNA leakage/cGAS/STING activation. The study then 

provides data to suggest that targeting PRMT3 in HCC effectively enhanced anti-PD-1 immunotherapy in 

both subcutaneous and spontaneous mouse HCC models. 

 

A recent publication demonstrates the role of PRMT3 in regulating the anti-viral innate immune 

response (PMID: 37639603), where PRMT3 inhibition activated type I interferon pathway through 

methylation of RNA- and DNA-sensors. The current study is somewhat similar, given the parallels 

between the control of innate immune response in viral infection and the anti-tumor immune response. 

The hypothesis underlying this study was rigorously explored through well-organized experiments. 

However, to substantiate authors main conclusions, the authors need to consider addressing the 

following points: 

 

1. To ensure consistency across multiple datasets, evaluating patients' overall and progression-free 

survival in the TCGA-LIHC dataset is essential. Figure 1D should provide comprehensive information, 

including the number of patients in each subset, the expression level of PRMT3 in each patient’s group, 

and a clear description of the method used to analyze patients’ data. 

2. The data presented in Figure 1G requires a detailed explanation of how to interpret the MRI images. 

Additionally, please detail the statistical methods employed to determine significance in Figures 1H and 

1J. It is also recommended to present quantitative data on low/high PRMT3 expression in Figures 1H-1K. 

3. The authors suggest that T-cell activation induces PRMT3 expression through IFNg-STAT1 pathways 

(Figure 2). Furthermore, the authors claimed a positive correlation between the IFNg-dependent 

transcriptional program (STAT1) and PRMT3 expression (line 167 ~ line 171). To strengthen this claim, 

authors should investigate whether IFNg pathway genes (Ccl5, Cxcl10, Isg15) positively correlate with 

PRMT3, like STAT1. Moreover, test IFNg-STAT1-dependent induction of PRMT3 in multiple HCC cell lines. 

4. Please demonstrate whether the STAT1 binding region is conserved within the PRMT3 promoter in the 

mouse genome and show STAT1 binding to the mouse PRMT3 promoter. 

5. Figure 2 requires additional information: the amount of CM, treatment time of the conditioned 

medium (CM), and IFNg (Figures 2E, 2I, and 2K). Please provide blots for STAT1 expression after STAT1 

knockdown (Figure 2I) and data without IFNg treatment (Figure 2K) 

6. Does PRMT3 knockout, HSP60 knockdown, or the presence of PRMT3 inhibitor induce cell death that 

elicits inflammation/immune reaction? 

7. Given the significant changes in T cell abundance and activation by PRMT3 KO or its inhibition, authors 

should determine whether the neutralization of CD8, CD4 T cells, or NK cells attenuates tumor growth 

inhibition. 



8. Please provide direct evidence to support the causative role of HSP60 oligomerization in anti-tumor 

immunity. Likewise, please demonstrate whether the HSP60 mutant with defective oligomerization 

exhibits the same phenotypes observed in the methylation-defective mutant. 

9. To support the authors' conclusion of immune dependency, authors should evaluate the tumor growth 

upon HSP60 knockdown (Figure 5B) in immune-compromised mice (e.g., NSG). 

10. Please display the activation of STING (phosphorylation, oligomerization) in the immunoblots shown 

in Figure 6. Reassess whether the "+/-" signs are appropriately aligned in Figure 6H. 

11. Provide the PRMT3 expression in different cell types in the tumor niche of HCC from publicly 

available scRNAseq data. Given the comparable effects of global (pharmacologic) and genetic (tumor 

cell-specific) inhibition of PRMT3 on tumor growth and therapeutic outcomes, discuss the potential 

influence of global PRMT3 inhibition on other cell types in the tumor niche, including immune cells and 

stroma cells. 

12. Considering a recent publication suggesting that PRMT3 represses the innate immune response in 

viral infection (PMID: 37639603), authors should determine and discuss the possibility of PRMT3's 

involvement in the methylation of cytosolic RNA and DNA sensors, such as RIG-I, MDA5, and cGAS. 

 

 

 

Reviewer #2 (ICB/cancer immune therapy)(Remarks to the Author): 

 

The paper by Shi et al describes a role for an IFNg-induced methyltransferase (PRMT3) in acquired 

resistance to immunotherapy. Expression of this methyltransferase correlated with T cell infiltration and 

clinical outcome in HCC patients and tissue slide staining confirmed this on protein level in two HCC 

patient cohorts receiving checkpoint therapy. PRMT3 is upregulated by IFNg and prevented T cell 

infiltration in mouse HCC tumor models. Extensive mechanistic experiments using gene knockdowns and 

chemical inhibitors in tumor cells demonstrated the pathway of PRMT3-> HSP60 oligomerization in 

mitochondria-> prevention of cGAS/STING activation->prevention of T cell infiltration. In addition, re-

expression studies of WT genes or mutant genes confirmed the findings. Finally, PRMT3 inhibition 

resulted in much stronger growth delay in immunocompetent mice compared to immunodeficient mice 

and sensitizes tumors for checkpoint therapy. The specific inhibitor SGC707 represents an ideal inhibitor 

of this immune resistance pathway and ready seems for clinical use. PRMT3 is suggested to block a 

feedforward accumulation of IFNg-induced tumorimmunity, in which initial responses are hampered but, 

moreover, inhibition of this molecule even can provoke inflammation in cold tumors. 

The study is well organized, well presented and extremely well controlled. Conclusions are supported by 

the data. Discussion includes open questions and unresolved issues. 

 

Comments: 

1. HCC can have a viral cause or can be sporadic. Does the effect of PRMT3 mainly play a role in the virus-

induced cancers? Patient databases can be analysed for this. 

2. Is there a reason why this resistance mechanism is only functional in HCC? Correlations between T cell 

profiles and PRMT3 levels (fig 1) can be analysed in other cancer types, including checkpoint sensitive 

cancers. 

3. Fig 1: correlation between cytotoxic signature score and PRMT3 expression is rather poor, especially 

the PRMT3 low tumors display seem to allow T cell infiltrate (fig 1b-c). In the other panels, samples are 



divided between PRMT3 low and high tumors. Were all samples included in these analyses of fig 1d-k? 

Were samples allocated based on median? Or were only extremes taken for PRMT3 expression in 

tumors? 

4. Figure 2 shows IFNg-induced expression of PRMT3 and that (obviously) STAT1 is indispensable for this. 

However type I interferons also transduce signals via STAT1, do they also induce expression of PRMT3? 

5. Correlations with T cell influx after PRMT3 inhibition are consistent throughout the study, but fig 3 also 

shows a dramatic shift in B cell influx in PRMT3-knockout tumors. RAG knockout mice were used to show 

involvement of the immune system, but these mice also lack B cells. A direct role for T cells should be 

demonstrated with antibody (aCD4 and aCD8) depletion experiments during treatment in a mouse 

tumor model. 

6. Fig 6 and 7 show upregulation of some STING targets as a result of PRMT3 shutdown, but the relevant 

CXCL9/10/11 chemokines, which are often responsible for T cell attraction to tumors, were not tested. 

This is important since the final result is more T cell influx. 

7. In their previous paper on PRMT3 (ref 13, Nat Comm 2023) authors show IGF2BP1 as a downstream 

target after oxaliplatin treatment. Why was this molecule not found among the pulldown proteins in this 

study? One would expect similar targets after high expression of PRMT3, unless this enzyme itself is 

modified differently depending on the type of treatment? 

 

 

Reviewer #3 (HCC)(Remarks to the Author): 

 

The authors reported that PRMT3 acts as a novel driver of immunotherapy resistance in HCC. They first 

found that PRMT3 expression was induced by activated T cells in response to ICB via IFN-γ-STAT1 

signaling pathway, and that high PRMT3 expression inversely correlates with tumor-infiltrating CD8+ T 

cells and predicts poor response to ICB in HCC patients. Mechanically, they revealed that PRMT3 

methylated the mitochondrial chaperone protein HSP60 at R446 to induce its oligomerization for 

maintenance of mitochondrial homeostasis in tumor cells. Loss of PRMT3 caused mitochondria damage 

to release mtDNA into cytosol to trigger cGAS-STING activation and subsequent antitumor immunity. 

PRMT3 inhibition further enhanced the efficacy of ICB treatment anti-PD1 efficacy in HCC mouse models. 

Overall, the findings reported are intriguing, however, addressing the points below is necessary to 

strengthen and validate the proposed model and increase the accuracy and reliability of the results. My 

specific comments are listed here below. 

Major points 

1. More clinical HCC tumor samples should be included for WB detection of PRMT3 in Fig S2A, and Fig 2B 

and 2C. 

2. In Fig S3A, the authors showed that Myc/Trp53-/- tumors had very few CD8+ T cell infiltration levels, 

which was responsible for the failure in PRMT3 elevation after anti-PD1 treatment. However, they only 

conducted immunofluorescence to examine CD8 T cell infiltration. Flow cytometry analysis should be 

included. In addition, according to the paper (PMID: 34290403 DOI: 10.1038/s41586-021-03741-7), both 

Hepa1-6 and Myc/Trp53-/- mouse liver cancer had basal infiltration of CD8 T cells, and combination 

treatment of Lenvatinib and gefitinib further increased influx CD8+ T cells in these tumors. Why the 

authors obtained the inconsistent results and reached the conclusion that Myc/Trp53-/- are immune 

“cold” tumor here? The author may deplete CD8 T cells to further examine their effects on PRMT3 

expression in Hepa1-6 tumor bearing mouse models. 



