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26 Abbreviations: 

cAMP Cyclic adenosine monophosphate

CHX Cycloheximide

CRM1 Chromosome region maintenance 1/exportin1/Exp1/Xpo1

GAN Gubra Amylin NASH

GTT Glucose tolerance test

HFD High fat diet

NASH Nonalcoholic steatohepatitis

PRMT Protein arginine methyltransferase

PTT Pyruvate tolerance test

STZ Streptozocin

27

28 Abstract

29 Appropriate control of hepatic gluconeogenesis is essential for the organismal survival upon 

30 prolonged fasting and maintaining systemic homeostasis under metabolic stress. Here we show 

31 protein arginine methyltransferase 1 (PRMT1), a key enzyme that catalyzes the protein arginine 

32 methylation process, particularly the isoform encoded by Prmt1 variant 2 (PRMT1V2), is critical 

33 in regulating gluconeogenesis in the liver. Liver-specific deletion of Prmt1 reduced gluconeogenic 

34 capacity in cultured hepatocytes and in the liver. Prmt1v2 was expressed at a higher level compared 

35 to Prmt1v1 in hepatic tissue and cells. Gain-of-function of PRMT1V2 clearly activated the 

36 gluconeogenic program in hepatocytes via interactions with PGC1α, a key transcriptional 

37 coactivator regulating gluconeogenesis, enhancing its activity via arginine methylation, while no 

38 effects of PRMT1V1 were observed. Similar stimulatory effects of PRMT1V2 in controlling 

39 gluconeogenesis were observed in human HepG2 cells. PRMT1, specifically PRMT1V2, was 

40 stabilized in fasted liver and hepatocytes treated with glucagon, in a PGC1α-dependent manner.  

41 PRMT1, particularly Prmt1v2, was significantly induced in the liver of streptozocin-induced type 

42 1 diabetes and high fat diet-induced type 2 diabetes mouse models and liver-specific Prmt1 

43 deficiency drastically ameliorated diabetic hyperglycemia. These findings reveal that PRMT1 

44 modulates gluconeogenesis and mediates glucose homeostasis under physiological and 
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45 pathological conditions, suggesting that deeper understanding how PRMT1 contributes to the 

46 coordinated efforts in glycemic control may ultimately present novel therapeutic strategies that 

47 counteracts hyperglycemia in disease settings. 

48

49 Keywords: PRMT1 variant 2; Glycemic control; Liver function; Diabetic hyperglycemia

50

51 Introduction

52 Glucose homeostasis is of great importance for survival and metabolic health in general.  

53 Blood glucose levels must be maintained within a narrow range to avoid hypoglycemia during 

54 periods of fasting and hyperglycemia after calorie overload. Liver plays a key role in the regulation 

55 of systemic glucose levels because hepatic glucose production contributes to 80% of total 

56 endogenous glucose production (1). Hepatic glycogenolysis is mainly responsible for glucose 

57 production in the short-term fasting but gluconeogenesis is of much greater importance during 

58 prolonged fasting (2). Hepatic gluconeogenesis is mainly controlled by the availability of 

59 substrates and the rate-limiting enzymes phosphoenolpyruvate carboxykinase 1 (encoded by Pck1) 

60 and glucose-6-phosphatase (encoded by G6pc). This process is tightly modulated through the 

61 actions of insulin and glucagon, which coordinately respond to nutrient status. In patients with 

62 diabetes and other metabolic disorders, inappropriate activation of gluconeogenesis and 

63 development of insulin resistance renders hyperglycemia. 

64 Peroxisome proliferative activated receptor- co-activator 1 (PGC1α) was originally 

65 identified in brown fat, regulating adaptive thermogenesis as a transcriptional coactivator (3). 

66 Further investigation revealed that PGC1α can be induced by cyclic adenosine monophosphate 

67 (cAMP) in primary hepatocytes and was significantly induced in the liver by fasting (4). PGC1α 

68 is the master modulator of hepatic metabolism through regulation of gluconeogenesis, lipid 

69 catabolism, mitochondrial biogenesis via interactions with many key factors, including forkhead 

70 transcription factor (FOXO1), hepatocyte nuclear factor 4α (HNF4α) and Sirtuin 1 (SIRT1) (4-7). 

71 The activity of PGC1α is closely monitored and tightly controlled at transcriptional and 

72 posttranslational levels to accommodate its versatile functions in various physiological processes 

73 (8), including arginine methylation (9).
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74 Methylation of arginine residues is a common post-translational modification and is regulated 

75 by a family of gene products called protein arginine methyltransferases (PRMTs) (10). PRMTs are 

76 classified as type Ⅰ (PRMT1, 2, 3, 4, 6, and 8), type Ⅱ (PRMT5 and 9) and type Ⅲ (PRMT7) on 

77 the basis of their methylation manner (11). PRMT1 is the predominant member of the PRMT 

78 family, contributing to around 85% of protein arginine methylation in mammalian cells and tissues. 

79 It has been reported that PRMT1 modulates insulin signaling (12), maintains cardiac function (13), 

80 mediates lipogenesis in the liver (14), and regulates thermogenesis in fat (15). Prmt1 has different 

81 splicing variants with distinct subcellular localization, substrate specificity, and enzyme activity 

82 (16). Among all these isoforms, PRMT1V1 and PRMT1V2 are the two main variants in normal 

83 human tissues (16). The difference between these two isoforms is that PRMT1V1 has a 

84 chromosome region maintenance 1/exportin1/Exp1/Xpo1 (CRM1)-dependent nuclear export 

85 sequence which is coded by exon 2 (15, 16). 

