
Critical role of PRMT1 in Th17 differentiation by regulating the 
reciprocal recruitments of STAT3 and STAT5

Subha Sen1, Zhiheng He1, Shubhamoy Ghosh2, Kenneth J Dery1, Lu Yang3, Jing Zhang1,4, 
and Zuoming Sun1,*

1Division of Immunology, Beckman Research Institute of the City of Hope, Duarte, CA, United 
States

2Department of Pediatrics-Neonatology, University of California, Los Angeles, CA, United States

3Integrative Genomic core, Beckman Research Institute of the City of Hope, Duarte, CA, United 
States

4Irell & Manella Graduate School of Biological Sciences, City of Hope, Duarte, CA, United States

Abstract

Th17 cells are a class of T helpers that secrete IL-17 and mediate pathogenic immunity 

responsible for autoimmunity including experimental autoimmune encephalomyelitis (EAE), a 

murine model of multiple sclerosis. RORγt is the critical transcription factor that controls the 

differentiation of Th17 cells. However, little is known about the transcriptional co-factors for 

RORVγt in the regulation of Th17 differentiation. Here, we demonstrate that protein arginine N-

methyltransferase 1 (PRMT1) associates with RORγt expanding Foxp3+ regulatory T cells. 

Consistently, pharmacological inhibition of PRMT1 impaired the generation of Th17 cells and 

prevented induction of EAE in mouse. Mechanistically, PRMT1-dependent modification of 

asymmetric histone 4 arginine 3 dimethylation (H4R3me2a), is required to stabilize the 

stimulatory STAT3 to displace the inhibitory STAT5 at IL-17 locus, resulting in the activation of 

IL-17 gene. Furthermore, PRMT1-facilitated recruitment of STAT3 overcame the inhibition of 

Th17 differentiation exerted by IL-2-induced STAT5 activation. PRMT1 thus regulates Th17 

differentiation by controlling the reciprocal recruitment of STAT3 and STAT5. Our study thus 

reveals PRMT1 as a novel target for alleviating Th17-mediated autoimmunity by decreasing 

RORγt-dependent generation of pathogenic Th17 cells.

Introduction

T helper 17 (Th17) cells contribute to protective immunity against pathogens (1-3), as well 

as pathological immune reactions responsible for autoimmune diseases, including multiple 

sclerosis and psoriasis (4, 5). Retinoic acid-related orphan receptor gamma t (RORγt) is the 

transcription factor that control the generation of Th17 cells (6, 7). Activation of naïve T 

cells in the presence of TGFβ and IL-6 induces the up-regulation of RORγt and subsequent 

differentiation into Th17 cells (8, 9). Mutation of the RORγt gene causes severe 
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immunodeficiency in both mice (6) and humans (10). Being a transcription factor, much of 

the previous studies have focused on RORγt-modulated target genes critical for the 

regulation of Th17 differentiation, which have demonstrated RORγt-mediated direct 

stimulation of the genes, including Il17a, Il17f, Ccr6, and Il23r (6, 7, 11, 12). However, less 

is known about the transcriptional co-factors for RORγt in the regulation of Th17 

differentiation. Th17 cells produce the effector cytokines including IL-17A, IL-17F, IL-22, 

and GM-CSF to mediate pathological inflammation responsible for autoimmunity (13-15), 

hence targeting Th17 cells is considered a potential treatment for autoimmune diseases (16). 

Therefore, identification of the transcriptional co-factors critical for RORγt-dependent 

expression of inflammatory cytokines will not only reveal the basic mechanisms for 

regulating Th17 differentiation, but may also facilitate the development of novel therapeutics 

for the treatment of autoimmunity.

PRMTs are a family of nine protein arginine methyltransferases which catalyze the addition 

of methyl groups to an arginine residue, a form of post-translational modification (17). It is 

well established that PRMTs are involved in gene transcription, as they are recruited to 

promoters by transcription factors to epigenetically modify the histones. PRMT1 is the 

founding member of the PRMT family, and has been shown to function as a transcriptional 

co-activator by uniquely depositing dimethyl group on histone 4 arginine 3 (H4R3me2a), 

which facilitates the chromatin remodeling for gene activation (18, 19). PRMT1 has non-

overlapping functions with other members of PRMTs, as indicated by the lethal phenotypes 

of mice deficient in PRMT1 (20, 21). PRMT1 was found to be overexpressed in breast 

cancers, prostate cancers and leukemia and responsible for oncogenesis (20, 22). PRMT1 

inhibitors are thus developed for therapeutic treatment of cancers (23, 24). Much of the 

previous studies focus on PRMT1 function in cancers, whereas less is known about its role 

in T cells. With the development of popular immunotherapies, checkpoint inhibitors or 

CAR-T cells, it becomes increasingly important to understand the function of PRMT1 in T 

cells.

In this study, we demonstrate that PRMT1 is recruited to RORγt complex and regulates 

Th17 differentiation. WT PRMT1 increases, whereas enzymatically inactive PRMT1 or 

PRMT1 inhibitor decreases Th17 differentiation. Furthermore, we show that PRMT1-

mediated deposition of H4R3me2a mark is required for recruiting stimulatory STAT3 and 

subsequently releasing inhibitory STAT5 at IL-17 gene locus, which leads to optimal 

activation of IL-17 gene expression. Finally, PRMT1 inhibitor-treated T cells also fail to 

induce EAE in vivo. Our study thus identifies the therapeutic candidature of PRMT1 and 

demonstrates the potential of PRMT1 inhibitors in the treatment of Th17-mediated 

autoimmune disorders.

Materials and Methods

Mice

C57BL/6 mice and Rag1tm1Mom (Rag1-/-) mice were purchased from the Jackson 

Laboratory. Mouse care and experimental procedures were performed under pathogen-free 

conditions following institutional guidance and approved protocols from the Institutional 
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Animal Care and Use Committee at the Beckman Research Institute, City of Hope (no. 

07023). Randomization was not used, and blinding was not performed.