3. IFNγ and TNFa are cytokines that are released by effector CD8+ T cells. They should also examine the 

effects of TNFa on PRMT3 expression. The authors used IFNγ to directly treat tumor cells for detecting 

PRMT3 expression. They may add the indicated inhibitors of IFNγ and TNFa into CD8+ T-cell supernatant 

and check tumor intrinsic PRMT3 expression after incubation. 

4. In Fig 4K, why Prmt3-KO or PRMT3 inhibition notably decreased the oligomerization of HSP60, but 

failed to increased HSP60 monomers? In Fig 5I and J, the tumor volume of PRMT3+ HSP60-WT seems to 

be comparable to that of PRMT3+ HSP60-RK, and in line 321-325, the description is logically mistaken. 

The conclusion “These findings suggest that other PRMT3 substrates may also contribute to the effects 

of PRMT3-OE on HCC growth and T cell infiltration” is not that appropriate. These results seemed to 

suggest that PRMT3 arginine methylation of HSP60 is required for the promoting HCC growth, since the 

tumor growth and T cell infiltration of HSP60-WT and HSP60-RK were both at comparable levels in the 

absence of PRMT3. 

5. In Fig 6C-E, the author attempted to demonstrate that lack of PRMT3-HSP60 caused mtDNA leakage 

into cytosol, but the confocal images were not clearly clarified. First, it is impossible that mtDNAs were 

not detected in mitochondria of WT cells. It is well-acknowledged that TOM20 indicates mitochondrion 

but not mtDNA. TFAM is the specific mtDNA binding protein, which should be stained to precisely 

indicate the locations of dsDNA (PMID: 26305956, PMID: 38168624). 

6. The authors only examined pTBK1 and pIRF3 to indicate cGAS activation. cGAMP production, the 

direct readout of cGAS activation, should be evaluated after inhibition of PRMT3-HSP60. Alternatively, 

the authors may compare the differences between cGAS-KD and WT cells to highlight the importance of 

cGAS in this paper. 

7. It has been reported that PRMT3 directly interacts with cGAS and catalyzes its asymmetric 

demethylation (PMID: 37639603). It will be a good supplementation to this work if the authors evaluate 

the effects of PRMT3 on cGAS activity. And the authors may further evaluate the effects of PRMT3 

inhibitor on antitumor immunity in WT and cGAS-KD tumor models. 

Minor: 

In Fig 6H, Figure labels should be corrected. 

In Fig 6I, does the authors mistake the labels “pTBK” and “TBK1”? 

In Line 369, “Fig. 7H, I” should be corrected to Fig. 6H, I. 

Based on the comments above, my verdict of this study is "major revision". 

 



Point-by-point response to the reviewers’ comments 

REVIEWER COMMENTS 

 

Reviewer #1 (Epigenetic regulation of cancer immunity) (Remarks to the Author): 

 

The manuscript provides a comprehensive analysis of the role of PRMT3 in regulating anti-

tumor immunity in hepatocellular carcinoma (HCC), through a series of in silico analyses 

and in vivo studies. The authors identified PRMT3 as a key player associated with CD8 T 

cell abundance, cytotoxic signature, patients’ survival, and response to immune checkpoint 

blockade (ICB) therapy in TCGA-LIHC and in-house datasets. The study further identified 

HSP60 as a PRMT3 substrate and explored its function in mediating anti-tumor immunity, 

shedding light on mitochondrial homeostasis and concomitant activation of type I interferon 

pathways via mtDNA leakage/cGAS/STING activation. The study then provides data to 

suggest that targeting PRMT3 in HCC effectively enhanced anti-PD-1 immunotherapy in 

both subcutaneous and spontaneous mouse HCC models. 

 

A recent publication demonstrates the role of PRMT3 in regulating the anti-viral innate 

immune response (PMID: 37639603), where PRMT3 inhibition activated type I interferon 

pathway through methylation of RNA- and DNA-sensors. The current study is somewhat 

similar, given the parallels between the control of innate immune response in viral infection 

and the anti-tumor immune response. The hypothesis underlying this study was rigorously 

explored through well-organized experiments.  

We thank this reviewer for the insightful and constructive comments and the recognition of 

the strength of our study. We have addressed this reviewer’s concerns by including 

additional data and a detailed description of results and methods in the revised manuscript 

(see below).  



 

However, to substantiate authors main conclusions, the authors need to consider 

addressing the following points: 

1. To ensure consistency across multiple datasets, evaluating patients' overall and 

progression-free survival in the TCGA-LIHC dataset is essential. Figure 1D should provide 

comprehensive information, including the number of patients in each subset, the 

expression level of PRMT3 in each patient’s group, and a clear description of the method 

used to analyze patients’ data. 

We thank this reviewer for the comments. As requested, we have included the correlation 

between PRMT3 expression and the overall survival and progression-free survival in the 

TCGA-LIHC dataset in the Results section (Supplementary Fig. 2A-B) (Page 5 Line 96-

line 99, Page 5 Line 102- page 6 line 104). Also, we have included a detailed description 

of the SYSUCC HCC cohort, and the methods used for analyzing the data used for Fig. 

1D in the Material and methods section (Page 29 line 626- page 30 line 629, Page 39 

line 841- line 843). Furthermore, the expression levels of PRMT3 in each group were 

included in our Source Data. 

 

Result: “Among these 16 genes, which show a negative correlation with both cytotoxic 

score and CD8+ T cell infiltration, we found that higher expression levels of 7 of them are 

strongly associated with shorter overall survival in HCC patients (Fig. 1A, Supplementary 

Fig. 2A).” (Page 5 Line 96-line 99) 

“Further analysis indicated that PRMT3 was also associated with shorter progression-free 

survival in HCC patients in TCGA-LIHC dataset (Supplementary Fig. 2B).” (Page 5 line 

102- page 6 line 104) 

Material and methods: “The cohort of HCC specimens, which included 228 HCC patients, 

and did not receive ICB treatment and were used for survival analysis, were collected from 

January 2010 to May 2015. Based on the median IHC scores, we then divided these 



patients into PRMT3-High group (112 patients) and PRMT3-Low group (116 patients).” 

(Page 29 line 626- page 30 line 629) 

“Cumulative survival time was estimated by the Kaplan-Meier method, and the log-rank 

test was performed to compare the survival between these two groups. P < 0.05 was 

considered statistically significant.” (Page 39 line 841- line 843) 

 

2. The data presented in Figure 1G requires a detailed explanation of how to interpret the 

MRI images. Additionally, please detail the statistical methods employed to determine 

significance in Figures 1H and 1J. It is also recommended to present quantitative data on 

low/high PRMT3 expression in Figures 1H-1K. 

As requested, we have included the following information the Material and methods section: 

(1) a detailed explanation of how to interpret the MRI images for data presented in Fig. 1G 

(Page 30 line 634- line 648); (2) detailed statistical methods employed to determine the 

significance in Fig. 1H and 1J (Page 39 line 838); and (3) quantitative data on PRMT3 

expression levels included in our Source Data.  

Material and methods:  

“We evaluated the MRI images to determine the efficacy of immunotherapy in HCC using 

the Response Evaluation Criteria in Solid Tumors (RECIST) Guidelines.1,2 Briefly, the 

image analysis was performed to measure the longest diameter for all target lesions and 

the responses are categorized into 4 groups: (1) complete response (CR)—the 

disappearance of all target lesions; (2) partial response (PR)—at least a 30% decrease in 

the sum of the longest diameter of target lesions, taking as reference the baseline sum 

longest diameter; (3) progressive disease (PD)—at least a 20% increase in the sum of the 

longest diameter of target lesions, taking as reference the smallest sum longest diameter 

recorded since the treatment started or the appearance of one or more new lesions;  (4) 

stable disease (SD)—neither sufficient shrinkage to qualify for partial response nor 

sufficient increase to qualify for progressive disease, taking as reference the smallest sum 

longest diameter since the treatment started. Complete response (CR) and partial 



response (PR) were defined as response (R). Progressive disease and stable disease 

were defined as non-response (NR). Each MRI image was evaluated by two independent 

radiologists in a single-blind method.” (Page 30 line 634- line 648)  

“Chi-Square Test was used to analyze the differences in the response rates.” (Page 39 

line 838) 

 

3. The authors suggest that T-cell activation induces PRMT3 expression through IFNg-

STAT1 pathways (Figure 2). Furthermore, the authors claimed a positive correlation 

between the IFNg-dependent transcriptional program (STAT1) and PRMT3 expression 

(line 167 ~ line 171). To strengthen this claim, authors should investigate whether IFNg 

pathway genes (Ccl5, Cxcl10, Isg15) positively correlate with PRMT3, like STAT1. 