86 In this study, multiple lines of in vitro and in vivo evidence generated from gain- and loss-of-

87 function models strongly support the hypothesis that PRMT1, variant 2 in particular, plays an 

88 essential role in regulating hepatic gluconeogenesis via interactions with PGC1α. PRMT1V2 was 

89 induced in the liver of mouse models mimicking diabetes and other metabolic disorders where 

90 pathological hyperglycemia was observed. Mice with hepatocyte-specific Prmt1 deletion 

91 displayed less elevated blood glucose levels and improved glucose homeostasis when challenged 

92 with streptozocin or high fat diet (HFD), indicating inhibition of hepatic PRMT1 activity may 

93 represent therapeutic opportunities counteracting inappropriate gluconeogenesis in human 

94 diseases. 

95
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103

104

105

106

107 Materials and Methods

108 Reagents

109 Glucagon (G2044), forskolin (F6886), insulin (I5500, for in vitro studies), dexamethasone 

110 (D4902), fetal bovine serum (FBS) (F0926), cycloheximide (CHX; C4859), MG132 (M7449), 

111 ammonium chloride (NH4Cl; A9434), and streptozocin (STZ; S0130) were purchased from Sigma-

112 Aldrich. Insulin (NDC 0002-8215-01, for in vivo studies) was purchased from Eli Lilly. Hanks' 

113 Balanced Salt Solutions (HBSS; SH3058802) was purchased from Thermo Fisher Scientific. 

114 Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 GlutaMAX (DMEM/F12 GlutaMAX) 

115 (10565-042), DMEM (11995073), DMEM-low glucose (11885084), and penicillin streptomycin 

116 solution (15140122) were purchased from Life Technologies. Collagenase Type IV (LS004188) 

117 was purchased from Worthington Biochemical. Polyethylenimine (PEI; linear, molecular mass of 

118 25 kDa; 23966-1) was purchased from Polysciences, Inc.

119 Animal studies

120 All the mouse studies were conducted according to the protocol reviewed and approved by 

121 the Institutional Animal Care and Use Committee at the University of Michigan. All mice were 

122 housed under 12-hour light/12-hour dark cycle with an ad libitum chow diet (5L0D; PicoLab 

123 Laboratory Rodent Diet) unless otherwise indicated. The C57BL/6J (000664) and Albumin-Cre 

124 (003574) mice were obtained from the Jackson Laboratory. Prmt1fl/fl mice were obtained from Dr. 

125 Steven A. Weinman. The conditioned alleles lead to Cre-mediated deletion of exon 4 and 5 of 

126 Prmt1 gene (17). Liver-specific Prmt1 KO mice (Alb-Cre;Prmt1fl/fl) were generated by crossing 

127 Prmt1fl/fl and Alb-Cre mice. For the fasting experiments, mice were fasted during the dark period 

128 for indicated time. Blood glucose levels were measured in tail blood by using the OneTouch Ultra 

129 Glucometer (Lifescan). For adenovirus infusion studies, indicated adenoviruses were injected into 
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130 anesthetized mice through tail vein. For STZ studies, mice were intraperitoneally injected with 

131 either vehicle or 100 mg per kg body weight per day STZ for one week. For HFD-induced obesity 

132 study, mice were singly housed on either a chow diet or a HFD that consists of 45% of calories 

133 from fat (D12451, Research Diets) for indicated time. Over this period, body weights and food 

134 intake were measured weekly. For diet-induced nonalcoholic steatohepatitis (NASH) study, mice 

135 were singly housed on either a chow diet or Gubra Amylin NASH (GAN) diet (D09100310, 

136 Research Diets). Over this period, body weights and food intake were measured weekly. Both male 

137 and female were used in this study and similar results were observed in both genders. 

138 Quantitative real-time PCR 

139 Total RNA was extracted from cells and tissues using TRI reagent (T9424, Sigma-Aldrich) 

140 according to the manufacturer’s instructions. cDNA was synthesized using M-MLV Reverse 

141 Transcriptase (28025021, Life Technologies). Quantitative real-time PCR (qPCR) reactions were 

142 performed with SYBR Green (4368708, Thermo Fisher Scientific) on a QuantStudio 5 Real Time 

143 PCR system (Thermo Fisher Scientific). Results were analyzed by using the 2−ΔΔCt method and 

144 normalized to levels of TATA-box binding protein (Tbp). All qPCR primer sequences are listed in 

145 Supplementary Table.

146 Western blot

147 Total protein from cells and liver tissue was extracted in ice-cold radioimmunoprecipitation 

148 assay buffer (RIPA buffer) (150 mM NaCl, 50 mM Tris-HCl pH 8.0, 5 mM EDTA, 0.5% sodium 

149 deoxycholate, 0.1% SDS, 1% NP-40) supplemented with protease inhibitor cocktail (Sigma-

150 Aldrich). Protein concentration was measured by DC protein assay reagents (Bio-Rad Laboratories) 

151 in SpectraMax M3 multi-mode microplate reader (Molecular Devices). Protein lysate was 