Plasmids

A retroviral expression plasmid MIGR1 [murine stem cell virus (MSCV)-IRES-GFP] was 

used to clone mouse PRMT1 (GenBank: BC051953.1) cDNA. Specific point mutations of 

PRMT1 were introduced by using a mutagenesis kit (GeneArt® Site-Directed Mutagenesis 

System, Life Technologies Corporation, CA, USA). MSCV-LTRmiR30-PIG (LMP, Open 

Biosystems, GE Healthcare Dharmacon Inc), the control LMP has no insert, and vector-

based retroviral PRMT1 short hairpin RNA (shRNA)- vectors (shPRMT1-1; shPRMT1-2; 

shPRMT1-3) were constructed by using following oligonucleotide sequences: shPRMT1: 

5′TGCTGTTGACAGTGAGCGATGCCTGCAAGTGAAGAGGAACTAGTGAAGCCACA

GATGTAGTTCCTCTTCACTTGCAGGCAGTGCCTACTGCCTCGGA; shPRMT1-2, 

5′TGCTGTTGACAGTGAGCGCTGGGATTGAGTGTTCCAGTATTAGTGAAGCCACAG

ATGTAATACTGGAACACTCAATCCCAATGCCTACTGCCTCGGA; shPRMT1-3, 

5′TGCTGTTGACAGTGAGCGACCAAAGCAGCTGGTCACCAATTAGTGAAGCCACA

GATGTAATTGGTGACCAGCTGCTTTGGGTGCCTACTGCCTCGGA.

Inhibitor

The TC-E5003 compound was procured from Tocris Bioscience (Minneapolis, USA). The 

compound was dissolved in DMSO for in vitro experiments and used at indicated 

concentrations and added to differentiating T cell cultures for the last 24 hours before 

harvesting.

Retroviral packaging and transduction

Retroviral expression and transduction of T cells were performed essentially as in the 

reference (25). Briefly, retroviral expression plasmids were transfected into Platinum-E 

packaging cells (Cell Biolabs, Inc., San Diego, CA) using Lipofectamine 2000 (Invitrogen 

Life Technologies, CA, USA). After 48 h, viral supernatants were collected, filtered through 

0.4-μm syringe filters, and stored at -80°C until use. For transduction, CD4+ T cells were 

first activated with 0.5 μg/ml hamster anti-CD3 (145-2C11; BioLegend, CA, USA), 

0.5μg/ml hamster anti-CD28 (37.51; BioLegend, CA, USA) in a 24-well plate precoated 

with goat anti-hamster Ab (0855397; MP Biomedicals) for 24 h, then spin-infected with 

viral supernatants (2500 rpm, 30°C for 2 h) in the presence of 8 μg/ml polybrene (TR-1003-

G; EMD Millipore Corporation, CA, USA). After spin infection, appropriate cytokines were 

added to the culture media to induce Th17 differentiation.

T cell differentiation and flow cytometric analysis

Cell suspensions from thymus, spleen, draining lymph nodes were prepared as standard 

protocol. For in vitro T cell differentiation, naïve CD4+ T cells were purified from single-

cell suspensions of spleens of 6- to 10-wk-old C57BL/6 mice by negative magnetic selection 

using a Mouse CD4+ T Cell Isolation Kit II (Miltenyi Biotec Bergisch-Gladbach, Germany) 

and were further sorted on a FACS AriaIII. Replicate suspensions of 1×106/ml cell in IMDM 

with 10% FBS, 100 U/ml penicillin G, and 100 μg/ml streptomycin were cultured in 24-well 
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plates that had been precoated with 0.2 mg/ml goat anti-hamster Ab (MP Biomedicals) and 

activated with medium supplemented with soluble 0.5μg/ml hamster anti-CD3 (145-2C11; 

BioLegend, CA, USA), 0.5μg/ml hamster anti-CD28 (37.51; BioLegend, CA, USA). T cells 

were cultured for 3 days at 37°C with 5% CO2. For TH1 polarization, 10 ng/ml of 

recombinant IL-12 (210-12; PeproTech, NJ, USA) and 5 μg/ml anti-IL-4 (11B11; Biolegend, 

CA, USA) were used. For TH2 polarization, 20 ng/ml of recombinant IL-4 (550067, BD 

Biosciences, CA, USA) and 5 μg/ml anti-IFN-γ (XMG1.2; Biolegend, CA, USA) were 

used. For TH17 polarization, 2 ng/ml of recombinant TGF-β1 (130-095-067; Miltenyi Biotec 

Inc., CA, USA), and 25 ng/ml of recombinant IL-6 (130-096-682; Miltenyi Biotec Inc., CA, 

USA) with 5 μg/ml anti-IFN-γ (XMG1.2; Biolegend, CA, USA) and 5 μg/ml anti-IL-4 

(130-095-067; Miltenyi Biotec Inc., CA, USA) were used. For Treg differentiation, 2 ng/ml 

of recombinant TGF-β (130-095-067; Miltenyi Biotec Inc., CA, USA) and 20 ng/ml of 

recombinant IL-2 (550069; BD Pharmingen) with 5 μg/ml anti-IFN-γ (XMG1.2; Biolegend, 

CA, USA) and 5 μg/ml anti-IL-4 (11B11; Biolegend, CA, USA) were used. After 72 h of 

culture, cells were collected for analysis by flow-cytometry. For intracellular cytokine 

analysis, cells were re-stimulated with phorbol 12-myristate 13-acetate (PMA) (50 ng/ml, 

Sigma-Aldrich) and ionomycin (0.5 μg/ml, Sigma-Aldrich) in the presence of GolgiPlug 

(555029; BD biosciences) for IFN-γ and IL-4 or GolgiStop (554724; BD biosciences) for 

IL-17 for 5 hrs. For some experiments, we first surface stained the cells with antibodies to 

mouse anti-CD4 (1:20, GK1.5, BioLegend, CA, USA) and then fixed and permeabilized 

with Cytofix/Cytoperm Fixation/Permeabilization Kit (BD Biosciences, CA, USA) followed 

by staining with antibodies to either mouse anti-IFN-γ (1:50, XMG1.2, BD Pharmingen), 

anti-IL-4 ((1:20, 11B11, BD Pharmingen) and anti-IL-17 (1:50, TC11-18H10.1, 

BioLegend). FOXP3 intracellular staining was performed using BD Pharmingen 

Transcription Factor Buffer Set (562574, BD Pharmingen) according to the manufacturer's 

instructions with anti-FOXP3 (1:20, FJK-16s, eBioscience). Samples were acquired using a 

BD FACSCanto II flow cytometer (BD Biosciences, CA, USA) and analyzed by FACSDIVA 

(BD Biosciences, CA, USA) or FlowJo software (Tree Star, OR, USA).

