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Figure S1. PRMT1 is overexpressed in multiple gastrointestinal tumors and is associated 

with patient overall survival. (A) PRMT1 protein expression level in two pairs of isogeneic 

pancreatic cancer cell lines. (B) Survival analysis of The Cancer Genome Atlas (TCGA) data for 

various tumor types. Patients were divided into low and high groups based on PRMT1 mRNA 

expression level. Five-year overall survival rates and log-rank P values are shown. (C) 

Immunohistochemical staining demonstrating markedly higher PRMT1 expression in gastric, 

colon, and liver tumor tissues than in adjacent normal tissues.  
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Figure S2. Genetic alterations and inflammatory factors contribute to increased PRMT1 

expression during pancreatic cancer (PDA) progression. (A) Representative 

immunohistochemical staining of PRMT1 expression in pancreatic tissue sections from mouse 

pancreatic cancer models. In the lower panels, the red arrow indicates a pancreatic intraepithelial 

neoplasia (PanIN) lesion and the black arrowhead indicates a PDA lesion. (B) PRMT1 staining 

scores were higher in mouse PanIN and PDA lesions. Error bars indicate mean ± SEM. (C) 

Double immunofluorescence staining of PRMT1 and Ki67 in two KPC mouse pancreatic tissue 

sections. (D) Percentage of the pancreatic area that is stained positive for CK19 in PBS and DB75 

treated groups. (E) Copy number change of the PRMT1 gene locus in 105 human PDA 

specimens. (F) TNF-α dose-dependently increased PRMT1 expression in human and mouse 

PDA cells.  
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Figure S3. Altered expression and activity of PRMT1 impacts pancreatic cancer (PDA) cell 

migration, invasion, and growth. (A) Transfected cells were photographed at 0 hours and 12 

hours after transfection, and wound areas are outlined by dashed lines (upper and middle panels). 

Boyden chamber invasion assays were performed, and photos of invaded cells stained by 

hematoxylin and eosin are shown (bottom panels). (B) Quantification of cell migration and 

invasion assay results, which were conducted in triplicate. (C) PRMT1 was knocked down in 

PANC-1 cells, and the growth of tumor xenografts in nude mice was slower when compared with 

mock cells. (D) L3.7 cells were treated with TC-E5003 (Low=6.25M, High=12.5M) for 48 hours 

and cell apoptosis was observed (left panel). MiaPaCa-2 cells were treated with DB75 

(Low=20M, High=50M) for 48 hours and cell apoptosis (black arrows) was observed. (E) 

MiaPaCa-2 cells were treated with either DB75 or TC-E5003 for 36h. asymmetric dimethyl-

arginine (ASYM24) and asymmetric demethylation of histone H4R3 were tested by Western blot. 

(F) Human pancreatic cancer MDA28 cells were injected subcutaneously into nude mice to grow 

for 3 weeks. Phosphate-buffered saline (PBS) or low-dose (5 mg/kg) and high-dose (20 mg/kg) 

DB75 was administrated intraperitoneally twice per week. Mice were euthanized at day 21. 

Xenograft tumors were photographed and weighed (left panel). Tumors tissues were used to 

detect PRMT1 protein expression and protein methylation level by Western blot (right panel). (G) 

Human pancreatic stellate cells were treated with either DB75 or TC-E5003 at indicated 

concentrations and cell viability is determined. *P < 0.05, ***P < 0.001. All bar plot data are means 

± SD. 
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Figure S4. PRMT1 and HSP70 proteins exhibit subcellular co-localization and binding 

motifs of PRMT1-HSP70 interaction are evident. (A) HSP70 (green) and PRMT1 (red) were 

detected by immunofluorescence microscopy using HSP70- and PRMT1-specific antibodies in 

mouse embryonic fibroblasts (MEFs) under normal culture conditions and after heat shock 

treatment (1 hour at 43°C and then recovery for 6 hours at 37°C). White arrows indicate cells 

undergoing apoptosis after heat shock, exhibiting cell shrinkage and condensed nuclei. Merge I 

is merged green and red fluorescence and Merge II includes all three fluorescence colors. (B) 

Deletion mutants of HSP70 used in interaction assays. Blue boxes indicate the nucleotide binding 

domain. Yellow boxes indicate the substrate binding region. Green boxes indicate the helical lid 

region. FL, full length. (C) Deletion mutants of human PRMT1 used in interaction assays. Red 

boxes indicate the variable N terminal helix. Green boxes indicate the S-adenosyl methionine 

binding domain. Yellow boxes indicate the β-barrel structure. Blue boxes indicate the dimerization 

arm. (D) HA-tagged full-length (FL) or deletion mutants of human PRMT1 and Myc-tagged HSP70 

were co-transfected into 293T cells, and cell lysates were subjected to SDS-PAGE and then 

blotted with anti-Myc and anti-HA antibodies. WCL, whole cell lysate. 
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Figure S5. Arginine methylation sites of HSP70 are identified. (A) PRMT1-overexpressed and 

knockdown cell lysates were separated by SDS-PAGE and immunoblotted (IB) with ASYM24 

antibody (left panel), and Ponceau S staining showed equal loading (right panel). (B) HSP70 

protein was immunopurified from PRMT1 overexpression and control cells, and HSP70 

methylation was detected by ASYM24 antibody. IP, immunoprecipitation. (C) Myc-HSP70 was 

immunopurified from 293T cells and the gel was stained with Coomassie brilliant blue. The HSP70 

band was excised and subjected to mass spectrometry. (D and E) Protein sequence alignment of 

the regions surrounding 410-460 binding motif in 13 human HSP70 family members (D) or in 

paralogous HSP70 genes in various organisms (E). 
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Figure S6. Arginine methylation of HSP70 protects cells against various stresses. (A) 

HSP70 knockout (KO) was confirmed by Western blot analysis and DNA sequencing. Left panel, 

expression of HSP70 was determined by Western blot analysis in 14 MiaPaCa-2 cell clones, 

including 6 control clones and 8 knockout clones. Right panel, DNA sequencing result of KO clone 