152 subjected to SDS-PAGE and transferred to polyvinylidene fluoride (PVDF) membranes. After 

153 incubation with blocking buffer (5% nonfat milk in 1% TBS with Tween 20) for 1 hour, the 

154 membranes were probed with primary anti-PRMT1 (Cell Signaling Technology, catalog 2449S), 

155 anti-HSP90 (Cell Signaling Technology, catalog 4874S), anti-HA (Cell Signaling Technology, 

156 catalog 3724), anti-α-tubulin (Cell Signaling Technology, catalog 2144), anti-Adme-R (Cell 

157 Signaling Technology, catalog 13522), anti-pAkt (Cell Signaling Technology, catalog 9271S), 

158 anti-Akt (Cell Signaling Technology, catalog 9272), and anti-Histone H3 (Active motif, catalog 

159 39763). Secondary antibody linked with horseradish peroxidase was diluted in 5% nonfat milk in 
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160 1% TBS with Tween 20 and incubated for 2 hours at room temperature. The blots were developed 

161 by ECL (Bio-Rad Laboratories, 1705061). Quantification of immunoblot analyses was performed 

162 using Quantity One (Bio-Rad).

163 Subcellular fractionation

164 Liver tissue was minced in ice-cold cytoplasm extraction buffer (20 mM HEPES, 1 mM 

165 EDTA, 10 mM NaCl, 2 mM MgCl2, 0.25% NP-40) supplemented with protease inhibitor cocktail 

166 (Sigma-Aldrich) whereas cells were scraped in ice-cold cytoplasm extraction buffer. The 

167 homogenate was vortexed for 15 seconds followed by 5 minute incubation at 4℃ for 6 times. The 

168 lysate was centrifuged at 5000g at 4℃ for 5 minutes to get the supernatant containing cytoplasmic 

169 fraction. The pellet after centrifugation was vortexed for 15 seconds and incubated at 4℃ for 10 

170 minutes in ice-cold nuclear extraction buffer (20 mM HEPES, 1 mM EDTA, 420 mM NaCl, 2 mM 

171 MgCl2, 0.25% NP-40, 25% glycerol) supplemented with protease inhibitor cocktail (Sigma-

172 Aldrich). The homogenate was centrifuged at 14,000g at 4℃ for 5 minutes to get the supernatant 

173 containing nuclear fraction. 

174 Immunoprecipitation

175 Hepa 1-6 cells were infected with indicated adenoviruses or transiently transfected with 

176 indicated plasmids. At 48 hours following infection or transfection, cells were lysed with ice-cold 

177 RIPA buffer on a shaker at 4℃ for 1 hour. The lysate was centrifuged at 14,000g for 15 minutes 

178 at 4℃ to pellet debris and the supernatant was transferred into a fresh Eppendorf tube. After 

179 quantification by DC assay, 1 mg of protein for each group was incubated with anti-PGC1α 

180 (Millipore, catalog ST1202) overnight at 4℃ with rotation. Five percent of the lysate was saved 

181 as input. Thirty microliters of protein G-agarose (Santa Cruz Biotechnology, catalog sc-2002) was 

182 washed with RIPA buffer 3 times and then added into protein lysate following rotation at 4℃ for 

183 3 hours. The beads were pelleted by quick spin and washed with RIPA buffer 3 times. After 

184 removing supernatant, 30 μL of sample buffer was added to elute the immunoprecipitated proteins 

185 followed by boiling at 98℃ for 5 minutes. The immunoprecipitated protein was subjected to 

186 immunoblotting as described above.

187 Tolerance tests
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188 For pyruvate tolerance test (PTT), mice were fasted for 16 hours and then intraperitoneally 

189 injected with sodium pyruvate (1.75 g/kg). For glucose tolerance test (GTT), mice were fasted for 

190 16 hours and then intraperitoneally injected with glucose (1 g/kg). The blood glucose levels were 

191 measured in tail blood at indicated time points by using the OneTouch Ultra Glucometer (Lifescan).

192 Cell culture

193 Mouse primary hepatocytes were isolated and cultured as previously reported (15). In brief, 

194 the liver was perfused with washing buffer (HBSS buffer supplemented with 0.5 mM EGTA pH 

195 7.4 and 25 mM HEPES pH 7.4) and then with digestion medium (DMEM-low glucose 

196 supplemented with 1% penicillin-streptomycin, 15 mM HEPES pH 7.4, and 100 U/mL collagenase 

197 IV) via the inferior vena cava after the anesthesia of the mouse. After dispersing the cells, they 

198 were filtered by using a prechilled BD disposable falcon tube nylon filter. Hepatocytes were 

199 washed twice by using isolation medium (DMEM/F12 GlutaMAX supplemented with 10% FBS, 

200 1% penicillin-streptomycin, 1 µM dexamethasone and 0.1 µM insulin) and seeded on collagen 

201 coated 12-well plates at 3×105 cells/mL with the isolation medium. One hour after plating, the 

202 medium was changed to culture medium (DMEM-low glucose supplemented with 10% FBS, 1% 

203 penicillin-streptomycin, 0.1 µM dexamethasone, and 1 nM insulin). Cells will be serum starved 

204 for 24 hours before treatments (such as glucagon).