Moreover, test IFNg-STAT1-dependent induction of PRMT3 in multiple HCC cell lines. 

We thank this reviewer for the constructive comments. As requested, we have examined 

the correlation between IFN pathway genes (Ccl5, Cxcl10, and Isg15) and PRMT3 

expression in TCGA-LIHC RNA-seq datasets (Supplementary Fig. 9M) in the Result 

section (Page 20 line 432- page 21 line 435). We found that the expression levels of IFN 

pathway genes (Ccl5, Cxcl10, and Isg15) were negatively correlated with PRMT3 

expression. Importantly, we provided additional data (Supplementary Fig. 4F) and a 

plausible explanation for these findings in the Results section (Page 9 line 173- line 180). 

Results (Page 9 line 173- line 180): “However, PRMT3 expression is only slightly 

upregulated at 24 hours but dramatically increased at 48 hours after IFNtreatment 

(Supplementary Fig. 4F). As expected, we indeed observed an upregulation of these IFN 

regulated genes at 24 hours, but their expression was dampened at 48 hours. These 

findings indicated that the upregulation of PRMT3 in response to IFN may suppress the 

expression of interferon-stimulated genes (ISGs), which play a critical role in the anti-tumor 

immunity. Consistent with this finding, we found that the effect of IFN on the induction of 

its downstream target genes was more effective in PRMT3-KO Hepa1-6 cells than in the 

control cells (Supplementary Fig. 4F).” 



Furthermore, we have tested test the IFN-STAT1-dependent induction of PRMT3 in 

additional HCC cell lines and have added these new findings to the Results section (Page 

9 line 170- line 173, Page 9 line 189- page 10 line 192).  

Results (Page 9 line 170- line 173): “To test this, we treated several HCC cell lines (PLC-

8024, Hepa1-6, and H22) with TNFand IFN for 24 and 48 hours, and found that IFNbut 

not TNFincreased PRMT3 expression in a time-dependent manner (Fig.2G, H, 

Supplementary Fig. 4E).”  

Results (Page 9 line 189- page 10 line 192): “We found that Stat1-KD effectively 

abrogated the elevation of Prmt3 mRNA and protein expression induced by IFN treatment 

(Fig. 2I, Supplementary Fig. 4I), which indicates that PRMT3 was regulated via the IFN-

STAT1 axis.”  

 

4. Please demonstrate whether the STAT1 binding region is conserved within the PRMT3 

promoter in the mouse genome and show STAT1 binding to the mouse PRMT3 promoter. 

We thank this reviewer for the comments. The STAT1 binding region found in the human 

PRMT3 promoter is not conserved within the mouse Prmt3 promoter (Supplementary Fig. 

4L). However, we found that STAT1 similarly binds to a region of mouse Prmt3 promoter 

that is not conserved between human and mouse. We have included these findings in the 

Results section (Page 10 line 194- line 200). Also, our results demonstrated that anti-PD1 

therapy, the conditioned medium (CM) prepared from cultured mouse CD8+ T cells, or 

mouse CD8+ T cell co-culture, and IFN stimulation up-regulated PRMT3 expression in 

HCC cells. Importantly, STAT1 knockdown (KD) in Hepa1-6 cells abolished the effect of 

IFN on PRMT3 up-regulation (Figure 2, Supplementary Fig. 4). Thus, our data 

supported the conclusion that STAT1 transcriptionally regulated PRMT3 in HCC. 

Results: “Also, we examined the ENCODE chromatin immunoprecipitation sequencing 

(ChIP-seq) data (HepG2 cell line) and found that STAT1 directly binds to the promotor 

region of PRMT3 (Fig. 2J),29 which contains STAT1 binding motif obtained from JASPAR 

and FIMO database 30, 31 (Supplementary Fig. 4K, L). We then performed ChIP-qPCR to 



examine the binding of STAT1 to PRMT3 promoter. We found that STAT1 indeed bound to 

the putative promoters of PRMT3 in PLC-8024 and Hepa1-6 HCC cells treated with IFN 

(Fig. 2K; Supplementary Fig. 4L).” (Page 10 line 194- line 200) 

 

5. Figure 2 requires additional information: the amount of CM, treatment time of the 

conditioned medium (CM), and IFNg (Figures 2E, 2I, and 2K). Please provide blots for 

STAT1 expression after STAT1 knockdown (Figure 2I) and data without IFNg treatment 

(Figure 2K) 

As requested, we have included detailed information for Figure 2 in the Materials and 

methods section (Page 32 line 683-line 691) and the corresponding figure legends (Page 

48 line 1085- line 1086, Page 48 line 1089- line 1090) in this revised manuscript.  

Materials and methods: “Tumor dissociation was performed using a Tumor Dissociation Kit 

(Miltenyi Biotec). In brief, fat, fibrous and necrotic areas were removed from the tumor 

sample. Then tumors were cut into small pieces of 2-4 mm. The tumor tissue was 

enzymatically digested using the kit components and the gentleMACS™ Dissociators. 

CD8+T cells in single-cell suspensions were purified from tumors using a magnetic cell 

sorting column purification system (CD8+ T Cell Isolation Kit, Miltenyi Biotec). The 

conditioned medium (CM) of sorted cells was collected after culturing the cells for 3 days. 

Then 2 ml CM was added into six-well plate to stimulate HCC cells for 48 hours.” 

Figure legends: “I. PRMT3 expression in Stat1-KD and control cells treated with IFN (20 

ng/ml, 48h) as shown by qRT-PCR and western blot (n=3 biologically independent 

samples).” (Page 48 line 1085- line 1086)  

“K. ChIP-qPCR was used to determine the binding of STAT1 to PRMT3 promoter region in 

PLC-8024 cells treated with IFN (20 ng/ml, 48h) (n=3 biologically independent samples).” 

(Page 48 line 1089- line 1090) 



 

6. Does PRMT3 knockout, HSP60 knockdown, or the presence of PRMT3 inhibitor induce 

cell death that elicits inflammation/immune reaction? 

We thank this reviewer for the comments. We don’t have direct evidence that PRMT3 

knockout, HSP60 knockdown, or the presence of PRMT3 inhibitor induce cell death that 

elicits inflammation/immune reaction at this stage (see below).  

It has been well established that several forms of cell death, including apoptosis, can elicit 

inflammatory response/immune reaction through releasing damage-associated molecular 

patterns (DAMPs).3 Also, although apoptosis is traditionally considered a non-

immunogenic form of cell death that prevents the release of intracellular contents because 

there is no loss of membrane integrity, recent studies suggest that apoptosis can be 

immunogenic under stress conditions such as chemotherapy or physical modalities. In our 

previous study,4 PRMT3-KO or PRMT3 inhibitor-induced apoptosis as indicated by 

elevated expression of cleaved-caspase 3.5 We did not observe any significant up-

regulation of HMGB1, a classical DAMP, in PRMT3-KD cells without stress conditions 

using our previous published RNA-seq dataset (GSE206502), but observed an 

upregulation of S100A9, another reported DAMP (increased by ~2.4 folds). Also, GSEA 

analysis of our previous RNA-seq dataset4 indicated that PRMT3-KD significantly up-

regulated several inflammation-related pathways (Additional Fig. 1, see below). Thus, 

we speculate that the upregulation of S100A9 and the inflammation-related pathways are 

caused by the impaired mitochondrial homeostasis and the activation of cGAS/STING 

pathway due to PRMT3 knockout or inhibition. Similarly, HSP60 knockdown could also 

activate inflammation-related pathways due to impaired mitochondrial homeostasis and 

the activation of cGAS/STING pathway. However, we cannot rule out the possibility that 

PRMT3 knockout, HSP60 knockdown, or the presence of PRMT3 inhibitor led to an 

increase in the secretion and release HMGB1 and other DAMPs that directly cause 

inflammation/immune reaction, which will warrant a future study.   



 

Additional Fig. 1. Gene set enrichment analysis identified inflammation-related pathways 

in PRMT3 -KD cells. 

 

7. Given the significant changes in T cell abundance and activation by PRMT3 KO or its 

inhibition, authors should determine whether the neutralization of CD8, CD4 T cells, or NK 

cells attenuates tumor growth inhibition. 

We thank this reviewer and other reviewers for the insightful comments. We have shown 

that neutralization of CD3+, CD4+, and CD8+ T cells attenuated tumor growth inhibition 

(Supplementary Fig. 6). Of note, the effects were more pronounced for anti-CD3 and anti-

CD8 compared to anti-CD4, suggesting that CD8 T cells may play a major role in 

suppressing tumor progression. Since we observed a dramatic decrease of NK cells in 

PRMT3-KO tumors as shown by the scRNA-seq analysis, we did not neutralize NK cells 

in the mice. These findings have been included in the Results section (Page 12 line 253- 

page 13 line 261). 