Cell proliferation and viability assay

To determine the proliferation of T cells in the absence and presence of PRMT1 inhibitors, 

naïve T cells were labeled with 1 μM carboxyfluorescein succinimidyl ester (CFSE Cell 

Division Tracker Kit, 423801, BioLegend, Inc) as per manufacturer instructions. 

Proliferation was measured on day 3of differentiation using flow cytometry. The viability of 

differentiated T cells in the absence and presence of PRMT1 inhibitors, was detected using 

CellTiter-Glo® Luminescent Cell Viability Assay (G7570, Promega Corporation) as per 

manufacturer's intructions.

Quantitative Real-time PCR

Total RNA was isolated using RNeasy Isolation Kit according to the manufacturer's 

instructions (Qiagen). cDNA was synthesized with the Superscript III First-Strand Synthesis 

system (Invitrogen), and real-time PCR was performed on a Bio-Rad iCycler with SSOFast 

SYBR Green Supermix (Bio-Rad) and primer pairs specific for cDNA (5′ to 3′) were as 

follows: IL17A Forward: TTTAACTCCCTTGGCGCAAAA, IL17A Reverse: 

CTTTCCCTCCGCATTGACAC; IL17F Forward: TGCTACTGTTGATGTTGGGAC, IL17F 
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Reverse: AATGCCCTGGTTTTGGTTGAA; CCR6 Forward: 

CCTGGGCAACATTATGGTGGT, CCR6 Reverse: CAGAACGGTAGGGTGAGGACA; 

CCL20 Forward: GCCTCTCGTACATACAGACGC, CCL20 Reverse: 

CCAGTTCTGCTTTGGATCAGC. Quantification of relative mRNA expression was 

determined by the comparative CT (critical threshold) method where the amount of target 

mRNA, normalized to endogenous β-actin expression, is determined by the formula 2-ΔCT 

and was represented as 2−ΔCt, where ΔCt = CtIL2 – CtActin. In some experiments, normalized 

Ct values were presented as an induction relative to expression in control samples.

RNA isolation and RNA sequencing

Total RNA was purified with the RNeasy Plus Mini Kit according to the manufacturer's 

protocol (Qiagen). RNA was quantified with a Qubit 2.0 fluorometer (Invitrogen). Barcoded 

stranded mRNA-seq cDNA libraries were prepared from 500 ng of total RNA using Ribo-

Zero Gold rRNA Removal Kit (Human/Mouse/Rat, Illumina) and KAPA stranded RNA-Seq 

Kit for Illumina (KAPABIOYSTEMS) according to manufacturer's manual. Quantity was 

assessed using Invitrogen's Qubit HS Assay Kit and library size was determined using 

Agilent's 2100 Bioanalyzer HS DNA assay. The final library is between 200-500bp with 

peak at approximately 280bp. Barcoded RNA-Seq libraries were clustered and sequenced on 

the Illumina HiSeq2500 using HiSeq SR Cluster kit v4 and HiSeq SBS Kit V4 (51 cycle 

with 7 cycle index reading). The raw output data of the HiSeq was preprocessed according 

to the Illumina standard protocol. Quality control on the sequencing data was performed 

with the FastQC tool (available at http://www.bioinformatics.babraham.ac.uk/projects/

fastqc/), as well as the comprehensive Qorts suite65. Inspecting the produced reports, all 

samples were deemed of good quality for further processing. RNA seq reads were aligned to 

mouse genome mm10 using STAR aligner (26) (https://github.com/alexdobin/STAR/archive/

STAR_2.4.2a.zip). Bam files generated after alignment were processed with featurecounts 

from subread package (http://subread.sourceforge.net/) to get the raw reads (27). Differential 

expression analysis was performed with edgeR package (https://bioconductor.org/packages/

edgeR/) from R (28). Gene expression profiles were plotted as heatmap and scatterplot with 

ggplot2 (http://docs.ggplot2.org), a plotting system for R. Further pathway analysis was 

performed using Gene Set Enrichment Analysis available through the Broad Institute.

Cell culture, transient transfection, and reporter assays

HEK293T (CRL-3216; ATCC, VA, USA) cells were cultured in DMEM supplemented with 

10% FBS, 2 mM L-glutamine, 100 IU/ml penicillin, 100 μg/ml streptomycin, Cells (1 × 105 

in each well of 96 well-plates) were transfected with the reporter plasmid (100 ng), pSV40-

Renilla luciferase vector (50 ng), and expression vectors (0.5 μg) by using BioT (Bioland 

Scientific LLC, CA, USA). EL4 (TIB-39; ATCC, VA, USA) cells were cultured in DMEM 

supplemented with 10% FBS, 2 mM glutamine, 100 U/ml penicillin, and 100 μg/ml 

streptomycin. The total amount of transfected DNA was kept constant by adjusting the 

amount of the empty vector. Cells were electroporated in Amaxa Nucleofector® II Device. 

Cells were collected after 24 h and lysed in 100 μl passive lysis buffer (Promega, 137 mM 

NaCl, 50 mM Tris-HCl, 0.5% NP-40); 50 μl aliquots of the clarified extracts were used to 

assay luciferase activity using Dual Luciferase assay kits/reagents from Promega Biotech 

(Promega, WI, USA) according to the manufacturer's protocols and measured on 
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CLARIOstar (BMG LABTECH GmbH, Ortenberg, Germany). Luciferase activity was 

normalized to the levels of Renilla luciferase activities. The average is reported along with 

the standard deviation of the mean of triplicate transfections.