205 Hepa 1-6 cells and HepG2 cells were obtained from ATCC and maintained in DMEM 

206 supplemented with 10% FBS and 1% penicillin-streptomycin. Particularly, HepG2 cells were 

207 seeded on culture plates coated with type I rat tail collagen (CB354249, Fisher Scientific). 

208 Histology

209 Liver tissues were fixed in 10% formalin at 4℃ overnight. Paraffin embedding and 

210 hematoxylin and eosin (H&E) staining were performed by the University of Michigan 

211 Comprehensive Cancer Center Research Histology and Immunoperoxidase Laboratory. Images 

212 were obtained by using LEICA DM2000.

213 Adenovirus production

214 Adenoviruses that overexpress GFP, CRE, PGC1α (18), HA-PRMT1V1, and HA-PRMT1V2 

215 (15) were generated as previously described. Adenoviruses expressing shRNA against Ppgargc1a 
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216 (6) and PRMT1 (15) were produced as previously described. Media were freshed 16-24 hours after 

217 infection and high efficiency of virus transduction that exceeded 90% was verified by the number 

218 of GFP-positive cells under fluorescence microscope. 

219 Luciferase reporter assays

220 Plasmids expressing PRMT1V1, PRMT1V2 (15), PRMT1V2-G98R (19, 20), FOXO1 (21), 

221 PGC1α (18), PGC1α-ΔE, PGC1α-R3K (9) and the Pck1 promoter luciferase reporter (4) were 

222 described previously. Hepa 1-6 cells or HepG2 cells were seeded into 12-well plates and 

223 transiently transfected with plasmids expressing PGC1α (909 ng), PGC1α-ΔE (909 ng), PGC1α-

224 R3K (909 ng), or FOXO1 (909 ng) and/or PRMT1V1 (909 ng), PRMT1V2 (909 ng) or  

225 PRMT1V2-G98R (909 ng) by using PEI method together with Pck1 promoter luciferase reporter 

226 construct (90.0 ng) and Renilla luciferase reporter construct (10 ng) unless otherwise specified. 

227 Cells were lysed 48 hours after transfection. Luciferase activity was measured by a luciferase assay 

228 kit (PR-E1941, Promega) according to the manufacturer’s recommendations by using a Perkin 

229 Elmer Enspire Model 2300 Multilabel Microplate Reader (PerkinElmer). Firefly luciferase activity 

230 was normalized to Renilla luciferase activity. 

231 Statistics

232 Data are presented as mean ± SEM. Two-tailed unpaired Student’s t test was used for 

233 comparison of two genotypes or treatments. One-way ANOVA or 2-way ANOVA was performed 

234 to compare 3 or more groups, as indicated in the figure legends. All the statistical analyses were 

235 performed using SPSS (IBM). 

236
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243

244

245

246 Results

247 Hepatic Prmt1 deficiency renders impaired gluconeogenesis in the liver

248 To investigate the role of PRMT1 in regulating hepatic glucose metabolism, we first 

249 examined wild-type (WT) mice subjected to fasting for 16 hours. As expected, mice in the fasted 

250 state had lower body weights and reduced blood glucose levels compared to mice with free access 

251 to food (Figure 1A). qPCR analyses revealed that expression levels of key gluconeogenic genes, 

252 including Pck1, G6pc, Ppargc1a, and CCAAT/enhancer binding protein beta (Cebpb), were 

253 elevated in the liver isolated from mice after overnight fasting compared to those of fed controls 

254 (Figure 1A). It is of great interest that fasting significantly increased global asymmetric arginine 

255 dimethylation with increased PRMT1 expression on the protein level but not transcriptionally in 

256 the liver (Figure 1, A and B). To mechanistically investigate the posttranscriptional induction of 

257 PRMT1 expression in the liver in the fasting state, a cycloheximide chase experiment was 

258 performed to reveal whether this is due to changes in the rate of protein degradation. Treatment 

259 with gluconeogenic stimulating hormone, glucagon, dramatically extended the half-life of PRMT1 

260 from 1.6 hours to 3 hours when primary hepatocytes from WT mice were treated with 

261 cycloheximide, a commonly used protein synthesis inhibitor (22) (Figure 1C). Further 

262 investigation revealed that increased PRMT1 protein accumulation was observed in the primary 

263 hepatocytes treated with a proteasome inhibitor MG132 (22) but not NH4Cl, a lysosome inhibitor 

264 (23), suggesting that proteasomal pathways may be involved (Supplementary Figure 1, A and B). 

265 In addition to being stimulated by glucagon after prolonged fasting, gluconeogenesis is also 

266 governed by the suppressive effects of insulin postprandially. Reduced suppression of hepatic 

267 glucose production rendered by insulin resistance is one of key causes for hyperglycemia observed 

268 in type 2 diabetes (24). Therefore, we next investigated whether insulin is also involved in the 

269 regulation of hepatic PRMT1. WT mice were subjected to fasting for 16 hours, followed by 

270 intraperitoneal injection with insulin. Insulin treatment did not lead to changes in PRMT1 mRNA 

271 or protein levels (Supplementary Figure 1, C and D). Similarly, no changes were observed in 
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272 PRMT1 mRNA and protein in vitro in primary hepatocytes treated with insulin (Supplementary 

273 Figure 1, E and F), indicating minimal regulatory effects through insulin in this context.

274 To determine whether Prmt1 is required in the hepatic gluconeogenesis, we generated liver-

275 specific Prmt1 KO mice (Alb-Cre;Prmt1fl/fl) by crossing Prmt1fl/fl mice with Albumin-Cre mice. 