Results: “Given the significant changes in T cell abundance and activation by Prmt3-KO 

and PRMT3 inhibition, we then examined whether the effects of Prmt3-KO and PRMT3 

inhibition on tumor progression were mediated by CD8+ or CD4+ T cells. We treated tumor-

bearing mice with anti-CD3, anti-CD4, or anti-CD8 antibodies and found that neutralization 

of CD3+, CD8+ and CD4+ T cells indeed attenuated the tumor growth inhibition induced by 

Prmt3-KO (Supplementary Fig. 6A-F). Of note, the effect of anti-CD8 antibodies on tumor 

growth was more profound than anti-CD4 antibody. Collectively, our data suggest that T 

cells, especially the CD8+ T cells, indeed mediated the effects of PRMT3 KO or PRMT3 

inhibition on HCC progression.” 



 

8. Please provide direct evidence to support the causative role of HSP60 oligomerization 

in anti-tumor immunity. Likewise, please demonstrate whether the HSP60 mutant with 

defective oligomerization exhibits the same phenotypes observed in the methylation-

defective mutant. 

We thank this reviewer for the insightful comments. To determine a causative effect of 

HSP60 oligomerization in anti-tumor immunity, we decided to focus on HSP60 D3G 

mutation, which was previously reported to inhibit HSP60 oligomerization in several 

studies.6,7 To examine the role of HSP60 oligomerization in cGAS/STING signaling and 

anti-tumor immunity and whether the HSP60 mutant with defective oligomerization 

exhibited the same phenotypes observed in the methylation-defective mutant, we 

compared the effect of HSP60-D3G overexpression and HSP60-R446K overexpression in 

HSP60-KD cells on mtROS, mtDNA release, cGAMP level, IFNβ targets and IFNβ 

production. We found that the HSP60-D3G mutant with defective oligomerization displayed 

the same phenotypes as the methylation-defective HSP60-R446K mutant. We have added 

this to the Results (Page 21 line 441- line 457) and Discussion section (Page 28 line 601-

line 607). 

Results (Page 21 line 441- line 457): “To examine the role of HSP60 oligomerization in 

cGAS/STING signaling and anti-tumor immunity and whether the HSP60 mutant with 

defective oligomerization exhibited the same phenotypes observed in the methylation-

defective mutant. We examined whether HSP60-D3G,41 a mutant with defective 

oligomerization, was involved in immune modulation by comparing the effect of HSP60-

D3G overexpression and HSP60-R446K mutant overexpression in HSP60-KD cells on 

mtROS, mtDNA release, cGAMP level, IFNβ targets, and IFNβ production. We found that 

both HSP60-D3G and HSP60-R446K overexpression could not reverse the effect of 

HSP60-KD on mitoROS and membrane potential (Supplementary Fig. 10A, B). Similarly, 

both HSP60-D3G and HSP60-R446K overexpression could not attenuate cytosolic mtDNA 

leakage and decrease the cGAMP level induced by HSP60-KD in HCC cells 

(Supplementary Fig. 10C, D). Also, Similarly, HSP60-KD led to activation of the 



expression of ISGs and increased IFNβ production, which could not be reversed by either 

HSP60-D3G and HSP60-R446K overexpression (Supplementary Fig. 10E, F). 

Importantly, we found that HSP60-D3G and HSP60-R446K overexpression had 

comparable effects on mtROS, membrane potential, mtDNA leakage, cGAMP level, ISGs 

expression, and IFNβ production (Supplementary Fig. 10). Collectively, our data suggest 

that PRMT3 inhibition activated anti-tumor immunity by impairing HSP60 oligomerization 

in HCC.”  

Discussion (Page 28 line 601-line 607): “Moreover, we demonstrated that HSP60-D3G, a 

mutant with defective oligomerization,41 activated mtDNA-cGAS/STING-IFN pathway in 

HCC, and HSP60-D3G and HSP60-R446K overexpression had comparable effects on 

mtROS, membrane potential, mtDNA leakage, cGAMP level, ISGs expression and IFNβ 

production. Thus, these data suggested that HSP60 oligomerization was directly involved 

in anti-tumor immunity and PRMT3 inhibition activated anti-tumor immunity by impairing 

HSP60 oligomerization.”  

 

9. To support the authors' conclusion of immune dependency, authors should evaluate the 

tumor growth upon HSP60 knockdown (Figure 5B) in immune-compromised mice (e.g., 

NSG). 

We thank this reviewer for the constructive comments. We have examined the effect of 

HSP60 knockdown on tumor growth in immune-compromised NSG mice. We found that 

HSP60 knockdown also inhibited HCC growth in Hepa1-6 tumor bearing NSG mice 

(Supplementary Fig. 8B-D), consistent with previous findings that HSP60 plays an 

oncogenic role in various cancer types.8,9 However, we found that HSP60-KD more 

profoundly delayed tumor progression in immune-competent mice than in immune-

deficient mice (Supplementary Fig. 8B-G). Therefore, in addition to the cancer cell-

intrinsic functions of HSP60, anti-tumor immunity also contributed to the observed delay in 

tumor growth in HSP60-KD cells. We have included this in the Results section (Page 16 

line 334-line 336). 



Results: “HSP60-KD delayed tumor progression in both immune-deficient and immune-

competent mice, and its effects were more profound in immune-competent mice than in 

immune-deficient mice” (Page 16 line 334-line 336). 

 

10. Please display the activation of STING (phosphorylation, oligomerization) in the 

immunoblots shown in Figure 6. Reassess whether the "+/-" signs are appropriately aligned 

in Figure 6H. 

We thank this reviewer for the comments. As requested, we have included data showing 

the activation of STING using anti-phospho-STING antibody, a well-established method for 

examining the activation of cGAS/STING signaling as shown in previous publications.10-15 

We examined the phosphorylation of STING (p-STING) and total STING in the indicated 

groups and found that PRMT3-KO and HSP60-R442K mutant significantly increased the 

phosphorylation of STING. Since STING oligomerization occurs before STING 

phosphorylation, we did not examine STING oligomerization in our experiments.  Also, 

we have checked the "+/-" signs and they are appropriately aligned in Figure 6H in the 

current version. We have added a detailed description to the Results section (Page 19 line 

407- page 20 line 417). 

Results (Page 19 line 407- page 20 line 417): “We found that PRMT3-KO or PRMT3 

inhibition increased phosphorylation of TBK1, IRF3 and STING, key effectors in the 

cGAS/STING pathway, in Hepa1-6 cells and PLC-8024 cells (Fig. 6F, Supplementary Fig. 

9I). Importantly, PRMT3 inhibitor treatment of Myc/Trp53-/- mice also led to a drastic 

increase of phosphorylation of TBK1, IRF3 and STING in the spontaneous HCC tumor 

samples, accompanied by a dramatic decrease in ADMA that confirmed the effectiveness 

of PRMT3 inhibition in vivo (Fig. 6G). Similarly, HSP60-KD led to activation of cGAS/STING 

signaling as shown by increased phosphorylation of TBK1, IRF3 and STING (Fig. 6H, I), 

which was reversed by overexpression of HSP60-WT but not HSP60-R446K mutant.”  

 

11. Provide the PRMT3 expression in different cell types in the tumor niche of HCC from 



publicly available scRNAseq data. Given the comparable effects of global (pharmacologic) 

and genetic (tumor cell-specific) inhibition of PRMT3 on tumor growth and therapeutic 

outcomes, discuss the potential influence of global PRMT3 inhibition on other cell types in 

the tumor niche, including immune cells and stroma cells. 

As requested, we have analyzed several publicly available HCC scRNA-seq datasets 

(GSE149614, GSE156625 and GSE202642)16-18 to examine the expression of PRMT3 in 

different cell types. We also examined PRMT3 expression across different cell types using 

our immunofluorescence data. We found that PRMT3 was mainly expressed in epithelial 

cells and malignant cells in tumor niche. PRMT3 expression in immune cells and stroma 

cells was much less than tumor cells (Supplementary Fig. 14, Fig.1E). Since we observed 

comparable effects of global (pharmacologic) and genetic (tumor cell-specific) inhibition of 

PRMT3 on tumor growth and response to immune checkpoint therapy, the effects of 

pharmacologic inhibition of PRMT3 on immune cells and stroma cells may play a minor 

role in the response of HCC to immune checkpoint therapy. However, it is possible that 

PRMT3 inhibition in stromal cells and immune cells may impact other cellular processes, 

such as cell migration, invasion, and metastasis. To address this question, we will compare 

the single-cell transcriptomes of PRMT3-KO tumors and PRMT3 inhibitor-treated tumors 

in our future study. We have added this to the Discussion section (Page 27 line 571- line 

583). 

 

12. Considering a recent publication suggesting that PRMT3 represses the innate immune 

response in viral infection (PMID: 37639603), authors should determine and discuss the 

possibility of PRMT3's involvement in the methylation of cytosolic RNA and DNA sensors, 

such as RIG-I, MDA5, and cGAS. 

We thank this reviewer for the comments. As requested, we have explored the possibility 

that cytosolic RNA and DNA sensors, such as RIG-I, MDA5, and cGAS, can be methylated 

by PRMT3. We first examined whether PRMT3 binds to RIG-I, MDA5, and cGAS in HCC 

cells. We examined our IP-LC/MS data generated from HCC cells, and we did not identify 



RIG-I, MDA5, and cGAS as potential PRMT3 interacting proteins. Also, using a comparable 

immunoprecipitation condition as the PNAS paper,19 we performed Co-IP and found that 

endogenous PRMT3 could not interact with RIG-I, MDA5, and cGAS (Additional Fig. 2). 