20. The CRISPR target region revealed different indel mutations in two alleles, indicated as dual 

peaks. (B) HSP70 control (WT) and knockout (KO) MiaPaCa-2 cell clones were treated with 

gemcitabine at different concentrations for 24 hours. Cell growth inhibition was measured using 

the CCK-8 method. HSP70 WT group is pooled cells of 6 control clones from (A). (C) HSP70 

knockout (KO) MiaPaCa-2 cell clones 20 and 41 and PATU-8902 (8902) cells were transfected 

with HSP70-WT, single mutant (R416A) or double mutant (Mut) HSP70, and then incubated for 

3-4 days. Relative cell growth was measured using the CCK-8 method (expressed as “OD” 

values). (D) Western blot analysis of HSP70 protein in knockout cells with exogenous HSP70 

reconstitution. (E) HSP70 wild-type and knockout MiaPaCa-2 cells were subcutaneously injected 

into nude mice. Xenograft tumors were photographed and weighed after 2 weeks. **P < 0.01. All 

bar plot data are means ± SD. 
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Figure S7. Arginine methylation of HSP70 promotes its mRNA binding and stabilization 

activity. (A) HSP70 was knocked down or overexpressed in MDA28 cells, and BCL-2 protein 

levels were determined by Western blot analysis. Red and black arrows indicate exogenous and 

endogenous HSP70 protein respectively. (B) Four PDA cell lines were transfected with pcDNA3.0, 

HSP70 wild-type (WT), and HSP70 methylation-deficient mutant (Mut) vectors, and BCL-2 mRNA 

levels were determined by quantitative real-time PCR. (C) Upper panel: two pancreatic cancer 

cell lines were treated with gemcitabine (Gem) for 24 hours and BCL-2 expression was 

determined by Western blot analysis. Bottom panel: two pancreatic cancer cell lines were treated 

in the presence or absence of 1 μM venetoclax (VENE); 20 μM gemcitabine (GEM), or both (V+G), 

and cytotoxicity was determined by CCK-8. CTRL, vehicle control. (D) The human and mouse 3′-

untranslated regions (UTR) of BCL-2 mRNA were analyzed. There are three typical AU-rich 

elements (AREs), two pentamers (black boxes), and one nonamer (red box) in the first 500 base 

pairs (bp) of the BCL-2 3′-UTR. (E) The ribonucleoprotein immunoprecipitation (RNP-IP) assay 

was conducted in 293T cells transfected with wild-type or mutant HSP70. mRNAs of BCL-2 (lanes 

2 and 6 for primer pair 1 and lanes 3 and 7 for primer pair 2), VEGFA (lanes 4 and 8), and GAPDH 

(lanes 5 and 9) were determined by reverse-transcriptase PCR. Lane 1, 100 bp DNA ladder. (F) 

The 557bp 3′-UTR of BCL-2 containing three AREs was cloned into a pMIR-REPORT vector 

(pMir-557WT), and the ATTTA conserved sequences were mutated to AGGAA to generate pMir-

557Mut vector. (G) HSP70 failed to stabilize mRNA without AREs. The pMir-557 Mut vector was 

co-transfected with wild-type or mutant HSP70 for 36 hours and luciferase activity was measured. 

***P < 0.001, NS non-significant. All bar plot data are means ± SD. 
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Figure S8. Arginine methylation of heat shock proteins mediates therapeutic resistance in 

pancreatic cancer. During PDA development, PRMT1 expression is gradually increased. Two 

conserved arginine residues of HSP70 are methylated by PRMT1, and methylated HSP70 binds 

to BCL-2 mRNA through AREs in its 3’-UTR. BCL-2 mRNA stabilization promotes BCL-2 protein 

expression and increases drug resistance and anti-apoptosis of cancer cells. PRMT1 inhibitors 

may interrupt this pathway and sensitize cancer cells to chemotherapy.   
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2. Supplemental Tables 

Table S1. Clinicopathologic parameters and PRMT1 expression in the pancreatic cancer patients 

Table S2. HA-PRMT1 and HA-ctrl binding proteins identified in mass spectrometry 

Table S3. Primers and peptides used in the study 
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Table S1. Clinicopathologic parameters and PRMT1 expression of the pancreatic cancer 

patients 

Variable  Total No.  PRMT1  P value 

 High    Low 
 

Age (n=76)        0.670 

<60        35   12 23 

≥60        41   16 25 

Gender(n=77)        0.367 

Male        50   20 30 

Female       27   8 19 

pT(n=76)        0.543 

T1        4   1 3 

T2        60   24 36 

T3        12   3 9 

pN(n=77)        0.310 

N0        47   15 32 

N1        30   13 17 

pM(n=77)        0.129 

M0        75   26 49 

M1        2   2 0 

Histological Grade 

(n=77)         0.029 * 

1        7   3 4 

2        45   11 34 

3        25   14 11 

pTMN(n=76)        0.164 

I        36   12 24     

II        38   14 24 

III        0   0 0 

IV        2   2 0 

        * A result is statistically significant when calculated p value is less than 0.05. 
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Table S2A. HA-PRMT1 binding proteins identified in mass spectrometry 

Accession Description 

P0C0S5 Histone H2A.Z OS=Homo sapiens GN=H2AFZ PE=1 SV=2 - [H2AZ_HUMAN] 

Q9Y2W1 Thyroid hormone receptor-associated protein 3 OS=Homo sapiens GN=THRAP3 PE=1 SV=2 - [TR150_HUMAN] 

P26373 60S ribosomal protein L13 OS=Homo sapiens GN=RPL13 PE=1 SV=4 - [RL13_HUMAN] 

O15020 Spectrin beta chain, non-erythrocytic 2 OS=Homo sapiens GN=SPTBN2 PE=1 SV=3 - [SPTN2_HUMAN] 

Q04695 Keratin, type I cytoskeletal 17 OS=Homo sapiens GN=KRT17 PE=1 SV=2 - [K1C17_HUMAN] 

P05783 Keratin, type I cytoskeletal 18 OS=Homo sapiens GN=KRT18 PE=1 SV=2 - [K1C18_HUMAN] 

P05787 Keratin, type II cytoskeletal 8 OS=Homo sapiens GN=KRT8 PE=1 SV=7 - [K2C8_HUMAN] 

Q9BQE3 Tubulin alpha-1C chain OS=Homo sapiens GN=TUBA1C PE=1 SV=1 - [TBA1C_HUMAN] 