276 Hepatocyte-specific deletion of Prmt1 did not cause any gross abnormality under the basal 

277 conditions. Alb-Cre;Prmt1fl/fl mice showed no differences in body weight and morphological 

278 architecture in the liver compared with Prmt1fl/fl controls (Figure 1, D and E). Prmt1 deletion was 

279 confirmed by qPCR in the liver and no deletion was detected in other tissues that express Prmt1 

280 (Figure 1F). Additionally, no other Prmts were induced to compensate for the loss of Prmt1 

281 expression in the liver (Supplementary Figure 2A). Western blot analyses further confirmed 

282 PRMT1 deletion in the liver with significantly reduced global asymmetric arginine dimethylation 

283 (Figure 1G), consistent with the notion that PRMT1 plays a predominant role in the liver among 

284 all the PRMTs (25). Alb-Cre;Prmt1fl/fl  mice exhibited no changes in gluconeogenic gene 

285 expression in the liver under the fed state (Figure 1H). It has previously been reported that deletion 

286 of Prmt1 in the liver may influence cellular response to stresses rendered by environmental insults 

287 such as alcohol (26). Decreased expression of oxidative stress response genes (Sod1 and Sod2), 

288 increased expression of proliferation markers (Cyclin B1 and c-Myc) and comparable expression 

289 of genes regulating inflammation, cell death and fibrosis were observed in the liver of Alb-

290 Cre;Prmt1fl/fl mice compared to that in the Prmt1fl/fl controls under basal conditions (ad lib) 

291 (Supplementary Figure 2B), consistent with previous observations (26). After overnight fasting, 

292 Alb-Cre;Prmt1fl/fl  mice had lower blood glucose levels and decreased expression of gluconeogenic 

293 genes compared to littermate control mice (Figure 1, I and J). Yet, fasting did not result in changes 

294 in the expression pattern of the stress response genes  between the two genotypes (Supplementary 

295 Figure 2C), suggesting the blunted gluconeogenesis in the Prmt1-deleted liver after fasting was 

296 mediated through a specific regulatory signaling pathway rather than due to global defects or organ 

297 failure. PTT revealed that hepatic gluconeogenesis was impaired after the deletion of Prmt1 

298 (Figure 1K). It has been reported that global haploinsufficiency of Prmt1 resulted in impaired 

299 gluconeogenesis and significant reduction of PRMT1 protein levels in the liver (27). However, no 

300 differences in the expression of gluconeogenic genes were observed in the liver of Alb-

301 Cre;Prmt1fl/+ mice compared to those of Prmt1fl/fl mice after overnight fasting. Furthermore, 

302 western blot analyses revealed that PRMT1 protein levels were comparable in the liver from Alb-
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303 Cre;Prmt1fl/+ mice to those of littermate Prmt1fl/fl mice controls (Supplementary Figure 2, D and 

304 E).

305 Similar to what was observed in the Alb-Cre;Prmt1fl/fl mice where Prmt1 was deleted 

306 developmentally, acute hepatic deletion of Prmt1 mediated by adenoviral expression of 

307 recombinase Cre led to lower fasting blood glucose, less induced hepatic gluconeogenic gene 

308 expression after fasting and less glucose production upon pyruvate challenges with no gross 

309 differences and morphological changes in the liver under  ad lib conditions (Supplementary Figure 

310 3, A-H, and data not shown). The cell-autonomous regulation of hepatic gluconeogenesis through 

311 PRMT1 was further confirmed by the observation that Prmt1 deletion significantly blunted the 

312 glucagon-mediated induction of Pck1, G6pc, Ppargc1a, and Cebpb in the primary hepatocytes 

313 (Supplementary Figure 3, I and J). 

314 We next investigated whether the effects of PRMT1 on gluconeogenesis are conserved in 

315 human using a loss-of-function model (Figure 1L). Treatment of glucagon plus forskolin 

316 (increasing intracellular cAMP levels) activated the gluconeogenic program in HepG2 cells, a 

317 commonly used human hepatoma cell line (Figure 1M), in agreement with previous results (28). 

318 However, knockdown of PRMT1 significantly ablated the response of HepG2 cells to glucagon 

319 plus forskolin stimulation (Figure 1M), confirming that the role of PRMT1 in glucose regulation 

320 is conserved in human liver cells. 

321 PRMT1V2 plays a dominant role in activating the hepatic gluconeogenic program

322 Among the various isoforms of PRMT1, which one(s) may contribute primarily to this critical 

323 role in gluconeogenic regulation is completely unknown. We first investigated the relative 

324 expression of Prmt1v1 and Prmt1v2 in the liver, the two dominant isoforms in humans that differs 

325 from each other by a CRM1-dependent nuclear export sequence (Figure 2A) (16). We found that 

326 the expression of Prmt1v2 was higher than Prmt1v1 in the liver from WT mice (Supplementary 

327 Figure 4A). A similar expression pattern of Prmt1v1 and Prmt1v2 was observed in primary 

328 hepatocytes isolated from WT mice, Hepa 1-6 cells (a murine hepatoma cell line) and HepG2 cells 

329 (Supplementary Figure 4, B-D). Interestingly, western blot analyses of subcellular fractionations 

330 revealed that PRMT1 expression within the nucleus was increased in the fasted liver while 

331 cytosolic PRMT1 remained unchanged (Figure 2B), suggesting that PRMT1V2 might be the 

332 isoform that activates hepatic gluconeogenesis. 
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333 To further explore the role of these two isoforms in the hepatic glucose production, gain-of-

334 function experiments were carried out with adenoviruses that overexpress PRMT1V1 and 

335 PRMT1V2, which displayed subcellular expression pattern as expected (Figure 2, C-G, 

336 Supplementary Figure 4, E-G). Overexpression of PRMT1V2 significantly induced the expression 

337 of gluconeogenic genes in the mouse primary hepatocytes whereas little effects were observed in 

338 cells overexpressing PRMT1V1 (Figure 2, D and F). 