Thus, RIG-I, MDA5, and cGAS may not be PRMT3 substrates and may not play a role in 

the regulation of type I interferon signaling inhibition by PRMT3 in HCC. We have added 

this to the Discussion section. (Page 26 line 563- page 27 line 569) 

Discussion: “Moreover, a recent publication suggested that PRMT3 represses the innate 

immune response in viral infection by methylating cytosolic RNA and DNA sensors, such 

as RIG-I, MDA5, and cGAS.49 However, RIG-I, MDA5, and cGAS were not identified in the 

IP-LC/MS. We also performed Co-IP and found that endogenous PRMT3 could not interact 

with RIG-I, MDA5, and cGAS (Data not shown). Thus, RIG-I, MDA5, and cGAS might not 

be substrates of PRMT3 and are unlikely to mediate the function of PRMT3 in the inhibition 

of type I interferon signaling in HCC.” (Page 26 line 563- page 27 line 569) 

 

Additional Fig. 2. WB analysis showed that endogenous PRMT3 did not interact with MDA5, 

cGAS and RIG-1 in Hepa1-6 cells using reciprocal co-immunoprecipitation. 



Reviewer #2 (ICB/cancer immune therapy)(Remarks to the Author): 

 

The paper by Shi et al describes a role for an IFNg-induced methyltransferase (PRMT3) in 

acquired resistance to immunotherapy. Expression of this methyltransferase correlated 

with T cell infiltration and clinical outcome in HCC patients and tissue slide staining 

confirmed this on protein level in two HCC patient cohorts receiving checkpoint therapy. 

PRMT3 is upregulated by IFNg and prevented T cell infiltration in mouse HCC tumor 

models. Extensive mechanistic experiments using gene knockdowns and chemical 

inhibitors in tumor cells demonstrated the pathway of PRMT3-> HSP60 oligomerization in 

mitochondria-> prevention of cGAS/STING activation->prevention of T cell infiltration. In 

addition, re-expression studies of WT genes or mutant genes confirmed the findings. 

Finally, PRMT3 inhibition resulted in much stronger growth delay in immunocompetent 

mice compared to immunodeficient mice and sensitizes tumors for checkpoint therapy. The 

specific inhibitor SGC707 represents an ideal inhibitor of this immune resistance pathway 

and ready seems for clinical use. PRMT3 is suggested to block a feedforward accumulation 

of IFNg-induced tumor immunity, in which initial responses are hampered but, moreover, 

inhibition of this molecule even can provoke inflammation in cold tumors. 

The study is well organized, well presented and extremely well controlled. Conclusions are 

supported by the data. Discussion includes open questions and unresolved issues. 

We thank this reviewer’s insightful and constructive comments and the recognition of the 

strength of our manuscript. We have addressed this reviewer’s concerns by including 

additional data and detailed description of results and methods in the revised manuscript 

(see below).  

 

Comments: 

1. HCC can have a viral cause or can be sporadic. Does the effect of PRMT3 mainly play 

a role in the virus-induced cancers? Patient databases can be analysed for this. 



We thank this reviewer for the comments. Our new analysis (see below) suggests that 

PRMT3 plays a similar role in virus-induced HCC and alcohol-related HCC.  

In SYSUCC cohort, the majority of the patients (90%) were HBV-related HCC. As shown 

in Fig. 1D and Supplementary Fig. 3, PRMT3 expression was associated with poor 

prognosis in HCC in SYSUCC cohort. We also analyzed the correlation between PRMT3 

expression and the prognosis of HBV-related HCC in SYSUCC cohort. As expected, high 

PRMT3 expression was also correlated with poor prognosis of HBV-related HCC. However, 

the majority of the patients (>90%) were alcohol-related HCC in TCGA-LIHC dataset. As 

shown in Supplementary Fig. 2A, B, PRMT3 expression was associated with poor 

prognosis in HCC in the TCGA-LIHC cohort. 

 

2. Is there a reason why this resistance mechanism is only functional in HCC? Correlations 

between T cell profiles and PRMT3 levels (fig 1) can be analysed in other cancer types, 

including checkpoint sensitive cancers. 

We thank this reviewer for the insightful and constructive comments. Based on the 

correlation between T cell profiles and PRMT3 levels in other cancer types (see below), 

this resistance mechanism may be functional in other cancer types, which will be explored 

in our future studies.   

We analyzed correlations between T cell profiles and PRMT3 levels in other cancer types 

using Timer 2.0 database20 and also found a negative correlation between PRMT3 

expression and CD8+ T cell infiltration, including in immunotherapy-sensitive cancer types 

(SKCM and KIRC) (Additional Fig. 3). Therefore, the effects of PRMT3 on immune 

infiltration might be a general mechanism across cancer types. Previous studies also 

proved that PRMT3 was involved in tumor progression and therapy resistance in several 

cancer types, including colorectal cancer, pancreatic cancer, endometrial carcinoma, and 

glioblastoma.21-24 



  

Additional Fig 3. Associations of PRMT3 expression with CD8+ T cell infiltration evaluated 

by CIBERSORT in TCGA-SKCM and TCGA-KIRC dataset. 

 

3. Fig 1: correlation between cytotoxic signature score and PRMT3 expression is rather 

poor, especially the PRMT3 low tumors display seem to allow T cell infiltrate (fig 1b-c). In 

the other panels, samples are divided between PRMT3 low and high tumors. Were all 

samples included in these analyses of fig 1d-k? Were samples allocated based on median? 

Or were only extremes taken for PRMT3 expression in tumors? 

We thank this reviewer for the comments. Although the correlation between CD8+ T cells 

and PRMT3 expression using CIBERSORT has an R score of -0.153, which is lower than 

that from ImmuneCell AI, it has a highly significant P value (P=4.51e-03). The difference in 

the R values could be due to the different methods used in the deconvolution of cell types 

using bulk RNA-seq data, and each of these algorithms has its own limitations. To further 

strengthen our conclusion, we further analyzed several public datasets and found a 

negative correlation between PRMT3 expression and T cell infiltration in melanoma and 

Glioblastoma using the Tumor Immune Dysfunction and Exclusion (TIDE database)25 

(Supplementary Fig. 2C). We have added these findings to the Results section (Page 6 

line 104- line 107). 

Also, we have provided detailed information regarding the correlation of PRMT3 



expression with HCC prognosis (Fig. 1D), immune infiltration (Fig. 1E-F), and response to 

immunotherapy (Fig. 1H-K) in the SYSUCC cohort. For Fig. 1D, a total of 20 samples were 

used in the analysis. In Figures 1E and 1F, 20 samples in each group were used for the 

analysis of immune infiltration of HCC samples in the SYSUCC cohort by multi-

immunofluorescence. In Figure H-K, 30 and 33 patients in 2 independent cohorts who 

received immunotherapy were enrolled for analyzing the correlation between PRMT3 

expression (determined by IHC) and treatment response. All samples were allocated into 

PRMT3-high and PRMT3-low groups based on the median of PRMT3 mRNA expression 

or IHC combined score (also see above for response to comments # 1 for reviewer 1). We 

also included the expression levels of PRMT3 for each patient’s group in our Source Data. 

 

4. Figure 2 shows IFNg-induced expression of PRMT3 and that (obviously) STAT1 is 

indispensable for this. However, type I interferons also transduce signals via STAT1, do 

they also induce expression of PRMT3? 

We thank this reviewer for the comments. Our new data showed that type I interferons 

have a subtle effect on the upregulation of PRMT3 expression in HCC cells, which has 

been added to the Results section (Page 10 line 200- line 204). We speculate that the 

difference between IFN and type I interferon on PRMT3 induction could be due to the 

difference in the active STAT1 transcription complex: IFN signaling induced nuclear 

localization of homodimer of STAT1 (STAT1:STAT1) whereas type I interferons induced 

nuclear localization of STAT1/STAT2 heterodimer (STAT1:STAT2)26, which might be not 

able to bind to PRMT3 promoter and transcriptionally regulate PRMT3 expression 

effectively. The mechanisms behind the different effects between IFN and type I interferon 

on PRMT3 induction will be examined in our future studies.  

Results: “Since type I interferons (e.g., IFN) also transduce signals via STAT1, we 

examined the effect of IFN on PRMT3 expression in PLC-8024 and Hepa1-6 cells and 

found that IFN slightly up-regulated PRMT3 (Supplementary Fig. 4M). These results 

suggested that PRMT3 were mainly induced by IFNsecreted by effector CD8+ T cell in 



the tumor immune microenvironment.” (Page 10 line 200- line 204) 

 

5. Correlations with T cell influx after PRMT3 inhibition are consistent throughout the study, 

but fig 3 also shows a dramatic shift in B cell influx in PRMT3-knockout tumors. RAG 

knockout mice were used to show involvement of the immune system, but these mice also 

lack B cells. A direct role for T cells should be demonstrated with antibody (aCD4 and aCD8) 

depletion experiments during treatment in a mouse tumor model. 