Q13642 Four and a half LIM domains protein 1 OS=Homo sapiens GN=FHL1 PE=1 SV=4 - [FHL1_HUMAN] 

P52272 Heterogeneous nuclear ribonucleoprotein M OS=Homo sapiens GN=HNRNPM PE=1 SV=3 - [HNRPM_HUMAN] 

P10412 Histone H1.4 OS=Homo sapiens GN=HIST1H1E PE=1 SV=2 - [H14_HUMAN] 

P17844 Probable ATP-dependent RNA helicase DDX5 OS=Homo sapiens GN=DDX5 PE=1 SV=1 - [DDX5_HUMAN] 

P35579 Myosin-9 OS=Homo sapiens GN=MYH9 PE=1 SV=4 - [MYH9_HUMAN] 

Q96KK5 Histone H2A type 1-H OS=Homo sapiens GN=HIST1H2AH PE=1 SV=3 - [H2A1H_HUMAN] 

Q6FI13 Histone H2A type 2-A OS=Homo sapiens GN=HIST2H2AA3 PE=1 SV=3 - [H2A2A_HUMAN] 

P08107 Heat shock 70 kDa protein 1A/1B OS=Homo sapiens GN=HSPA1A PE=1 SV=5 - [HSP71_HUMAN] 

P38159 RNA-binding motif protein, X chromosome OS=Homo sapiens GN=RBMX PE=1 SV=3 - [RBMX_HUMAN] 

P05141 ADP/ATP translocase 2 OS=Homo sapiens GN=SLC25A5 PE=1 SV=7 - [ADT2_HUMAN] 

P11142 Heat shock cognate 71 kDa protein OS=Homo sapiens GN=HSPA8 PE=1 SV=1 - [HSP7C_HUMAN] 

P08670 Vimentin OS=Homo sapiens GN=VIM PE=1 SV=4 - [VIME_HUMAN] 

P62829 60S ribosomal protein L23 OS=Homo sapiens GN=RPL23 PE=1 SV=1 - [RL23_HUMAN] 

O60814 Histone H2B type 1-K OS=Homo sapiens GN=HIST1H2BK PE=1 SV=3 - [H2B1K_HUMAN] 

P60709 Actin, cytoplasmic 1 OS=Homo sapiens GN=ACTB PE=1 SV=1 - [ACTB_HUMAN] 

P68032 Actin, alpha cardiac muscle 1 OS=Homo sapiens GN=ACTC1 PE=1 SV=1 - [ACTC_HUMAN] 

P62266 40S ribosomal protein S23 OS=Homo sapiens GN=RPS23 PE=1 SV=3 - [RS23_HUMAN] 

P83731 60S ribosomal protein L24 OS=Homo sapiens GN=RPL24 PE=1 SV=1 - [RL24_HUMAN] 

P18621 60S ribosomal protein L17 OS=Homo sapiens GN=RPL17 PE=1 SV=3 - [RL17_HUMAN] 

P62753 40S ribosomal protein S6 OS=Homo sapiens GN=RPS6 PE=1 SV=1 - [RS6_HUMAN] 

O00571 ATP-dependent RNA helicase DDX3X OS=Homo sapiens GN=DDX3X PE=1 SV=3 - [DDX3X_HUMAN] 
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O00139 Kinesin-like protein KIF2A OS=Homo sapiens GN=KIF2A PE=1 SV=3 - [KIF2A_HUMAN] 

P62081 40S ribosomal protein S7 OS=Homo sapiens GN=RPS7 PE=1 SV=1 - [RS7_HUMAN] 

P62854 40S ribosomal protein S26 OS=Homo sapiens GN=RPS26 PE=1 SV=3 - [RS26_HUMAN] 

Q07666 
KH domain-containing, RNA-binding, signal transduction-associated protein 1 OS=Homo sapiens GN=KHDRBS1 PE=1 SV=1 - 
[KHDR1_HUMAN] 

P62841 40S ribosomal protein S15 OS=Homo sapiens GN=RPS15 PE=1 SV=2 - [RS15_HUMAN] 

Q92804 TATA-binding protein-associated factor 2N OS=Homo sapiens GN=TAF15 PE=1 SV=1 - [RBP56_HUMAN] 

Q01082 Spectrin beta chain, non-erythrocytic 1 OS=Homo sapiens GN=SPTBN1 PE=1 SV=2 - [SPTB2_HUMAN] 

P01857 Ig gamma-1 chain C region OS=Homo sapiens GN=IGHG1 PE=1 SV=1 - [IGHG1_HUMAN] 

P11021 78 kDa glucose-regulated protein OS=Homo sapiens GN=HSPA5 PE=1 SV=2 - [GRP78_HUMAN] 

Q13813 Spectrin alpha chain, non-erythrocytic 1 OS=Homo sapiens GN=SPTAN1 PE=1 SV=3 - [SPTN1_HUMAN] 

P61158 Actin-related protein 3 OS=Homo sapiens GN=ACTR3 PE=1 SV=3 - [ARP3_HUMAN] 

Q15149 Plectin OS=Homo sapiens GN=PLEC PE=1 SV=3 - [PLEC_HUMAN] 

Q9UHB6 LIM domain and actin-binding protein 1 OS=Homo sapiens GN=LIMA1 PE=1 SV=1 - [LIMA1_HUMAN] 

Q9UM54 Unconventional myosin-VI OS=Homo sapiens GN=MYO6 PE=1 SV=4 - [MYO6_HUMAN] 

P46782 40S ribosomal protein S5 OS=Homo sapiens GN=RPS5 PE=1 SV=4 - [RS5_HUMAN] 

P61927 60S ribosomal protein L37 OS=Homo sapiens GN=RPL37 PE=1 SV=2 - [RL37_HUMAN] 

P51858 Hepatoma-derived growth factor OS=Homo sapiens GN=HDGF PE=1 SV=1 - [HDGF_HUMAN] 

P42766 60S ribosomal protein L35 OS=Homo sapiens GN=RPL35 PE=1 SV=2 - [RL35_HUMAN] 

Q99873 Protein arginine N-methyltransferase 1 OS=Homo sapiens GN=PRMT1 PE=1 SV=2 - [ANM1_HUMAN] 

Q16891 Mitochondrial inner membrane protein OS=Homo sapiens GN=IMMT PE=1 SV=1 - [IMMT_HUMAN] 