Cell lysis, western blotting and immunoprecipitation from whole cell lysates

Cell lysis, western blotting and immunoprecipitation were carried as described previously 

(29). The antibodies used are: anti-RORγt (Cat No: MAB6109, R&D Systems, Inc.), anti-

Foxp3 (236A/E7, Cat No:20034, Abcam), anti-Actin (Cat No: A1978, Sigma-Aldrich, Inc.), 

anti-Stat3 (79D7, Cat No:4904P, Cell Signaling Technology), anti-Stat5 (D2O6Y, Cat No: 

94205, Cell Signaling Technology), anti-PRMT1 (Cat No: ab190892, Abcam), anti-PRMT5 

(Cat No:ab109451, Abcam), anti-H4R3(me)2a (Cat No: 39705, Active Motif), anti-H4 (Cat 

No: 61299, Abcam), anti-Foxp3 (236A/E7, Cat No:20034, Abcam), anti-Actin (Cat No: 

A1978, Sigma-Aldrich, Inc.), anti-Stat3 (79D7, Cat No:4904P, Cell Signaling Technology), 

anti-Stat5 (D2O6Y, Cat No: 94205, Cell Signaling Technology), anti-PRMT1 (Cat No: 

ab190892, Abcam), anti-PRMT5 (Cat No:ab109451, Abcam), anti-H4R3(me)2a (Cat No: 

39705, Active Motif), anti-H4 (Cat No: 61299, Abcam),

Induction and assessment of EAE

For adoptive transfer EAE induction, age- and sex-matched C57BL/6 mice were immunized 

subcutaneously with 100μg MOG35–55 peptide (2HN-

MEVGWYRSPFSRVVHLYRNGKCOOH) in complete Freund's adjuvant [Hooke Kit™ 

MOG35–55/CFA Emulsion PTX; cat. no. EK-2110; Hooke Laboratories]. Pertussis toxin 

(150 ng; Hooke Laboratories) in PBS was administered intravenously on days 0 (after 6 hrs) 

and day 1. At the peak of the disease, CD4+ T cells were collected from CNS, draining 

lymph nodes and spleen and stimulated with MOG35–55 for 48 hrs in presence IL-23, and 

treated with or without 2μM PRMT1 inhibitor (TC-E5003) for another 24 hours; 1×107 cells 

were transferred to Rag1−/− mice via i.p. injection. Mice were examined daily and scored for 

disease severity using a standard scale: 0, no clinical signs; 1, limp tail; 2, paraparesis 

(weakness, incomplete paralysis of one or two hind limbs); 3, paraplegia (complete paralysis 

of two hind limbs); 4, paraplegia with forelimb weakness or paralysis; 5, moribund or death. 

After the onset of EAE, food and water were provided on the cage floor. For visualization of 

CNS infiltration by cells of the immune system and demyelination, spinal cords of mice in 

which EAE was induced were collected on day 15. Mononuclear cells were prepared from 

the CNS (brain and spinal cord) of mice in which EAE was induced and were analyzed by 

flow cytometry.

Statistical analysis

Prism software v6.01 was used for data analysis (GraphPad, San Diego, CA). Unpaired, 

two-tailed Student's t test was performed to ascertain the significance of the differences 

between the means of the experimental groups. For some analysis, one way analysis of 

variance (ANOVA) was performed. Nonparametric statistical analysis was applied to data 

sets of EAE clinical scores and enumeration of CNS infiltrating cells and determined by 

Mann–Whitney U test. In the animal studies, five mice were required for each group based 

on the calculation to achieve a 2.5-fold change (effect size) in a two-tailed t-test with 95% 

power and a significance level of 5%. (Calculated by comparison of Means: 2-Sample, 2-
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Sided Equality; http://powerandsamplesize.com/Calculators/Compare-2-Means/2-Sample-

Equality). We considered values of P<0.05 to be statistically significant. P value <0.001 

were considered extremely significant (***), P value ranging between 0.001 to 0.01 were 

very significant (**), P value 0.01 to 0.05 as significant (*) and P value >0.05 were not 

significant (ns) (Student's unpaired t test or Ordinary One-way ANOVA with Tukey's 

multiple comparison).

Results

PRMT1 interacts with RORγt and regulate Th17 differentiation

During our initial analysis of RORγt interacting proteins (25, 30), PRMT1, but not other 

members of PRMT family, was identified with high confidence by mass spectrometry (Fig. 

1A). Indeed, immunoprecipitation of RORγt brought down PRMT1 as a binding partner in 

Th17 cells (Fig. 1B). To determine whether PRMT1 regulates Th17 differentiation, we used 

GFP-retrovirus to introduce PRMT1 to the naïve CD4+ T cells which were then 

differentiated under Th17 priming conditions. Indeed, expression of wild type (WT) PRMT1 

increased percentage of IL-17+ cells, whereas an enzymatically inactive PRMT1 (PRMT1-

E153Q) due to a point mutation (31) decreased percentage of IL-17+ cells (Fig. 2C, D, E, 

supplementary Fig. 1A). As a control, percentage of IL-17+ cells was not changed in GFP- 

population that were not transduced with retrovirus. Three different shRNAs, PRMT1-

shRNA1 to PRMT1-shRNA3, were then used to knockdown PRMT1 (Fig. 1F). Knockdown 

by PRMT1-shRNA2 significantly reduced IL17+ cells (Fig. 1G, H, supplementary Fig. 1B). 

In contrast, PRMT1-shRNA1 and PRMT1-shRNA3 could not effectively knockdown 

PRMT1 or GFP- cells that were not transduced by shRNA had no obvious effects on the 

generation of IL-17+ cells. These results thus suggest the critical role of PRMT1 in the 

regulation of Th17 differentiation.

Pharmacological PRMT1 inhibitor selectively impairs Th17 differentiation and promotes 
the generation of Tregs in vitro

We next tested the specific PRMT1 pharmacological inhibitor, TC-E5003 (24) on the 

differentiation pattern of T cells. PRMT1 inhibitor had no effects on Th1 and Th2 

differentiation, however, it impaired Th17 differentiation in a dose dependent manner (Fig. 

2A, B). Interestingly, the inhibitor treatment boosted the differentiation of Foxp3+ Treg cells 

at higher concentrations (3 and 6 uM), which reflected the often observed reciprocal 

relationship between Th17 and Treg differentiation (12). Notably, the specific PMRT5 

inhibitor (32, 33) had no effects on Th17 differentiation (Fig. 2C), indicating the specificity 

of PRMT1. The concentrations of PRMT1 inhibitor used in above experiments did not affect 

T cell proliferation (Fig. 2D, E, supplementary Fig. 2A), cell viability (Fig. 2F, 

supplementary Fig. 2B) and IL-2 production (Fig. 2G, H, supplementary Fig. 2C), indicating 

the specificity of PRMT1 inhibitor in repressing Th17 differentiation program only. Since 

we only observed the expression of IL-17A so far, to further evaluate the global effects of 

PRMT1 inhibitor on Th17 differentiation, we compared transcriptome of Th17 

differentiation by RNA-seq in the presence and absence of PRMT1 inhibitor. We found very 

similar expression patterns between two biological repeats of control (CTL, without 

inhibitor) or inhibitor-treated samples (inhibitor) (Fig. 2I), indicating the reproducibility of 
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our assays. Many RORγt-regulated Th17 signature genes including Il17a, Il17f, Il22 and 
Il1r1 were conspicuously down-regulated in inhibitor-treated samples along with moderate 

down-regulation of Il23r and Ccr6 (Fig. 2J), suggesting that PRMT1 inhibitor affected Th17 

differentiation program. However, the RORγt levels and expression of PRMT1 (Fig. 2K) 

were changed nominally by inhibitor treatment, indicating that the PRMT1 inhibitor does 

not repress the expression of RORγt target genes by interfering with RORγt expression, but 

likely affect the RORγt activity via inhibiting the co-factor activity of PRMT1.