We thank this reviewer for the insightful comments. As requested, we have provided new 

data showing a direct role for T cells in the response of PRMT3-KO tumors or tumors 

treated with PRMT3 inhibitor SGC707. Since PRMT3-KO or inhibition significantly 

increased T cells infiltration, especially CD8+ and CD4+ T cells, we treated tumor-bearing 

mice with anti-CD4 or anti-CD8 neutralizing antibodies and found that neutralization of 

CD8+ or CD4+ T cells indeed attenuated tumor growth inhibition of PRMT3-KO tumors or 

tumors treated with PRMT3 inhibitor. Of note, neutralizing CD8+ T cells have a more 

profound effect than neutralizing CD4+ T cells, suggesting that T cells, particularly CD8+ T 

cells, largely mediated the effects of PRMT3 on anti-tumor immunity in HCC. We have 

added the detail description in the Result section of this revised manuscript (Page 12 line 

253- page 13 line 261). 

Results: “Given the significant changes in T cell abundance and activation by Prmt3-KO 

and PRMT3 inhibition, we then examined whether the effects of Prmt3-KO and PRMT3 

inhibition on tumor progression were mediated by CD8+ or CD4+ T cells. We treated tumor-

bearing mice with anti-CD3, anti-CD4, or anti-CD8 antibody and found that neutralization 

of CD3+, CD8+ and CD4+ T cells indeed attenuated the tumor growth inhibition induced by 

Prmt3-KO (Supplementary Fig. 6A-F). Of note, the effect of anti-CD8 antibodies on tumor 

growth was more profound than anti-CD4 antibody. Collectively, our data suggest that T 

cells, especially the CD8+ T cells, indeed mediated the effects of PRMT3 KO or PRMT3 

inhibition on HCC progression.” 

 



Although we demonstrated that the activation of T cell-dependent anti-tumor immunity 

mediates in large part the effects of PRMT3-KO or PRMT3 inhibition in HCC progression 

in multiple model systems, we also observed a significant increase in the total number of 

B cells and a significant decrease in monocytes and macrophages in Prmt3-KO Hepa1-6 

tumors (Fig. 3V). We will examine whether B cells, monocytes, and macrophages play a 

role in the response of HCC to immunotherapy in our future studies as described in the 

Discussion section (Page 29 line 611- line 618). 

 

6. Fig 6 and 7 show upregulation of some STING targets as a result of PRMT3 shutdown, 

but the relevant CXCL9/10/11 chemokines, which are often responsible for T cell attraction 

to tumors, were not tested. This is important since the final result is more T cell influx. 

We thank this reviewer for the insightful comments. We have tested the expression of 

CXCL9/10/11 in PRMT3-KO cells, PRMT3 inhibitor-treated cells, and the corresponding 

control cells. We found that PRMT3-KO and SGC707 treatment increased the expression 

of CXCL9/10/11 in PLC-8024 cells and Hepa1-6 cells, respectively (Supplementary Fig. 9J, 

K). We also observed an increase in CXCL9/10/11 in tumors from Myc/Trp53-/- mice treated 

with PRMT3 inhibitor (Fig. 6K). Similarly, HSP60-KD also led to an increase in the 

expression of CXCL9/10/11, which was reversed by HSP60-WT OE but not by HSP60-

R446 OE (Fig. 6M). Importantly, HSP60 WT or HSP60-R446 mutant OE in PRMT3-KO 

cells led to further activation of CXCL9/10/11, which were dramatically suppressed when 

PRMT3 was overexpressed (Fig. 6O). These findings suggest that PRMT3 expression and 

HSP60-R446 methylation were required for inhibition of cGAS/STING pathway. These new 

findings have been included in the Results section. (Page 20 line 421-line 424) 

Results: “We also observed an increase in interferon-stimulated genes (ISGs) (e.g., Cxcl9, 

Cxcl10, Cxcl11 and IFN production in tumors from Myc/Trp53-/- mice treated with PRMT3 

inhibitor, an in PRMT3-KO mouse and human HCC cells (Hepa1-6 and PLC-8024) (Fig. 

6K-L, Supplementary Fig. 9J-L).” (Page 20 line 421-line 424) 

 



7. In their previous paper on PRMT3 (ref 13, Nat Comm 2023) authors show IGF2BP1 as 

a downstream target after oxaliplatin treatment. Why was this molecule not found among 

the pulldown proteins in this study? One would expect similar targets after high expression 

of PRMT3, unless this enzyme itself is modified differently depending on the type of 

treatment? 

We thank this reviewer for the comments. We would like to clarify that IGF2BP1 was also 

identified as one of the proteins that were pulled down by PRMT3 in mouse HCC cell line 

Hepa1-6, but it was not among the top candidates. In contrast, IGF2BP1 was among the 

top 6 candidates for PRMT3-interacting proteins in PLC-8024 and HepG2 cells in our 

previous study. Although IGF2BP1 was also reported to regulate response to 

immunotherapy,27-29 we analyzed the correlation between CD8+ T cells infiltration and 

IGF2BP1 and HSPD1 and found that IGF2BP1 expression was not negatively correlated 

with CD8+ T cells infiltration (Additional Fig. 4). This result suggested that IGF2BP1 might 

not be involved in the suppression of T cell infiltration and T cell-mediated anti-tumor 

immunity by PRMT3 in HCC, but instead plays a role in the resistance to oxaliplatin as we 

reported previously.4 However, we cannot completely rule out the possibility that IGF2BP1 

also plays a role in anti-tumor immunity through mechanisms distinct from the 

PRMT3/HSP60-mediated STING/cGAS suppression. We have included this information in 

the Discussion section (Page 26 line 552-line 559). 

 

Additional Fig 4. Associations of IGF2BP1 and HSPD1 expression with CD8+ T cell 

infiltration evaluated by CIBERSORT in TCGA-LIHC dataset. 

 



Reviewer #3 (HCC) (Remarks to the Author): 

 

The authors reported that PRMT3 acts as a novel driver of immunotherapy resistance in 

HCC. They first found that PRMT3 expression was induced by activated T cells in response 

to ICB via IFN-γ-STAT1 signaling pathway, and that high PRMT3 expression inversely 

correlates with tumor-infiltrating CD8+ T cells and predicts poor response to ICB in HCC 

patients. Mechanically, they revealed that PRMT3 methylated the mitochondrial chaperone 

protein HSP60 at R446 to induce its oligomerization for maintenance of mitochondrial 

homeostasis in tumor cells. Loss of PRMT3 caused mitochondria damage to release 

mtDNA into cytosol to trigger cGAS-STING activation and subsequent antitumor immunity. 

PRMT3 inhibition further enhanced the efficacy of ICB treatment anti-PD1 efficacy in HCC 

mouse models. Overall, the findings reported are intriguing, however, addressing the points 

below is necessary to strengthen and validate the proposed model and increase the 

accuracy and reliability of the results.  

We thank this reviewer for recognizing the novelty of our study and the insightful and 

constructive comments. We have completely addressed all the concerns as detailed below. 

 

My specific comments are listed here below. 

Major points 

1. More clinical HCC tumor samples should be included for WB detection of PRMT3 in Fig 

S2A, and Fig 2B and 2C. 

As requested, we have included more clinical HCC tumor samples in the WB analysis of 

PRMT3 expression. Consistent with our previous results, PRMT3 was significantly up-

regulated in tumor tissues and anti-PD1 treated HCC samples compared to normal and 

tumor tissues from patients without anti-PD1 treatment, respectively (Supplementary Fig. 

2A and supplementary Fig. 3A, B). 

 



2. In Fig S3A, the authors showed that Myc/Trp53-/- tumors had very few CD8+ T cell 

infiltration levels, which was responsible for the failure in PRMT3 elevation after anti-PD1 

treatment. However, they only conducted immunofluorescence to examine CD8 T cell 

infiltration. Flow cytometry analysis should be included. In addition, according to the paper 

(PMID: 34290403 DOI: 10.1038/s41586-021-03741-7), both Hepa1-6 and Myc/Trp53-/- 

mouse liver cancer had basal infiltration of CD8 T cells, and combination treatment of 

Lenvatinib and gefitinib further increased influx CD8+ T cells in these tumors. Why the 

authors obtained the inconsistent results and reached the conclusion that Myc/Trp53-/- are 

immune “cold” tumor here? The author may deplete CD8 T cells to further examine their 

effects on PRMT3 expression in Hepa1-6 tumor bearing mouse models. 

We thank this reviewer for the comments. As requested, we have included flow cytometry 

analysis of CD8+ T cell infiltration and found that CD3+CD8+ T cell infiltration in Myc/Trp53-

/- tumors was significantly less than Hepa1-6 subcutaneous tumor (Supplementary Fig. 4D). 