Q15424 Scaffold attachment factor B1 OS=Homo sapiens GN=SAFB PE=1 SV=4 - [SAFB1_HUMAN] 

P48634 Protein PRRC2A OS=Homo sapiens GN=PRRC2A PE=1 SV=3 - [PRC2A_HUMAN] 

Q9NWB6 Arginine and glutamate-rich protein 1 OS=Homo sapiens GN=ARGLU1 PE=1 SV=1 - [ARGL1_HUMAN] 

Q14247 Src substrate cortactin OS=Homo sapiens GN=CTTN PE=1 SV=2 - [SRC8_HUMAN] 

Q9ULV4 Coronin-1C OS=Homo sapiens GN=CORO1C PE=1 SV=1 - [COR1C_HUMAN] 

P62861 40S ribosomal protein S30 OS=Homo sapiens GN=FAU PE=1 SV=1 - [RS30_HUMAN] 

Q92499 ATP-dependent RNA helicase DDX1 OS=Homo sapiens GN=DDX1 PE=1 SV=2 - [DDX1_HUMAN] 

Q9NYF8 Bcl-2-associated transcription factor 1 OS=Homo sapiens GN=BCLAF1 PE=1 SV=2 - [BCLF1_HUMAN] 

P51512 Matrix metalloproteinase-16 OS=Homo sapiens GN=MMP16 PE=1 SV=2 - [MMP16_HUMAN] 

Q8NEY8 Periphilin-1 OS=Homo sapiens GN=PPHLN1 PE=1 SV=2 - [PPHLN_HUMAN] 

P13631 Retinoic acid receptor gamma OS=Homo sapiens GN=RARG PE=1 SV=1 - [RARG_HUMAN] 
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Q86WV5 CST complex subunit TEN1 OS=Homo sapiens GN=TEN1 PE=1 SV=2 - [TEN1L_HUMAN] 
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Table S2B. HA-ctrl binding proteins identified in mass spectrometry 

 
Accession Description 

P0C0S5 Histone H2A.Z OS=Homo sapiens GN=H2AFZ PE=1 SV=2 - [H2AZ_HUMAN] 

Q9BRX2 Protein pelota homolog OS=Homo sapiens GN=PELO PE=1 SV=2 - [PELO_HUMAN] 

P50914 60S ribosomal protein L14 OS=Homo sapiens GN=RPL14 PE=1 SV=4 - [RL14_HUMAN] 

O95425 Supervillin OS=Homo sapiens GN=SVIL PE=1 SV=2 - [SVIL_HUMAN] 

Q9NQX4 Unconventional myosin-Vc OS=Homo sapiens GN=MYO5C PE=1 SV=2 - [MYO5C_HUMAN] 

Q04695 Keratin, type I cytoskeletal 17 OS=Homo sapiens GN=KRT17 PE=1 SV=2 - [K1C17_HUMAN] 

P05783 Keratin, type I cytoskeletal 18 OS=Homo sapiens GN=KRT18 PE=1 SV=2 - [K1C18_HUMAN] 

P08727 Keratin, type I cytoskeletal 19 OS=Homo sapiens GN=KRT19 PE=1 SV=4 - [K1C19_HUMAN] 

P05787 Keratin, type II cytoskeletal 8 OS=Homo sapiens GN=KRT8 PE=1 SV=7 - [K2C8_HUMAN] 

Q96QZ7 
Membrane-associated guanylate kinase, WW and PDZ domain-containing protein 1 OS=Homo sapiens GN=MAGI1 PE=1 SV=3 - 
[MAGI1_HUMAN] 

P16403 Histone H1.2 OS=Homo sapiens GN=HIST1H1C PE=1 SV=2 - [H12_HUMAN] 

P60660 Myosin light polypeptide 6 OS=Homo sapiens GN=MYL6 PE=1 SV=2 - [MYL6_HUMAN] 

P17844 Probable ATP-dependent RNA helicase DDX5 OS=Homo sapiens GN=DDX5 PE=1 SV=1 - [DDX5_HUMAN] 

P68104 Elongation factor 1-alpha 1 OS=Homo sapiens GN=EEF1A1 PE=1 SV=1 - [EF1A1_HUMAN] 

P35579 Myosin-9 OS=Homo sapiens GN=MYH9 PE=1 SV=4 - [MYH9_HUMAN] 

Q96KK5 Histone H2A type 1-H OS=Homo sapiens GN=HIST1H2AH PE=1 SV=3 - [H2A1H_HUMAN] 

Q6FI13 Histone H2A type 2-A OS=Homo sapiens GN=HIST2H2AA3 PE=1 SV=3 - [H2A2A_HUMAN] 

Q96E39 RNA binding motif protein, X-linked-like-1 OS=Homo sapiens GN=RBMXL1 PE=1 SV=1 - [RMXL1_HUMAN] 

P08670 Vimentin OS=Homo sapiens GN=VIM PE=1 SV=4 - [VIME_HUMAN] 

P35580 Myosin-10 OS=Homo sapiens GN=MYH10 PE=1 SV=3 - [MYH10_HUMAN] 

P62829 60S ribosomal protein L23 OS=Homo sapiens GN=RPL23 PE=1 SV=1 - [RL23_HUMAN] 

O60814 Histone H2B type 1-K OS=Homo sapiens GN=HIST1H2BK PE=1 SV=3 - [H2B1K_HUMAN] 

P60709 Actin, cytoplasmic 1 OS=Homo sapiens GN=ACTB PE=1 SV=1 - [ACTB_HUMAN] 

P68032 Actin, alpha cardiac muscle 1 OS=Homo sapiens GN=ACTC1 PE=1 SV=1 - [ACTC_HUMAN] 

P62266 40S ribosomal protein S23 OS=Homo sapiens GN=RPS23 PE=1 SV=3 - [RS23_HUMAN] 

P18621 60S ribosomal protein L17 OS=Homo sapiens GN=RPL17 PE=1 SV=3 - [RL17_HUMAN] 

P62753 40S ribosomal protein S6 OS=Homo sapiens GN=RPS6 PE=1 SV=1 - [RS6_HUMAN] 