Recent studies have highlighted the importance of metabolism in the regulation of CD4+ T 

cell differentiation (34). In particular, Th17 cells are characterized by a preferential use of 

glycolysis and expression of hypoxia-inducible genes (35). Interestingly, unbiased Gene set 

enrichment analysis (GSEA) of our RNA-seq data revealed a global decrease in genes 

associated with glycolysis and hypoxia in PRMT1 inhibitor-treated cells compared with 

untreated cells (Fig. 2L), hence reaffirming the role of PMT1 inhibitor in suppressing the 

overall differentiation pattern of Th17 cells. Taken together, PRMT1 inhibitor treatment 

prevents the generation of IL-17+ CD4 T cells by inhibiting the transcriptional programs 

critical for Th17 differentiation.

PRMT1 inhibitor prevents Th17-induced EAE

PRMT1 inhibitor impaired the generation of IL-17+ cells (Fig. 2A). To investigate how 

PRMT1 activity contributes to the differentiation of CD4+ T cells into Th17 cells capable of 

functioning as pathogenic effectors in vivo, we used Th17-mediated passive EAE model that 

requires adoptive transfer of activated T cells (36). For this purpose, T cells obtained from 

mice challenged with MOG35-55 peptide were expanded in vitro by IL-23 and MOG35-55 in 

presence or absence of PRMT1 inhibitor, and then adoptively transferred to Rag1-/- mice to 

induce EAE. Indeed, PRMT1 inhibitor-treated CD4+ T cells induced much less severe EAE 

compared to that without inhibitor treatment (Fig. 3A). Histological examination of spinal 

cords revealed lesser inflammation (Fig. 3B, H&E staining), tissue damage due to 

demyelination (Fig. 3B, LFB staining) and infiltration of CD4+ cells (Fig. 3B, right panels) 

in Rag-/- mice reconstituted with PRMT1 inhibitor-treated CD4+ T cells. Impaired 

inflammation was also indicated by significantly reduced central nervous system (CNS) 

infiltrating lymphocytes including CD45+CD4+ T cells (Fig. 3C, top panels), CD45+Ly6G+ 

monocytes (Fig. 3C, middle panels) and CD45+F4/80+ macrophages (Fig. 3C, bottom 

panels) in experimental mice group receiving inhibitor treated T cells. At the peak of the 

disease, Rag1-/- mice reconstituted with CD4+ cells treated with or without PRMT1 showed 

equal percentage of CD4+IFNγ+ cells (Fig. 3D, middle panels), however, inhibitor-treated 

CD4+ T cells showed greatly reduced IL-17+CD4+ T cells (Fig. 3D top panels) and 

increased CD4+Foxp3+ cells at the recovery phase (Fig. 3D, bottom panels), which is 

consistent with the reciprocal effects of PRMT1 inhibitor on the generation of IL-17+ and 

Foxp3+ cells (Fig. 2A). We also observed reduced GM-CSF producing T cells in mice 

receiving PRMT1 inhibitor treated T cells (Fig. 3E), another pathogenic factor for EAE (14, 

15). Reduced expression of Th17 signature genes including Il17a, Il17f, Il23r, Il1r and Ccr6 
were also detected in CNS infiltrated lymphocytes obtained from Rag1-/- mice reconstituted 

with PRMT1 inhibitor-treated CD4+ T cells (Fig. 3F). Actually, inhibition of IL-17 signature 

genes was observed prior to adoptive transfer of PRMT1-treated cells (supplementary Fig. 
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1C). These results thus indicate that PRMT1 activity promotes the pathogenic effector 

function of Th17 cells.

PRMT1 inhibitor regulates reciprocal recruitment of STAT3 and STAT5 to IL-17 locus

PRMT1 is a methyltransferase that epigenetically marks histone 4 with H4R3me2a 

modification to remodel chromatin, which then allows the access of transcription factors for 

gene activation (7, 18, 19). We hence performed ChIP assays to determine whether PRMT1 

and the resultant histone modification affects the recruitment of transcription factors known 

to regulate IL-17 gene. As expected, PRMT1-induced H4R3me2a modification at the IL-17 

promoter (Fig. 4A) was greatly decreased by the pharmacological inhibition of PRMT1. 

Notably, the loss of H4R3me2a mark, did not affect the recruitment of IRF4, BATF, p300, 

and RORγt in the inhibitor-treated Th17 cells. Strikingly, the recruitment of STAT3 was 

reduced whereas the recruitment of STAT5 was reciprocally increased (Fig. 4A), although 

the activation of STAT3 and STAT5 as indicated by their phosphorylation status was not 

affected by PRMT1 inhibitor treatment (Fig. 4B). These results were further corroborated by 

immunoblotting analysis after chromatin precipitation with anti-RORγt antibody that 

brought down H4R3me2a modified histones and STAT3 in control Th17 cells, whereas 

noticeably lesser H4R3me2a modified histones and STAT3, and more STAT5 were 

precipitated in the presence of PRMT1 inhibitor (Fig. 4C). Next, we performed global ChIP-

seq analysis to monitor STAT3 and STAT5 binding at IL-17 locus. Interestingly, blocking the 

PRMT1 activity by pharmacological inhibitor significantly diminished the binding of 

STAT3, whereas reciprocally increased the binding of STAT5 to the IL-17 locus (Fig. 4D). 

Thus, these results indicate the regulation of reciprocal binding pattern of STAT3 and STAT5 

at the IL-17 locus by PRMT1.