Also, we would like to clarify why we stated that HCCs from Myc/Trp53-/- are immune “cold” 

tumors. We agree with this reviewer that both Hepa1-6 and Myc/Trp53-/- mouse liver 

cancer had basal infiltration of CD8 T cells. Indeed, we also detected CD8+ T cell infiltration 

in Myc/Trp53-/- tumors, which accounts for lower than 10% of the total infiltrated immune 

cells (Fig. 3T, Fig. 6J, and Fig. 7Q), which was consistent with previous results (~5%) 

(PMID: 34290403 DOI: 10.1038/s41586-021-03741-7). However, CD8+ T cell infiltration in 

Hepa1-6 tumor was more than 20% as we showed in Figures 3, 5, 7, 8, which was much 

more than the Myc/Trp53-/- tumors. That is why we consider Myc/Trp53-/- tumors as 

relatively “cold” tumors compared to Hepa1-6 tumors. Regardless, we have made changes 

to our description of the results to reflect such a comparison. (Page 11 line 234, Page 12 

line 236, Page 24 line 504). 

Also, we treated mice with the neutralizing anti-CD4 or anti-CD8 antibodies and found that 

neutralization of CD8+ and CD4+ T cells indeed attenuates tumor growth inhibition. Of note, 

neutralizing CD8+ T cells has a more profound effect than neutralizing CD4+ T cells, 

suggesting CD8+ T cells play a major role in the effect of PRMT3 KO or PRMT3 inhibition. 

These results strongly support the notion that T cells, particularly CD8+ T cells largely 



mediated the effects of PRMT3 on anti-tumor immunity in HCC. We have added these 

findings to the Result section (Page 12 line 253- page 13 line 261). 

Results: “Given the significant changes in T cell abundance and activation by Prmt3-KO 

and PRMT3 inhibition, we then examined whether the effects of Prmt3-KO and PRMT3 

inhibition on tumor progression were mediated by CD8+ or CD4+ T cells. We treated tumor-

bearing mice with anti-CD3, anti-CD4, or anti-CD8 antibodies and found that neutralization 

of CD3+, CD8+, and CD4+ T cells indeed attenuated the tumor growth inhibition induced by 

Prmt3-KO (Supplementary Fig. 6A-F). Of note, the effect of anti-CD8 antibodies on tumor 

growth was more profound than anti-CD4 antibody. Collectively, our data suggest that T 

cells, especially the CD8+ T cells, indeed mediated the effects of PRMT3 KO or PRMT3 

inhibition on HCC progression.” 

 

3. IFNγ and TNFa are cytokines that are released by effector CD8+ T cells. They should 

also examine the effects of TNFa on PRMT3 expression. The authors used IFNγ to directly 

treat tumor cells for detecting PRMT3 expression. They may add the indicated inhibitors of 

IFNγ and TNFa into CD8+ T-cell supernatant and check tumor intrinsic PRMT3 expression 

after incubation. 

We thank this reviewer for the comments. As requested, we have examined the effects of 

TNF on PRMT3 expression in PLC-8024 and Hepa1-6 cells. We found that TNF failed 

to induce PRMT3 expression at both 24 and 48 hours (Supplementary Fig. 4E). Also, we 

further investigated the effect of IFN and TNF on PRMT3 expression by adding inhibitors 

of IFN (IFN- Antagonist 1 acetate)30 and TNF (R-7050)31 into CD8+ T-cell supernatant 

and check tumor intrinsic PRMT3 expression in PLC-8024 and Huh7 cells after incubation. 

We found that PRMT3 induction was significantly attenuated by the addition of inhibitor of 

IFN, but not inhibitor of TNF, to the CD8+ T-cell supernatant (Supplementary Fig. 4H). 

These results suggested that IFN, but not TNF, was secreted by CD8+ T-cell to induce 

tumor intrinsic PRMT3 overexpression in HCC. We have added these new findings into the 

Results section (Page 9 line 180- line 186). 



Results: “To further investigate the effect of IFNand TNF on PRMT3 expression, we 

added inhibitors of IFNIFNantagonist 1 acetateand TNFR-7050 into CD8+ T-

cell supernatant and checked PRMT3 expression in PLC-8024 cells after incubation. 

PRMT3 induction was significantly attenuated with the inhibitor of IFN but not 

TNFinhibitor (Supplementary Fig. 4H). These results suggested that IFN, but not TNF, 

secreted by CD8+ T-cell induced PRMT3 expression in HCC.” 

 

4. In Fig 4K, why Prmt3-KO or PRMT3 inhibition notably decreased the oligomerization of 

HSP60, but failed to increased HSP60 monomers? In Fig 5I and J, the tumor volume of 

PRMT3+ HSP60-WT seems to be comparable to that of PRMT3+ HSP60-RK, and in line 

321-325, the description is logically mistaken. The conclusion “These findings suggest that 

other PRMT3 substrates may also contribute to the effects of PRMT3-OE on HCC growth 

and T cell infiltration” is not that appropriate. These results seemed to suggest that PRMT3 

arginine methylation of HSP60 is required for the promoting HCC growth, since the tumor 

growth and T cell infiltration of HSP60-WT and HSP60-RK were both at comparable levels 

in the absence of PRMT3. 

We thank this reviewer for the comments. In Fig. 4K, the lack of notable decrease in HSP60 

monomer when HSP60 oligomerization was reduced by Prmt3-KO cells or PRMT3 

inhibition can be explained by the very high level of HSP60 expression in PLC-8024 cells.  

We found that the HSP60 oligomerization form accounted for only about 8% of the total 

HSP60 in PLC-8024 cells. Therefore, the increased HSP60 monomers in Prmt3-KO or 

PRMT3 inhibition groups were not obvious in our Western blot analysis in Fig 4K. We 

further evaluated the effects of PRMT3 on oligomers and monomers of HSP60 in Hepa1-

6 cells, a cell line with a lower expression level of HSP60. Consistent with the result in 

HEK293T, the Prmt3-KO or PRMT3 inhibition notably decreased the oligomerization of 

HSP60 and increased HSP60 monomers in Hepa1-6 cells (Supplementary Fig. 7L). 

Also, we agree with the reviewer on the possible problem for our description of the results 

in Fig 5I, J, and K. The tumor volumes and weights of PRMT3+ HSP60-WT group were 



higher than PRMT3+ HSP60-RK group, which suggested that the effect of HSP60-WT on 

tumor growth was more profound than HSP60-RK in the presence of PRMT3. We have 

deleted the conclusion “These findings suggest that other PRMT3 substrates may also 

contribute to the effects of PRMT3-OE on HCC growth and T cell infiltration”. Also, the 

tumor growth and T cell infiltration of HSP60-WT and HSP60-RK were comparable in the 

absence of PRMT3. These results indeed suggested that PRMT3 was required for 

HSP60’s function to promote HCC growth, which is consistent with our conclusion that 

arginine methylation of HSP60 at R442 is crucial for its tumor-promoting and immuno-

inhibitory functions in HCC (Figure 5-6).  

 

5. In Fig 6C-E, the author attempted to demonstrate that lack of PRMT3-HSP60 caused 

mtDNA leakage into cytosol, but the confocal images were not clearly clarified. First, it is 

impossible that mtDNAs were not detected in mitochondria of WT cells. It is well-

acknowledged that TOM20 indicates mitochondrion but not mtDNA. TFAM is the specific 

mtDNA binding protein, which should be stained to precisely indicate the locations of 

dsDNA (PMID: 26305956, PMID: 38168624). 

We thank this reviewer for the constructive comment. First, we would like to clarify our IF 

staining results. In Figure 6C-E of our previous manuscript, we used anti-dsDNA (green) 

and anti-Tom20 (red) to demonstrate mtDNA leakage in HCC cells. The mtDNA was 

detected in the mitochondria of all groups. However, the majority of mtDNA (green) in the 

cytosol was co-localized with the mitochondria (red), especially, in the WT cells. Therefore, 

mtDNA in mitochondria could not be easily recognized in the confocal images due to the 

more pronounced red color. The dsDNA which leaked into the cytosol was not co-localized 

with mitochondria. Thus, the green foci represented the mtDNA leaked from mitochondria 

(red) in the confocal images. 

Also, we have followed the reviewer’s suggestion and used antibodies for mtDNA binding 

protein TFAM to precisely indicate the locations of dsDNA in our IF staining.  We used 

anti-TFAM antibody and mitotracker to examine mtDNA leakage using IF staining. We 



found that Prmt3 KO or PRMT3 inhibition led to an increase in mtDNA leakage (Fig. 6C, 

supplementary Fig. 9C). Similarly, HSP60 KD also led to an increase in cytosolic mtDNA 

leakage, which was reversed by the overexpression of HSP60 WT but not HSP60 R446K 

mutant (Fig. 6D). Furthermore, to establish the significance of PRMT3-dependent 

methylation of HSP60 on mitochondrial DNA leakage, we examined the effect of co-

expression of PRMT3 with HSP60-WT and R446K mutant in Prmt3-KO Hepa1-6 cells. We 

found that the co-expression of PRMT3 with HSP60-WT but not with HSP60-R446K mutant 

in Prmt3-KO cells effectively prevented mtDNA leakage (Fig. 6E). Thus, our data suggest 

that HSP60-R446 methylation by PRMT3 was essential for inhibiting mtDNA leakage. We 

have added these findings to the Results section (Page 18 line 386- page 19 line 399). 