O00571 ATP-dependent RNA helicase DDX3X OS=Homo sapiens GN=DDX3X PE=1 SV=3 - [DDX3X_HUMAN] 
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O00139 Kinesin-like protein KIF2A OS=Homo sapiens GN=KIF2A PE=1 SV=3 - [KIF2A_HUMAN] 

P62269 40S ribosomal protein S18 OS=Homo sapiens GN=RPS18 PE=1 SV=3 - [RS18_HUMAN] 

P62081 40S ribosomal protein S7 OS=Homo sapiens GN=RPS7 PE=1 SV=1 - [RS7_HUMAN] 

P62854 40S ribosomal protein S26 OS=Homo sapiens GN=RPS26 PE=1 SV=3 - [RS26_HUMAN] 

P61247 40S ribosomal protein S3a OS=Homo sapiens GN=RPS3A PE=1 SV=2 - [RS3A_HUMAN] 

P62841 40S ribosomal protein S15 OS=Homo sapiens GN=RPS15 PE=1 SV=2 - [RS15_HUMAN] 

O43795 Unconventional myosin-Ib OS=Homo sapiens GN=MYO1B PE=1 SV=3 - [MYO1B_HUMAN] 

Q13247 Serine/arginine-rich splicing factor 6 OS=Homo sapiens GN=SRSF6 PE=1 SV=2 - [SRSF6_HUMAN] 

Q01082 Spectrin beta chain, non-erythrocytic 1 OS=Homo sapiens GN=SPTBN1 PE=1 SV=2 - [SPTB2_HUMAN] 

P01857 Ig gamma-1 chain C region OS=Homo sapiens GN=IGHG1 PE=1 SV=1 - [IGHG1_HUMAN] 

Q13813 Spectrin alpha chain, non-erythrocytic 1 OS=Homo sapiens GN=SPTAN1 PE=1 SV=3 - [SPTN1_HUMAN] 

P61158 Actin-related protein 3 OS=Homo sapiens GN=ACTR3 PE=1 SV=3 - [ARP3_HUMAN] 

Q15149 Plectin OS=Homo sapiens GN=PLEC PE=1 SV=3 - [PLEC_HUMAN] 

Q9UHB6 LIM domain and actin-binding protein 1 OS=Homo sapiens GN=LIMA1 PE=1 SV=1 - [LIMA1_HUMAN] 

P47756 F-actin-capping protein subunit beta OS=Homo sapiens GN=CAPZB PE=1 SV=4 - [CAPZB_HUMAN] 

P12814 Alpha-actinin-1 OS=Homo sapiens GN=ACTN1 PE=1 SV=2 - [ACTN1_HUMAN] 

Q9UM54 Unconventional myosin-VI OS=Homo sapiens GN=MYO6 PE=1 SV=4 - [MYO6_HUMAN] 

Q13613 Myotubularin-related protein 1 OS=Homo sapiens GN=MTMR1 PE=1 SV=4 - [MTMR1_HUMAN] 

P46782 40S ribosomal protein S5 OS=Homo sapiens GN=RPS5 PE=1 SV=4 - [RS5_HUMAN] 

P61927 60S ribosomal protein L37 OS=Homo sapiens GN=RPL37 PE=1 SV=2 - [RL37_HUMAN] 

P42766 60S ribosomal protein L35 OS=Homo sapiens GN=RPL35 PE=1 SV=2 - [RL35_HUMAN] 

Q15424 Scaffold attachment factor B1 OS=Homo sapiens GN=SAFB PE=1 SV=4 - [SAFB1_HUMAN] 

P25205 DNA replication licensing factor MCM3 OS=Homo sapiens GN=MCM3 PE=1 SV=3 - [MCM3_HUMAN] 

Q14980 Nuclear mitotic apparatus protein 1 OS=Homo sapiens GN=NUMA1 PE=1 SV=2 - [NUMA1_HUMAN] 

Q9NWB6 Arginine and glutamate-rich protein 1 OS=Homo sapiens GN=ARGLU1 PE=1 SV=1 - [ARGL1_HUMAN] 

P56945 Breast cancer anti-estrogen resistance protein 1 OS=Homo sapiens GN=BCAR1 PE=1 SV=2 - [BCAR1_HUMAN] 

O15318 DNA-directed RNA polymerase III subunit RPC7 OS=Homo sapiens GN=POLR3G PE=1 SV=2 - [RPC7_HUMAN] 

Q14247 Src substrate cortactin OS=Homo sapiens GN=CTTN PE=1 SV=2 - [SRC8_HUMAN] 

P62861 40S ribosomal protein S30 OS=Homo sapiens GN=FAU PE=1 SV=1 - [RS30_HUMAN] 

Q9NYF8 Bcl-2-associated transcription factor 1 OS=Homo sapiens GN=BCLAF1 PE=1 SV=2 - [BCLF1_HUMAN] 

Q71RC2 La-related protein 4 OS=Homo sapiens GN=LARP4 PE=1 SV=3 - [LARP4_HUMAN] 

Q86V48 Leucine zipper protein 1 OS=Homo sapiens GN=LUZP1 PE=1 SV=2 - [LUZP1_HUMAN] 
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Q5JUK9 P antigen family member 3 OS=Homo sapiens GN=PAGE3 PE=1 SV=1 - [PAGE3_HUMAN] 

P13631 Retinoic acid receptor gamma OS=Homo sapiens GN=RARG PE=1 SV=1 - [RARG_HUMAN] 

Q9GZM3 DNA-directed RNA polymerase II subunit RPB11-b1 OS=Homo sapiens GN=POLR2J2 PE=1 SV=2 - [RPB1B_HUMAN] 

Q2M2H8 Probable maltase-glucoamylase-like protein LOC93432 OS=Homo sapiens PE=2 SV=3 - [MGAL_HUMAN] 
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Table S3. Primers and peptides used in this study 

Primer Name Sequence (5’-3’) 

BCL-2 3’UTR primer 1 forward CTGGTGGGAGCTTGCATCAC 

BCL-2 3’UTR primer 1 reverse TCTTAAACAGCCTGCAGCTTTG 

BCL-2 3’UTR primer 2 forward CGCAGAACCTGCCTGTGTCC 

BCL-2 3’UTR primer 2 reverse CATTGCCTCTCCTCACGTTCC 

VEGFA 3’UTR primer forward TCTACCTCCACCATGCCAAGTG 

VEGFA 3’UTR primer reverse GGGTCTCGATTGGATGGCAG 

GAPDH mRNA primer forward CTCTGCTCCTCCTGTTCGACAG 

GSPDH mRNA primer reverse CAATACGACCAAATCCGTTGACT 

 