STAT3 is activated by IL-6 and is required for Th17 differentiation, whereas STAT5 is 

activated by IL-2 that inhibits Th17 differentiation (37, 38). We thus determined the effects 

of PRMT1 on a IL-17 promoter-luciferase reporter in the presence and absence of STAT3 

and/or STAT5 (Fig. 4E and 4F). RORγt increased IL-17 reporter activity which was further 

stimulated by STAT3 but inhibited by STAT5, consistent with the positive role of STAT3 and 

negative role of STAT5 in the regulation of IL-17 expression (Fig. 4E). The optimal IL-17 

reporter activity was observed in the presence of RORγt, STAT3 and PRMT1 but not 

inactive PRMT1-E153Q (Fig. 4E) or PMRT1 inhibitor (Fig. 4F). Actually, PRMT1-E153Q 

or PRMT1 inhibitor impaired RORγt and STAT3-mediated activation of IL-17 reporter. 

More importantly, PRMT1, but not PRMT1-E153Q, stimulated IL-17 reporter even in the 

presence of STAT5, suggesting that PRMT1 activity is critical for overcoming STAT5-

mediated inhibition of IL-17 reporter. Taken together, these results indicate that, PRMT1 

deposits active H4R3me2a mark on IL-17 locus, which enhances the recruitment of 

stimulatory STAT3 whereas disengages the repressive STAT5, resulting in the activation of 

IL-17 gene.

PRMT1 overcomes IL-2-mediated inhibition of Th17 differentiation by controlling reciprocal 
STAT3 and STAT5 recruitments

To further test the function of PRMT1 in the reciprocal regulation of STAT3 and STAT5 

activity during Th17 differentiation, we took advantage of that IL-2 inhibits Th17 
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differentiation by stimulating STAT5 (38). Consistent with published results (38), IL-2 

inhibited generation of IL-17+ cells in a concentration dependent manner (Fig. 5A). We next 

determined whether activation of STAT3 by IL-6 can overcome IL-2-inhibited generation of 

IL-17+ cells. IL-6 failed to increase IL-17+ cells in presence of IL-2 (Fig. 5B). However, 

ectopic expression of PRMT1 (Fig. 5C), but not inactive PRMT1-E153Q (Fig. 5D) or 

PRMT1 inhibitor treatment (Fig. 5E), overcame IL-2-mediated inhibition and increased 

IL-17+ cells. These results thus suggest that PRMT1 activity is essential for IL-6 to 

overcome IL-2-mediated inhibition of Th17 differentiation. We next monitored four different 

sites at IL-17 locus that previously showed reciprocal interactions with STAT3 and STAT5 

(37, 38). Indeed, relatively high H4R3me2a signals correlated with high STAT3 and low 

STAT5 binding signals during normal Th17 differentiation (Fig. 5F). Whereas, addition of 

high concentration of IL-2, that activates STAT5 and inhibits Th17 differentiation, reversed 

the trend, i.e. reduced H4R3me2a signals and consequently decreased STAT3 while 

increased STAT5 binding signals (Fig. 5G). However, ectopic expression of WT PRMT1 

(Fig. 5H), but not inactive PRMT1-E153Q (Fig. 5I) or PRMT1 inhibitor treatment (Fig. 5J), 

overcame IL-2-mediated inhibition, accompanied by increased H4R3me2a signals, 

augmented STAT3 whereas diminished STAT5 binding to the IL-17 locus. It was also 

reaffirmed by immunoblot analysis after chromatin-immunoprecipitation with anti-RORγt 

antibody from the different experimental sets as above (Fig. 5F-J), where prominently more 

STAT3 and H4R3me2a were recovered from cell overexpressing PRMT1, while lesser 

H4R3me2a, STAT3 and reciprocally higher STAT5 were detected from cells with higher 

IL-2 and overexpression of PRMT1-E153Q or with treatment by PRMT1 inhibitor (Fig. 

5K). As controls for IL-2-activated STAT5 and IL-6-activated STAT3, we detected 

phosphorylated STAT5 (Tyr694) (Fig. 5L, first panel) and phosphorylated STAT3 (Tyr705) 

(Fig. 5L, panels 2-5). Our results thus suggest that PRMT1 is required to overcome IL-2-

mediated inhibition of Th17 differentiation by depositing H4R3me2a to induce stimulatory 

STAT3 recruitment by disengaging inhibitory STAT5.

Discussion

Our results demonstrate sequential events responsible for PRMT1-mediated activation of 

IL-17 genes during Th17 differentiation: 1) PRMT1 is recruited to IL-17 promoter via 

association with RORγt complex; 2) PRMT1 deposits active H4R3me2a mark on IL-17 

locus, which is required for the subsequent events of; 3) recruiting stimulatory STAT3 to 

IL-17 promoter, and either concurrently or sequentially; 4) releasing inhibitory STAT5 from 

IL-17 promoter, which eventually leads to transcriptional activation of IL-17 gene, a critical 

event for initiating Th17 differentiation process.

Protein arginine methylation has been indicated in the regulation of T cell function (39, 40). 

However, the function of PRMTs in T cells largely remains unknown, needless to say the 

isoform specific function of PRMTs. We demonstrate here for the first time that PRMT1, 

being associated with RORγt transcriptional complex, regulates Th17 differentiation. 

Furthermore, PRMT1 is required to deposit H4R3me2a activation mark at IL-17 locus. Next, 

we also questioned and correlated the contextual purpose of such modification in Th17 

program. Th17 differentiation is regulated by multiple transcription factors including 

RORγt, STAT3, IRF4 and BATF that have been shown to cooperatively bind to IL-17 locus 
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to activate its expression during Th17 differentiation (7, 41). Interestingly, many of the 

above mentioned transcription factors except RORγt are also involved in the development of 

other lineages of T helper cells. For instance, STAT3 also regulates the differentiation of 

Treg and T follicular helpers (Tfh) (42, 43) whereas RORγt is selectively required for 

generation of IL-17+ cells (6). It is not clear whether the binding of RORγt guides the 

recruitment of other transcription factors. Our results indicate that PRMT1-mediated histone 

modification does not affect the recruitment of RORγt, IRF4, p300 and BATF to the IL-17A 

locus, however, is required for enhanced binding of STAT3 whereas releasing STAT5 at 

IL-17 promoter. The fact that enzymatically inactive PRMT1 or PRMT1 inhibitor prevented 

the recruitment of STAT3 and the release of STAT5 strongly suggest that PRMT1-mediated 

deposition of H4R3me2a instructs the recruitment of STAT3 and disengagement of STAT5 at 

the IL-17 locus. Our study thus demonstrated a mechanism that controls the sequential 

recruitment of RORγt and STAT3 to displace STAT5 at the IL-17 locus.