339 To test this effect in vivo, we ectopically expressed PRMT1V1 and PRMT1V2 in the mice 

340 with hepatic deletion of endogenous Prmt1 (Figure 2, H-J). Mice injected with adenovirus 

341 overexpressing PRMT1V2 displayed higher blood glucose levels after fasting for 6 and 16 hours 

342 (Figure 2K). However, there was no difference in fasted blood glucose levels between mice 

343 injected with adenovirus overexpressing GFP and PRMT1V1 (Figure 2K). In addition, 

344 gluconeogenic genes, including Pck1, G6pc, Ppargc1a, and Cebpb, were significantly induced in 

345 mice with PRMT1V2 overexpression, but not PRMT1V1, after 16-hour fasting (Figure 2L). PTT 

346 results demonstrated that hepatic gluconeogenic capacity was augmented in mice with PRMT1V2 

347 overexpression but remained unchanged in mice with PRMT1V1 overexpression (Figure 2M). 

348 Similar to what was observed in murine primary hepatocytes, overexpression of PRMT1V1 did 

349 not affect the gluconeogenic program in HepG2 cells (Figure 2, N and O). On the contrary, 

350 PRMT1V2 overexpression significantly increased the expression of gluconeogenic genes (Figure 

351 2, P and Q). These results suggest that PRMT1V2 plays a major role in regulating hepatic 

352 gluconeogenesis.

353 PRMT1V2 stimulates hepatic gluconeogenesis via PGC1α

354 PGC1α is a transcriptional coactivator that regulates multiple physiological functions in 

355 metabolism, including adaptive thermogenesis and gluconeogenesis (3, 4, 29). It has been reported 

356 that the arginine residues of PGC1α could be methylated by PRMT1 and its coactivator activity 

357 was increased after methylation (9). Consistent with previous reports (4), overexpression of 

358 PGC1α significantly induced the expression of gluconeogenic genes (Figure 3A). Co-

359 overexpression of PRMT1V2 but not PRMT1V1 with PGC1α can lead to further increase in 

360 expression levels of gluconeogenic genes in primary hepatocytes, likely through activated  PGC1α 

361 that was methylated primarily by nucleus-located PRMT1V2 but not PRMT1V1 in the cytosol 

362 (Figure 3, B and C). This gluconeogenic effect of PRMT1V2 was also observed in experiments 
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363 testing Pck1 promoter activity in Hepa 1-6 cells (Figure 3, D and E). In Hepa 1-6 cells, knockdown 

364 of Ppargc1a reduced Pck1-luciferase activity (Figure 3, F-H). Transient transfection of PRMT1V2 

365 increased Pck1-luciferase activity while there were no effects observed in cells transfected with 

366 PRMT1V1 (Figure 3, G and H). Notably, knockdown of Ppargc1a completely abolished the 

367 stimulatory effects of PRMT1V2 (Figure 3H). This drastic effects of PGC1α on PRMT1V2 

368 function in the hepatic gluconeogenic regulation were further revealed when PRMT1V1 and 

369 PRMT1V2 were individually re-introduced back in Alb-Cre;Prmt1fl/fl mice after knockdown of 

370 Ppargc1a (Figure 3, I-K). Elevated fasting blood glucose levels, induced gluconeogenic gene 

371 expression and compromised pyruvate tolerance observed previously with PRMT1V2 

372 overexpression were completely blunted in the absence of PGC1α (Figure 3, I-K). Similar results 

373 were observed in vitro in the primary hepatocytes demonstrating a likely cell-autonomous 

374 mechanism (Supplementary Figure 5, A and B). Conversely, even though injection with the 

375 adenovirus encoding an shRNA specific to Ppargc1a decreased the gluconeogenic capacity as 

376 expected in the Prmt1fl/fl mice, knockdown of Ppargc1a did not render further reduction in 

377 gluconeogenesis in Alb-Cre;Prmt1fl/fl mice, demonstrating the physiological significance of this  

378 PGC1α and PRMT1 interaction in vivo. (Supplementary Figure 5, C-E). 

379 It has been reported that PRMT1 may regulate glucose production through FOXO1, a 

380 transcription factor known to activate gluconeogenesis in the liver (27, 30). But which isoform of 

381 PRMT1 may be involved in this process has not been investigated. In contrast to the dominant 

382 effects of PRMT1V2 when working with PGC1α, both PRMT1V1 and PRMT1V2 can further 

383 increase Pck1-luciferase activity when co-overexpressed with FOXO1 (Supplementary Figure 6, 

384 A and B). This coactivation between PRMT1 and FOXO1 remained functional in the cells infected 

385 with an adenovirus encoding an shRNA specific to Ppargc1a (Supplementary Figure 6, C and D), 

386 suggesting that PRMT1 may regulate hepatic gluconeogenesis with different partners through 

387 various mechanisms. 