Peptide Name Sequence 

R3 GGRGGFGGRGGFGGRGGFG 

3RA GGAGGFGGAGGFGGAGGFG 

R416 GVMTALIKRNSTIPTKQTQ 

R416A GVMTALIKANSTIPTKQTQ 

R447 VLIQVYEGERAMTKDNNLLG 

R447A VLIQVYEGEAAMTKDNNLLG 

R458 MTKDNNLLGRFELSGIPPAP 

R458A MTKDNNLLGAFELSGIPPAP 
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3. Supplemental Materials and Methods  

Cell Lines and Cell Culture 

If not otherwise specified, all human pancreatic adenocarcinoma cell lines, HPNE cells, and 

HEK293T cells were purchased from the American Type Culture Collection. PDA cell lines 

MDA28 and MDA48 were gifts from Dr. Paul J. Chiao (The University of Texas MD Anderson 

Cancer Center). Generation of the FG human pancreatic adenocarcinoma cell line was described 

previously (1). All cell lines were maintained in 5% CO2 at 37°C as an adherent monolayer in 

Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum, sodium pyruvate, 

nonessential amino acids, L-glutamine, penicillin/streptomycin, and a vitamin solution (Flow 

Laboratories). The American Type Culture Collection performs characterization and 

authentication of the cell lines it provides using short tandem repeat profiling, and the cell lines 

they provided were passaged in our laboratory for fewer than 6 months after reception. 

Plasmids and Cloning Procedures  

PRMT1 transcript variant 1 plasmid was purchased from OriGene Technologies, and the ORF 

was subcloned into a pCMV6-AC-HA-His vector backbone with C-terminal HA-His tag. HSPA1A 

(HSP70), HSPA5 (GRP-78), HSPA8 (HSC70) and HSPA9 (GRP-75) plasmids were purchased 

from OriGene Technologies, and they are in the pCMV6-Entry vector backbone with C-terminal 

Myc-DDK tag. The HSP70 and PRMT1 deletion mutant plasmids were generated by PCR using 

Herculase II Fusion Enzyme (Agilent Technologies) and inserted back to their original vectors or 

pGEX-KG vector for bacterial expression. Arginine-to-alanine (R-to-A) mutant HSP70 plasmids, 

including 416, 447 and 458 single R-to-A mutant, 416 and 447 double R-to-A (2RA) and triple R-

to-A (3RA) were generated by overlap extension PCR method. GFP-PRMT1 and GST-PRMT1 

plasmids were gifts from Dr. Mark T. Bedford (UT MD Anderson Cancer Center). Dominant-

negative PRMT1 plasmid was provided by Dr. Darren E. Richard (CRCHU de Québec) and 

described previously (2). To generate the pMIR-REPORT vectors containing 3’UTR of BCL-2, the 



 

28 
 

first 557bp fragment of 3’UTR was PCR amplified using genomic DNA of 293T cells and then 

inserted into the backbone vector between Mlu I and Hind III sites. The ARE mutant fragment was 

synthesized by GENEWIZ LLC and cloned into the same vector backbone. 

Antibodies, siRNAs, Primers and Compounds 

Anti-PRMT1 (2449S) antibody was purchased from Cell Signaling Technology; anti-PRMT5 (07-

405) antibody was purchased from EMD Millipore Corporation; and anti-HA (TA100012) and anti-

Myc (TA150121) antibodies were purchased from OriGene Technologies. Anti-HSP70 antibody 

(ADI-SPA-810) was from purchased Enzo Life Sciences. Anti-HSC70 (sc-7298), anti-GRP78 (sc-

376768), anti-GRP75 (sc-13967), anti-GST (sc-138), anti-β-actin (sc-47778) and anti-BCL-2 (sc-

7382) antibodies and ABT-199 (Venetoclax) were purchased from Santa Cruz Biotechnology. 

Anti-α-tubulin (MABT205) and anti-asymmetric dimethyl arginine antibody, ASYM24, were 

purchased from EMD Millipore Corporation. Anti-asymmetric demethylation of histone H4R3 

antibody was purchased from Active Motif. siRNA specifically targeting PRMT1 was purchased 

from Santa Cruze or synthesized by Sigma-Aldrich Corporate, with the sequence 5’- 

GCCAACAAGUUAGACCACG-3’.  Primers used in real-time PCR and reverse transcription-PCR 

are listed in Table S3. PRMT1 specific inhibitors DB75 and TC-E5003 were purchased from Tocris 

Bioscience. Etoposide and H2O2 were purchased from Sigma-Aldrich Corporate. Gemcitabine 

hydrochloride was purchased from United States Pharmacopeia (USP). 

shRNA construct and transfection 

Lentiviral-based pLKO.1 PRMT1 shRNA vector was obtained from Academia Sinica. The pLKO.1 

scrambled shRNA vector was purchased from Addgene. The PRMT1-targeting shRNA 

sequences used in the lentiviral construct were: 5′ -CCGGCCGGCAGTACAAAGACTACA-

ACTCGAGTTGTAGTCTTTGTACTGCCGGTTTTTG-3’. For lentiviral production, PLKO.1 

PRMT1 shRNA vector, packaging (pCMV-dr8.Z dvpr), and envelope (pCMV-VSVG) plasmids 

were cotransfected into 293T cells using Lipofectamine Reagent (Invitrogen). After 48-hour 
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transfection, PDA cells were infected with viral particles. Stable knockdown clones were selected 

by culturing cells in medium with 1 μg/ml puromycin for four days. 

Western blot Analysis  

Standard Western blotting was done using whole-cell lysates and primary antibodies, and a 

peroxidase-linked, species-specific, anti-rabbit, anti-mouse, or anti-goat IgG F(ab’)2 fragments. 

Equal protein sample loading was monitored by blotting the same membrane with an anti α-tubulin 

or β-actin antibody. Protein bands were detected with Pierce™ enhanced chemiluminescence 

(ECL) system. Western blot results were quantitated using ImageJ software; protein expression 

was normalized to α-Tubulin or β-Actin, and the ratio to control was presented under individual 

blots as fold changes. 