 

6. The authors only examined pTBK1 and pIRF3 to indicate cGAS activation. cGAMP 

production, the direct readout of cGAS activation, should be evaluated after inhibition of 

PRMT3-HSP60. Alternatively, the authors may compare the differences between cGAS-

KD and WT cells to highlight the importance of cGAS in this paper. 

We thank this reviewer for the comments. As suggested, we used cGAMP production as 

the direct readout of cGAS activation. We found that PRMT3-KO or PRMT3 inhibition 

increased cGAMP production in Hepa1-6 and PLC-8024 cells (Supplementary Fig. 9D-F). 

Similarly, HSP60-KD led to increased cGAMP production, which was reversed by 

overexpression of HSP60-WT but not HSP60-R446K (Supplementary Fig. 9G). Importantly, 

HSP60 WT or mutant OE in PRMT3-KO cells led to a further increase of cGAMP level, 

which can be dramatically suppressed when PRMT3 was overexpressed (Supplementary 

Fig. 9H). We have added these findings to the Results section (Page 19 line 400-line 407). 

Also, as suggested, we have examined the effect of cGAS-KD on the growth of PRMT3-

KO cells in vivo to highlight the important role of cGAS in PRMT3-driven tumor progression. 

Since PRMT3 inhibition activated cGAS/STING signaling through mtDNA release, we 

decided to examine whether cGAS/STING hyperactivation directly contributes to the 

delayed tumor progression and increased T cell infiltration observed in PRMT3-KO tumors. 



We found that cGAS-KD combined with PRMT3-KO markedly reduced the effects of 

PRMT3, led to bigger tumor volumes and weights (Fig. 7O, P) and a significant reduction 

in T cell infiltration (CD4+ T cells, CD8+ T cells, IFNγ+ CD8+ T cells, and GZMB+ CD8+ T 

cells) compared to the SGC707-treated group (Fig. 7Q-R). Moreover, cGAS-KD notably 

inhibited the expression of ISGs and IFNβ production induced by PRMT3 inhibition (Fig. 

7S, T). Thus, we demonstrated that cGAS/STING hyperactivation directly contributes to 

the delayed tumor progression and increased T cell infiltration observed in PRMT3-KO 

tumors. We have added these findings to the Results section (Page 22 line 475- page 23 

line 482). 

 

7. It has been reported that PRMT3 directly interacts with cGAS and catalyzes its 

asymmetric demethylation (PMID: 37639603). It will be a good supplementation to this 

work if the authors evaluate the effects of PRMT3 on cGAS activity. And the authors may 

further evaluate the effects of PRMT3 inhibitor on antitumor immunity in WT and cGAS-KD 

tumor models. 

We thank this reviewer for the comments. We agree with the reviewer that the mechanism 

underlying PRMT3’s function in antiviral immunity found in the recent publication (PMID: 

37639603) could be relevant to our studies. To examine whether cGAS, RIG-I, and MDA5, 

three PRMT3-interacting proteins identified in the aforementioned study, are also PRMT3-

interacting proteins in HCC cells, we examined our IP-LC/MS data and RIG-I, MDA5, and 

cGAS were not identified in our data. To further confirm our IP-LC/MS results, we 

performed Co-IP and found that endogenous PRMT3 could not interact with RIG-I, MDA5, 

and cGAS (Additional Figure 1). Th us, RIG-I, MDA5, and cGAS may not be substrates of 

PRMT3 in HCC cells. We have added these findings to the Discussion section (Page 26 

line 563- line 569). 

As suggested, we further determined the effects of PRMT3 inhibition using PRMT3 KO on 

the anti-tumor immunity in cGAS-WT and cGAS-KD tumors. We found that cGAS-KD 

combined with PRMT3-KO markedly reduced the effects of PRMT3 KO on anti-tumor 



immunity, led to bigger tumor volumes and weights (Fig. 7O, P) and a significant reduction 

in T cell infiltration (CD4+ T cells, CD8+ T cells, IFNγ+ CD8+ T cells, and GZMB+ CD8+ T 

cells) compared to the cGAS-WT/PRMT3-KO tumors (Fig. 7Q-R). Moreover, cGAS-KD 

notably inhibited the expression of ISGs and IFNβ production induced by PRMT3 inhibition 

(Fig. 7S, T). Although we didn’t examine the effect of PRMT3 inhibitor in this setting, we 

expect that KD cGAS in PRMT3 inhibitor-treated cells would have a similar effect as 

PRMT3 KO due to the highly similar phenotypes between PRMT3-KO tumors and PRMT3 

inhibitor-treated tumors in our study. Thus, we demonstrated that cGAS/STING 

hyperactivation directly contributes to the delayed tumor progression and increased T cell 

infiltration observed in PRMT3-KO tumors. We have added these findings to the Results 

section (Page 22 line 475- page 23 line 482). 

 

Additional Figure 2. WB analysis showed that endogenous PRMT3 did not interact with 

MDA5, cGAS and RIG-1 in Hepa1-6 cells using reciprocal co-immunoprecipitation. 

 

Minor: 

In Fig 6H, Figure labels should be corrected. 

As requested, Figure labels in Fig 6H have been corrected in the current version. 

In Fig 6I, does the authors mistake the labels “pTBK” and “TBK1”? 

We thank this reviewer for the comments. We mislabeled the legends for “pTBK” and 

“TBK1” in Fig 6I and have corrected it in the current version. 

In Line 369, “Fig. 7H, I” should be corrected to Fig. 6H, I. 

As requested, “Fig. 7H, I” has been corrected to Fig. 6H, I in the current version. 



Based on the comments above, my verdict of this study is "major revision". 
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REVIEWERS' COMMENTS 

 

Reviewer #1 (Remarks to the Author): 

 

the authors have addressed most of the points raised by the reviewers and as a result the revised 

manuscript is notably improved. 

 

Two points I would suggest to address in the discussion of the revised manuscript is (i) the lack of STAT1 

binding domain on PRMT3 promoter of human - raising the concern that model proposed may not be 

applicable to human (ii) the lack of PRMT3 and HSP60 KO studies as per possible inflammation or 

immune reaction 

 

 

Reviewer #2 (Remarks to the Author): 

 

the authors performed an excellent job in this revision. multiple additional experiments were performed, 

supporting their conclusions. 

 

 

Reviewer #3 (Remarks to the Author): 

 

The authors have adequately addressed all my concerns. I have no more issues to report. 



Reviewer #1 (Remarks to the Author): 

 

the authors have addressed most of the points raised by the reviewers and as a 

result the revised manuscript is notably improved. 

 

Two points I would suggest to address in the discussion of the revised manuscript is 

(i) the lack of STAT1 binding domain on PRMT3 promoter of human - raising the 

concern that model proposed may not be applicable to human (ii) the lack of PRMT3 

and HSP60 KO studies as per possible inflammation or immune reaction 

 

We really appreciate this reviewer for the critical and constructive comments on our 

manuscript, which has significantly improved the clarity of our paper. We have 

included the limitation of study in the discussion. 

 

Discussion: “It has been well established that several forms of cell death, including 

apoptosis, can elicit inflammatory response/immune reaction through releasing 

damage-associated molecular patterns (DAMP). In our previous study, PRMT3-KO or 

PRMT3 inhibitor induced apoptosis as indicated by elevated expression of cleaved-

caspase 3. We did not observe any significant up-regulation of HMGB1, a classical 

DAMP, in PRMT3-KD cells without stress conditions using our previous published 

RNA-seq dataset (GSE206502), but observed an upregulation of S100A9, another 

reported DAMP (increased by ~2.4 folds). Also, GSEA analysis of this RNA-seq 

dataset indicated that PRMT3-KD significantly up-regulated several inflammation-

related pathways (Supplementary Fig. 17). Thus, we speculate that the upregulation 

of S100A9 and the inflammation-related pathways are caused by the impaired 

mitochondrial homeostasis and the activation of cGAS/STING pathway due to 

PRMT3 knockout or inhibition. Similarly, HSP60 knockdown could also activate 

inflammation-related pathways due to impaired mitochondrial homeostasis and the 

activation of cGAS/STING pathway. However, we cannot rule out the possibility that 

PRMT3 knockout, HSP60 knockdown, or the presence of PRMT3 inhibitor led to an 

increase in the secretion and release HMGB1 and other DAMPs that directly cause 

inflammation/immune reaction, which will warrant a future study.” 

 



However, we have discovered and verified the STAT1 binding domain on PRMT3 

promoter of human in our manuscript (Figure 2J, K; Supplementary Figure 5K). Thus, 

the model proposed was also applicable to human. 

 

Reviewer #2 (Remarks to the Author): 

 

the authors performed an excellent job in this revision. multiple additional 

experiments were performed, supporting their conclusions. 

We thank the reviewer for their support and helpful comments throughout the review 

process. 

 

Reviewer #3 (Remarks to the Author): 

 

The authors have adequately addressed all my concerns. I have no more issues to 

report. 

We thank the reviewer for their support and helpful comments throughout the review 

process. 
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