388 We next explored whether PRMT1V2 functions with PGC1α in hepatic gluconeogenic 

389 regulation in human liver cells. Similar to what we observed in murine hepatocytes, co-

390 overexpression of PRMT1V2 and PGC1α further increased gluconeogenic gene expression and 

391 Pck1 promoter activity compared with those observed in cells only ectopically overexpressing 

392 PGC1α, whereas little effects were observed with PRMT1V1 (Figure 3, L-O).
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393 Further mechanistic investigation was carried out to test whether PRMT1V2 enhances 

394 PGC1α activity through arginine methylation. In contrast to what was observed with the wild-type 

395 PRMT1V2, which increased Pck1-luciferase activity when co-overexpressed with PGC1α, 

396 PRMT1V2-G98R, a catalytically inactive mutant (Figure 4, A and B) (19, 20),  did  not show any 

397 synergistic effects with PGC1α mediating Pck1 promoter activation (Figure 4C). It has been 

398 proposed that the potential methylation sites of PRMT1 on PGC1α, arginine residues 665, 667, 

399 and 669,  locate  within the C-terminal E region (9). Even though when expressed alone, either a 

400 mutant PGC1α-ΔE without E region or a mutant PGC1α-R3K consisting of conversion of arginine 

401 residues 665, 667, and 669 to lysine can increase Pck1-luciferase activity, neither mutant 

402 demonstrated coactivation effects when co-expressed with  PRMT1V2 (Figure 4, D-H). These 

403 results collectively support the hypothesis that PRMT1V2 mediates PGC1α function primarily 

404 through arginine methylation.

405 Our results demonstrated that PRMT1, variant 2 in particular, modulated hepatic 

406 gluconeogenesis via PGC1α. We next tested, as the master regulator of gluconeogenesis, whether 

407 PGC1α regulates PRMT1 expression in hepatocytes. PGC1α overexpression in HepG2 cells did 

408 not lead to changes in PRMT1 mRNA levels (Figure 4I), whereas increased protein levels of 

409 PRMT1 were detected in cells with adenovirus overexpressing PGC1α (Figure 4J). It has been 

410 reported that PRMT1 protein can be stabilized through downregulation of p300 (EP300) and 

411 Sirtuin 1 (Sirt1) (22). Indeed, overexpression of PGC1α led to decreased expression of EP300 and 

412 SIRT1 in HepG2 cells (Figure 4K). Furthermore, glucagon treatments no longer stabilized PRMT1 

413 in the hepatocytes in the absence of PGC1α (Figure 4L). These results collectively suggest that as 

414 a part of the machinery of glucose control in the liver, PRMT1 itself is regulated by PGC1α, which 

415 forms a feedback regulatory loop. 

416 Liver-specific Prmt1 deficiency counteracts diabetic hyperglycemia

417 Excessive hepatic gluconeogenesis and loss of glycemic control is one of the characteristics 

418 of diabetes and metabolic syndrome (1, 31, 32). Whether PRMT1 modulates pathological hepatic 

419 glucose production in diabetes may be of great clinical relevance. Streptozocin (STZ) is widely 

420 used to kill insulin-producing beta cells, causes acute glucotoxicity effects in vivo and induces 

421 type 1 diabetes in mice (33).  Mice injected with STZ displayed higher fed blood glucose levels 

422 when compared with mice injected with vehicle (Figure 5A). In this type 1 diabetes mouse model, 
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423 Prmt1 was markedly increased along with the induction of gluconeogenic genes (Figure 5, A and 

424 B). It is of note that Prmt1v1 was not changed but Prmt1v2 was significantly induced in the liver 

425 of mice injected with STZ (Figure 5A). These results suggest that PRMT1 is involved in the 

426 inappropriate hepatic glucose production in diabetes. 

427 To investigate how the absence of Prmt1 may affect pathological hepatic gluconeogenesis, 

428 we injected Alb-Cre;Prmt1fl/fl and Prmt1fl/fl control mice with STZ. After STZ injection, liver-

429 specific deletion of Prmt1 resulted in less elevated blood glucose levels and less induced 

430 gluconeogenic gene expression in the liver in the fed state compared to STZ-injected Prmt1fl/fl 

431 control mice (Figure 5, C and D). GTT revealed that Alb-Cre;Prmt1fl/fl mice had better control of 

432 glycemia after STZ injection (Figure 5E). These results indicate that hepatic deletion of Prmt1 

433 may protect against pathological hepatic gluconeogenesis in type 1 diabetes.

434 In addition to type 1 diabetes, hepatic regulation of glucose constitutes a very important aspect 

435 of liver dysfunction in various metabolic disorders. Chronic HFD feeding promotes obesity and 

436 insulin resistance and has been used as a model to induce both type 2 diabetes and nonalcoholic 

437 fatty liver disease (NAFLD) in mice (34). Mice on HFD had higher body weights and elevated 

438 fasting blood glucose levels compared with mice on chow diet as expected (Figure 5F). qPCR 

439 analyses showed that Prmt1 was significantly induced in the liver by HFD feeding, accompanied 

440 by the activation of gluconeogenic genes, including Pck1, G6pc, and Cebpb (Figure 5, G and H). 