Alcian Blue Staining 

The mucin expression was stained with Alcian blue reagents according to the manufacturer's 

instruction (IHC WORLD, Woodstock, MD). Briefly, pancreas sections were deparaffinized, 

hydrated to deionized water, and then immersed in Alcian blue solution for 30 minutes at room 

temperature. After washing with distilled water, the slides were counterstained in nuclear fast red 

or eosin. Strongly acidic mucosubstances will be stained blue. 

Cell Scratch-Wound Healing Assay 

Cells were grown in six-well plates until confluence. A wound was generated by scraping with the 

10-µL tip, the cells in the wounded monolayer were photographed at different time points, and cell 

migration was assessed by measuring gap sizes at multiple fields. 

Cell Invasion Assay 

Invasion assay was performed using a Boyden invasion chamber that included a 24-well tissue 

culture plate with 12 cell culture inserts (Millipore). The inserts contained an 8μm pore size 

polycarbonate membrane with a precoated thin layer of basement membrane matrix (ECMatrix). 
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Ten percent fetal bovine serum-containing medium was placed in the lower chambers to act as a 

chemoattractant. Cells (5×105) in a 300µL volume of serum-free medium were placed in the upper 

chambers and incubated at 37°C for 48 hours. Invasive cells on the lower surface of the 

membrane, which had invaded the ECMatrix and had migrated through the polycarbonate 

membrane, were stained by hematoxylin and eosin, and then counted and photographed under 

a microscope in five selected fields at a magnification of ×200. 

In Vitro Cytotoxicity and Cell Viability Assay 

Human PDAC cells were seeded into 96-well plates with 3,000 cells per well. PRMT1 inhibitors, 

chemotherapeutic drugs or H2O2 were diluted in DMEM medium supplemented with 2% FBS. 

200μl Medium with drug or vehicle control were added to each well. Glucose deprivation cell 

group was cultured in DMED medium without glucose and sodium pyruvate (Gibco).  Cells were 

cultured at 37°C for indicated time. After incubation, cell viability was determined using Cell 

Counting Kit-8 (CCK-8, Dojindo Molecular Technologies), and IC50 of each drug was calculated 

using Prism GraphPad 6 software. The viability of vehicle control group was determined as 100%, 

and the growth inhibition rate is defined as 100% - (cell viability treated by drug / cell viability 

treated by vehicle control). Cell viability treated by each drug concentration was tested in triplicate. 

Immunoprecipitation Assay  

For immunoprecipitation, cells lysates were generated with Pierce IP Lysis Buffer (Thermo Fisher 

Scientific) supplemented with protease inhibitor cocktail. Cell lysates were incubated with the 

antibody or antibody-conjugated magnetic beads overnight at 4°C on a rotator. If antibody were 

used for IP, Protein A/G plus agarose (Santa Cruz) was then added and the reactions were further 

incubated at 4°C for 2 h. After four washes with PBST supplemented with protease inhibitor 

cocktail, protein complexes were released from agarose by boiling for 5min in 2× SDS-PAGE 

loading buffer or by elution with tag peptides. Western blot was performed to detect specific 

proteins in the complexes. 
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Protein Purification from Bacterial or Mammalian Cells 

GST-tagged proteins were expressed in BL21 (DE3) bacterial cells (NEB) and induced by 100μM 

IPTG (Thermo Fisher Scientific). Bacterial cells lysates were generated with Pierce pull-down 

lysis buffer supplemented with protease inhibitor cocktail, and purified by using Pierce Glutathione 

Magnetic Agarose Beads (Thermo Fisher Scientific). Protein complexes were eluted by 50 mM 

reduced glutathione. Myc- or HA-tagged proteins were expressed in HEK293T cells and fusion 

proteins were purified by anti-Myc or -HA magnetic beads and washed extensively with PBST. 

Purified proteins were eluted by Myc or HA peptide (ApexBio Technology). 

Immunofluorescence Assay  

Cells grown in Falco 4-well chambered cell culture slides were fixed with 4% paraformaldehyde 

in PBS for 10min and rendered permeable by further treatment with 0.2% Triton X-100 for 10min. 

Then fixed cells were blocked by incubation with 5% BSA solution for 30 min. The PRMT1 

antibody and HSP70 antibody were 1:200 diluted and mixed in 5% BSA solution and incubated 

with cells overnight at 4°C. After three washes with PBST, cells were incubated with Alexa 594-

labelled anti-rabbit IgG and Alexa 488-labelled anti-mouse IgG antibodies (Thermo Fisher 

Scientific) for 2h at room temperature. Cells were washed, mounted with prolong gold antifade 

reagent with DAPI (Thermo Fisher Scientific), viewed, and photographed under a fluorescence 

microscope (Leica). 

In Vitro Methylation Assay 

Synthesized peptides used in this study is listed in Table S3. Peptides or recombinant proteins 

were incubated with 2μg PRMT1 recombinant protein (Origene Technologies) and 2μCi S-

[methyl-3H]-adenosyl-methionine (Perkin Elmer) in 20μl methylation buffer (50mM Tris·HCl, pH 

8.0, 150mM NaCl, 1mM EDTA). Reactions were incubated at 30°C for 3h. Reaction was 

measured by either liquid scintillation counting (LSC) or autoradiography.  For LSC, 10μL mixture 

was dotted onto a small circular nitrocellulose membrane and washed three times with 
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methylation buffer. Then the membrane was air dried and immersed in ScintiVerse II Cocktail 

(Thermo Fisher Scientific) in a glass scintillation vial and measured by Liquid Scintillation Counter 

(Beckman Coulter). The disintegrations per minute (DPM) for each peptide is calculated as final 

DPM = DPM (wildtype) – DPM (mutant). For autoradiography, the reaction mixture was boiled in 

loading buffer for 5min and then separated by SDS-PAGE and transferred to polyvinylidene 

difluoride membrane. Membrane was treated with EN3HANCE Spray (Perkin Elmer) and exposed 

to film at -80°C for 7-10 days. 

Protein Sequence Alignment 

All the protein sequences were retrieved from UniProt Protein Database in FASTA format. Multiple 

sequence alignment was performed use online web tool Clustal Omega 

(http://www.ebi.ac.uk/Tools/msa/clustalo/). 