The pathogenesis of autoimmune diseases is extremely complex and remains largely 

unknown. Uncontrolled Th17 responses are responsible for various pathological conditions 

including autoimmunity such as multiple sclerosis, psoriasis and arthritis (1-3, 7, 44-47), as 

well as tumor growth (48-50) and even autism (51). Th17 cells produce effector cytokines 

IL-17A, IL-17F, IL-22 and GM-CSF to mediate pathological inflammation; targeting Th17 

cells is thus a potentially valuable treatment for these diseases (13). For example, 

ustekinumab, a human monoclonal antibody that inhibits Th17 responses by blocking the 

IL-23 receptor, has been approved by the FDA for treatment of severe plaque psoriasis (52). 

Given the essential function of PRMT1 in Th17 cells, further studies are needed to 

determine whether dysregulated PRMT1 contributes to these conditions. Since PRMT1 has 

been linked to several types of cancers including breast, prostate and leukemia (20, 22), 

PRMT1 inhibitors are developed for treatment of these cancers (23, 24). Taking advantage 

of the available selective PRMT1 inhibitors, we demonstrated that PRMT1 inhibitor impairs 

the development of IL-17+ cells, and inhibitor-treated CD4+ T cells cannot induce EAE. Our 

results thus indicate that PRMT1 inhibitor can be used to alleviate Th17-mediated 

autoimmune diseases. Interestingly, PRMT1 inhibitor not only prevents Th17 differentiation 

but also promotes the differentiation of inhibitory Tregs in in vitro differentiation as well as 

in vivo during the induction of EAE. The mechanisms responsible for PRMT1 inhibitor-

stimulated generation of Treg still remain to be determined. Thus, our study demonstrates 

the great therapeutic potential of PRMT1 inhibitor in the clinical treatment of autoimmune 

conditions by both inhibiting Th17 and stimulating Treg differentiation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PRMT1 interacts with RORγt and regulate Th17 differentiation
A) PRMT1 identified by mass spectrometric analysis of RORγt-associated proteins 

represented in tabular form. B) Immunoprecipitation analysis of RORγt-PRMT1 interaction 

in Th17 cells. C) Flow cytometric analysis of the percentage of IL-17+ cells among naïve 

CD4+ T cells transduced with retrovirus expression GFP only (empty virus, EV) or together 

with PRMT1 or enzymatically inactive PRMT1-E153Q and differentiated under Th17 

priming conditions for three days. D) Quantification of the results shown in C. E) 

Immunoblot analysis of PRMT1 expression in GFP+ cells shown in C. F) Immunoblot 

analysis of PRMT1 expression in CD4+ T cells transduced with retrovirus expressing 

indicated shRNA for knockdown PRMT1. G) Flow cytometric analysis of the percentage of 

IL-17+ cells among naïve CD4+ T cells transduced with retrovirus expressing indicated 

shRNA and differentiated under Th17 priming conditions for three days. H) Quantification 

of the results shown in G. *P<0.05, (D and H, One-way ANOVA, with Tukey's post-analysis 

multiple comparison), NS: non-significant. Error bars represent s.e.m. B, E and F are the 

representatives of three independent experiments.
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Figure 2. Pharmacological PRMT1 inhibitor TC-E 5003 impairs Th17 differentiation
A) Flow cytometric analysis of percentage of cells positive for indicated cytokines or Foxp3 

among naïve CD4+ T cells differentiated under Th1, Th2, Th17 or Treg priming conditions 

in the presence of indicated concentrations of PRMT1 inhibitor. B) Quantification of the 

results shown in A. C) Percentage of IL-17+ cells among naïve CD4+ cells differentiated 

under Th17 priming conditions in the presence of indicated concentrations of PRMT5 

inhibitor, as determined by flow cytometric analysis. D) Flow cytometric analysis of 

percentage of CSFE positive cells in indicated gate area for proliferating cells among naïve 

CD4+ cells differentiated under Th17 priming conditions in the presence or absence of 

indicated concentrations of PRMT1 inhibitor. E) Quantification of the results shown in D. F) 

Cell viability among naïve CD4+ T cells differentiated under Th17 priming conditions in the 

presence and absence of indicated concentrations of PRMT1 inhibitor, as determined by 

flow cytometric analysis of Cell Titer-Glo Luminescent Cell Viability Assay. G) Flow 

cytometric analysis of the percentage of IL-2+ cells among naïve CD4+ T cells differentiated 

under Th17 priming conditions in the presence or absence of indicated concentrations of 

PRMT1 inhibitor. H) Quantification of the results shown in G. I) Heatmap visualization of 

the up-regulated (yellow) and down-regulated (blue) genes in CD4+ cells differentiated 

under Th17 priming conditions in the presence (inhibitor) or absence (control, CTL) of 2 μM 

PRMT1 inhibitor, as determined by RNA-seq analysis. J) Comparison of gene expression 

profiles between naïve CD4+ T cells differentiation under Th17 priming conditions in the 

presence and absence of 2 μM PRMT inhibitor. Black dots represent selected genes as 

indicated. Average counts of transcript per million mapped reads (CPM) values of two 

replicates as shown in I. Right panel is the heatmap of Th17 signature genes indicated in the 
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left panel. K) Expression levels of different members of PRMT1 in CD4+ T cells 

differentiation under Th17 priming conditions in the presence and absence of 2 μM PRMT 

inhibitor. Color indicates relative levels of gene calculated based on average counts of 

transcript per million mapped reads (CPM) values of two replicates as shown in I. L) Gene 

set enrichment analysis (GSEA) analysis of RNA-seq results indicates the negative 

correlation of glycolysis and hypoxia pathways with PMRT1 inhibitor-treated samples. 