Mass Spectrometry Analysis 

To identify PRMT1 binding proteins, HA-PRMT1 or HA control vector was transfected to 293T 

cells respectively. Protein complexes were purified by anti-HA antibody-conjugated magnetic 

beads. Then samples were sent to the Proteomics and Metabolomics Facility of MD Anderson 

Cancer Center for high sensitivity LC-MS/MS analysis. To identify HSP70 methylation sites, 293T 

cells were transfected with Myc-HSP70 plasmid and cultured for 48h. Then protein complexes 

were purified by anti-Myc antibody-conjugated magnetic beads and resolved by 10% SDS-PAGE 

gel, followed by Coomassie blue staining with SimplyBlue™ SafeStain (Life technologies). Band 

corresponding to HSP70 was excised and subjected to in-gel digestion with trypsin. Then samples 

were sent for MALDI-TOF analysis using an Ultimate capillary LC system (LC Packings) coupled 

to a QSTARXL quadrupole time-of-flight mass spectrometer (Applied Biosystem/MDS Sciex). 

Generation of Gene Knockout Cell Lines 
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A CRISP-Cas 9 system was used to generate gene specific knockout cell lines. Briefly, the first 

100bp of coding sequences of human HSPA1A/B and PRMT1 gene were analyzed for guide 

sequences design by an online CRISPR Design Tool (http://crispr.mit.edu/). The guide sequence 

for HSPA1A/B is forward: 5’-ATGGCCAAAGCCGCGGCGAT-3’ and reverse: 5’-

ATCGCCGCGGCTTTGGCCAT-3’. The guide sequence for PRMT1 is forward: 5’-

CATGATGCAGTTCGCGGCCT-3’ and reverse: 5’-AGGCCGCGAACTGCATCATG-3’. A random 

guide sequence targeting to no known human genes was used as control, with forward: 5’-

CCGCCCCGAGTTCAAGGTGGAGCG-3’ and reverse: 5’-CGCTCCACCTTGAACTCGGG-

GCGG-3’. The forward and reverse oligoes were annealed with each other and inserted into 

vector pSpCas9(BB)-2A-Puro (Addgene #62988), which was pre-digested by BbsI restriction 

endonuclease. The recombinant plasmid was transfected into MIA PaCa-2 cells and cells were 

treated with puromycin (1µg/ml) for 48-72 hours. After puromycin selection, single cell clones 

were seeded into 96-well plate by flow cytometry. After 10-14 day culture, each cell clone was 

tested for specific gene depletion by both Western blot and genomic DNA sequencing. 

Annexin V/ Propidium Iodide (PI) Assay  

Apoptotic cell death was measured by flow cytometric analysis after staining using FITC-

conjugated Annexin V/PI Kit (BD PharMingen) following the manufacturer’s instructions. In the 

population of Annexin V-positive cells, PI-negative or PI-positive cells were considered to be early 

apoptotic or late apoptotic. 

Quantitative Real-time PCR (qRT-PCR) Assay 

Total RNA was isolated from cells using RNeasy Mini Kit (QIAGEN) according to the 

manufacturer’s instructions. Messenger RNAs were reverse transcribed into cDNA by 

SuperScript™ IV First-Strand Synthesis System (Invitrogen). Real-time PCR was performed on 

a StepOnePlus Real-Time PCR System (ABI) in triplicates with PowerUp SYBR Green Master 

http://crispr.mit.edu/
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Mix (Applied Biosystems) and primers targeting genes of interest. Data were analyzed using the 

comparative CT (ΔΔCT) method. 

Ribonucleoprotein Immunoprecipitation (RNP-IP)  

Wildtype or mutant Myc-tagged HSP70 plasmids and Myc control plasmid were transfected to 

cells respectively. Ribonucleoprotein complexes containing Myc-HSP70 were purified from cell 

lysates with anti-Myc antibody-conjugated magnetic beads. The beads were washed extensively 

with lysis buffer supplemented with RNase inhibitor (NEB). Then RNA molecules co-purified in 

the complexes were extracted using RNeasy Mini Kit (QIAGEN).  Messenger RNAs were reverse 

transcribed into cDNA by SuperScript™ IV First-Strand Synthesis System (Invitrogen). Genes of 

interest were amplified by PCR for 30 cycles and reactions were separated by 2% agarose gel.  

mRNA Decay Assay 

Cultured cells were treated with actinomycin-D (ActD) for up to 4h to avoid the initiation of an 

ActD-based apoptosis program. Total RNA was extracted using RNeasy Mini Kit (QIAGEN) at 

various time points. RNA samples were analyzed for BCL-2 and GAPDH mRNAs by multiplex 

qRT-PCR as described above, with each data point taken as the mean ± SD of triplicates. 

Transcript levels were normalized to the level of GAPDH. First-order decay constants (k) and 

associated mRNA half-lives were calculated by nonlinear regression using GraphPad Prism6 

software, yielding mRNA half-lives (t1/2) of ln2/k. 

Protein-Nucleic Acid Binding Assay 

Qualitative assessments of Myc-Hsp70 protein binding to RNA substrates were performed using 

the LightShift™ Chemiluminescent RNA EMSA Kit (Thermo Fisher Scientific) following 

manufacturer’s instruction. Briefly, biotin-labeled BCL-2 3’UTR RMA fragment or UA-rich positive 

control fragment (5’- GUGAUUAUUUAUUAUUUAUUUAUUAUUUAUUUAUUUAG-3’) were 

incubated with recombinant proteins in binding buffer for 30 min at 25°C. Reactions were then 
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subjected to electrophoresis in 5% polyacrylamide gel and then transferred to positively charged 

nylon membrane. After the crosslink of transferred RNAs to membrane, biotin-labeled RNAs were 

detected by Streptavidin-Horseradish Peroxidase (HRP) conjugate and chemiluminescent 

method.  

Luciferase Assay 

PDAC cells were transfected with pMIR-REPORT vector along with wildtype or R-to-A mutant 

HSP70 expression vector, and internal control Renilla luciferase vector. The resulting luciferase 

activity in the cells was quantified using a dual luciferase assay system (Promega) 36 hours after 

transfection. 
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