*P<0.05, (B, E, F, H, One-way ANOVA, with Tukey's post-analysis multiple comparison, 

C, two-tailed unpaired t-test), NS: non-significant. Error bars represent s.e.m.
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Figure 3. PRMT1 inhibitor prevents T cell-induced EAE
A) Mean EAE clinical score of Rag1-/- mice adoptively transferred with PBS only, or CD4+ 

T expanded in the presence of MOG35-55 peptides and IL-23 (control, CTL) or together with 

PRMT1 inhibitor (inhibitor). B) H&E, LFB and CD4 staining of spinal cord transverse 

sections of CTL or inhibitor-treated mice as described in A at the peak of EAE. C) 

Percentage of different infiltrated lymphocytes in harvested CNS of indicated EAE-induced 

mice at the peak of disease, as determined by flow cytometric analysis of indicated surface 

markers. Right panels are the quantification results of the left panels. D) Percentage of 

IL-17A+ and IFNγ+ among infiltrated CD4+ T cells at the peak of disease and Foxp3+ cells 

at the recovery phase of the disease in harvested CNS of indicated EAE-induced mice, as 

determined by flow cytometric analysis of indicated molecules. Right panels are the 

quantification results of the left panels. E) Percentage of IL-17A+/GM-CSF3+ cells among 

infiltrated CD4+ T cells in harvested CNS of indicated EAE-induced mice at the peak of 

disease, as determined by flow cytometric analysis of indicated molecules. Right panel is the 

quantification results of the left panel. F) Expression of indicated Th17 signature genes 

among infiltrated lymphocytes of indicated EAE-induced mice at the peak of disease, as 

determined by qPCR. n=5 mice per group in each experiment. Error bars represent s.d. NS: 

non-significant. P< 0.05 and **P<0.01 (A, C, D, E, F, nonparametric Mann–Whitney U-

test).
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Figure 4. PRMT1 inhibitor regulates the reciprocal recruitment of STAT3 and STAT5 to the 
IL-17 locus
A) ChIP analysis of the enrichment of H4R3me2a, or indicated transcription factors in IL-17 

promoter region in GFP+ fractions of CD4+ T cells differentiated under Th17 priming 

conditions in the presence (inhibitor) and absence (control, CTL) of PRMT1 inhibitor. B) 

Immunoblot analysis of phosphorylated or whole STAT3 and STAT5 in naïve CD4+ T cells 

differentiated under Th17 priming conditions in the presence and absence of indicated 

concentrations of PRMT1 inhibitor. C) Immunoblot analysis of indicated proteins from 

immune-complexes eluted from chromatin precipitates with control anti-IgG or RORγt 

antibody from naïve CD4+ T cells differentiated under Th17 priming conditions in the 

presence and absence of PRMT1 inhibitor. D) STAT3 and STAT5 DNA-binding peaks at 

IL-17 gene locus in CD4+ T cells differentiated under Th17 priming conditions in the 

presence and absence of PRMT1 inhibitor, as determined by ChIP-seq assay. Arrows 

indicate the locations of two most prominent peaks. Right panel is the quantitative value of 

arrow indicated peaks on left. E) Relative luciferase activity of IL-17 reporter in HEK 293T 

cells transfected with indicated expression plasmids. The luciferase activity is normalized to 

Renilla luciferase activity (mean ± sd). F) Relative luciferase activity of IL-17 reporter in 

HEK 293T cells transfected with indicated expression plasmids and/or presence of PRMT1 

inhibitor. The luciferase activity is normalized to Renilla luciferase activity (mean ± sd). 

*P<0.05, (A, two-tailed unpaired t-test; E, F, One-way ANOVA with Tukey's post-analysis 

multiple comparison), NS: non-significant by unpaired t-test. B is the representatives of 

three independent experiments.
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Figure 5. PRMT1 overcomes IL-2-mediated inhibition of Th17 differentiation by controlling 
reciprocal STAT3 and STAT5 recruitments
A) Flow cytometric analysis of the percentage of IL-17+ cells among naïve CD4+ T cells 

differentiated under Th17 priming conditions in the presence of increasing concentrations of 

exogenous IL-2 (0, 10 or 100 IU/ml). Right panel is the quantification results of the left 

panels. B) Flow cytometric analysis of the percentage of IL-17+ cells among naïve CD4+ T 

cells differentiated under Th17 priming conditions in the presence of IL-2 (100 IU/ml of 

exogenous rhIL-2), rested for 24hrs and re-stimulated with increasing concentrations of IL-6 

(0, 2.5, 25 ng/ml). Right panel is the quantification results of the left panels. C and D) Flow 

cytometric analysis of the percentage of IL-17+ cells among naïve CD4+ T cells transduced 

with retrovirus expressing GFP and WT PRMT1 (C) or inactive PRMT1-E153Q (D), and 

differentiated under Th17 priming conditions in the presence of IL-2 (100 IU/ml), rested for 

24 hrs and re-stimulated with increasing concentrations of IL-6 (0, 2.5, 25 ng/ml). Right 

panels are the quantification results of the left panels. E) Flow cytometric analysis of the 

percentage of IL-17+ cells among naïve CD4+ T cells differentiated under Th17 priming 

conditions in the presence of IL-2 (100 IU/ml), increasing concentrations of IL-6 (0, 2.5, 25 

ng/ml) and PRMT1 inhibitor (3μM). Right panel is the quantification results of the left 

panel. F-J) ChIP analysis of the enrichment of H4R3me2a, STAT3 and STAT5 at four 

different sites at IL-17 gene locus in CD4+ T cells differentiated under Th17 priming 

conditions (Th17) (F), Th17 conditions + IL-2 (100 IU/ml) (G), Th17 conditions + IL-2 

(100 IU/ml) + IL-6 (25ng/ml) + retroviral expression of WT PRMT1 (H), or inactive 

PRMT1-E153Q (I), or Th17 conditions + IL-2 (100 IU/ml) + IL-6 (25ng/ml) + PRMT1 

inhibitor (3μM) (J). IgG is a negative control. K) Immunoblot analysis of indicated proteins 

from immune-complexes eluted from chromatin precipitates with anti-RORγt antibody from 

CD4+ T cells treated as described in F-J. L) Immunoblot analysis of phosphorylated or 

whole STAT3 and STAT5 in naïve CD4+ T cells differentiated under indicated conditions as 
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described in F-J. K and L are the representative results of three independent experiments. 

*P<0.05, (A-E, One-way ANOVA, with Tukey's post-analysis multiple comparison), NS: 

non-significant.
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