441 In particular, Prmt1v2 was significantly increased in the liver from mice on HFD while there was 

442 no difference in the expression of Prmt1v1 between mice on chow diet and HFD (Figure 5G). 

443 Similar to what was observed in STZ-induced type 1 diabetes model, when challenged with 

444 HFD feeding, hepatic deletion of Prmt1 provided protection against hyperglycemia in this type 2 

445 diabetes model. Upon HFD feeding, Alb-Cre;Prmt1fl/fl mice showed lower body weight gain and 

446 less liver tissue mass than those of the littermate control animals without differences in food intake 

447 (Figure 5, I and J, Supplementary Figure 7A). After fasting, blood glucose was lower and 

448 gluconeogenic genes were less induced in the liver in Alb-Cre;Prmt1fl/fl than those of controls 

449 (Figure 5, K and L). Alb-Cre;Prmt1fl/fl mice on HFD showed less impaired glucose tolerance 

450 compared to littermate control while these two genotypes showed comparable glycemia control on 

451 chow diet (Figure 5M, Supplementary Figure 7B). Together, these data indicate that inhibiting 
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452 hepatic PRMT1 activity may protect against inappropriate glucose production due to insulin 

453 resistance. 

454 In comparison to standard HFD, so called western diets, which contains high-fat, high 

455 fructose and high cholesterol, are more widely used as a more specific model for fatty liver study, 

456 which better mimics fast food style diets (34). It is of great interest to observe that Prmt1, 

457 particularly Prmt1v2 was increased in the livers of mice challenged with western diet and loss of 

458 hepatic Prmt1 protected mice from metabolic dysfunction caused by a western diet 

459 (Supplementary Figure 8). These data indicate that PRMT1 may be involved in hepatic regulation 

460 in a broad spectrum of metabolic disorders. 
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477

478

479

480 Discussion

481 Our study revealed that Prmt1 deficiency results in impaired gluconeogenesis in the liver 

482 during fasting. PRMT1V2 is the isoform that is primarily responsible for glucose regulation 

483 through interactions with PGC1α and this mechanism is conserved in human hepatocytes. Hepatic 

484 deletion of Prmt1 protects against inappropriate activation of gluconeogenesis in metabolic 

485 disorder, such as diabetes. 

486 The expression profiling of different isoforms of Prmt1 showed that Prmt1v2 was expressed 

487 at a higher level than Prmt1v1 in mouse and human hepatocytes. Functional analyses revealed that 

488 PRMT1V2 activated the gluconeogenic program in the hepatocytes and augmented glucose 

489 production in vivo, while there were no effects of PRMT1V1. The difference between Prmt1v1 

490 and Prmt1v2 is that there is a nuclear export sequence in Prmt1v1 which makes PRMT1V1 

491 exported to the cytoplasm and PRMT1V2 exist in the nucleus (16) (Figure 2, A and C), indicating 

492 that PRMT1V2 may activate gluconeogenesis through modulating transcription, likely through 

493 controlling methylation of transcriptional regulators, such as PGC1α (Figure 3C, Figure 4, A-H). 

494 A previous study has implicated that PRMT1 may be involved in glucose control through a 

495 FOXO1-dependent mechanism (27). However, the differential regulation via different isoforms of 

496 PRMT1 was not investigated. It is also of note that  the levels of PRMT1 protein were significantly 

497 reduced in the Prmt1+/- mice in this previous study (27), whereas similar protein levels of PRMT1 

498 were detected in the liver of Alb-Cre;Prmt1fl/+ mice compared to that in the control Prmt1fl/fl mice 

499 in our study. It is conceivable that systemic haploinsufficiency of PRMT1 may lead to secondary 

500 influence on liver function and complicate the interpretation of the phenotype observed in Prmt1+/- 

501 mice. We observed that, when co-overexpressed, both PRMT1V1 and PRMT1V2 works with 

502 FOXO1 to activates Pck1 promoter activity regardless the presence or absence of PGC1α, 

503 indicating that PRMT1 closely interacts with key modulators of liver glucose control through 

504 multiple mechanisms. 
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505 Our study revealed a feedback regulation between PRMT1V2 and PGC1α in hepatocytes. 

506 PGC1α was strongly induced in the liver of mice in the fasted state and overexpression of PGC1α 

507 through adenoviral delivery stimulated hepatic gluconeogenesis (4). Deletion of Ppargc1a reduced 

508 the hepatic glucose production in the fasted mice (29). It has been reported that PGC1α is induced 

509 in STZ-induced and db/db diabetic mice (4, 35). Knockdown of Ppargc1a could reduce hepatic 

510 gluconeogenesis in the diabetes mouse model (35). Intriguingly, it is also well documented that 

511 PPARGC1A expression is reduced in the liver of humans with diabetes and NAFLD (36-38). The 

512 precise modulation of PGC1α activity in the liver is critical in systemic glucose control (39). Our 

513 study suggests that PRMT1V2 represents another key module in this complex network that acutely 

514 senses nutritional and hormonal cues and consists of many regulators, including PGC1α and 

515 FOXO1. 

516 Protein arginine methylation is an important posttranscriptional modification for protein 

517 function (40). It has been reported that multiple cellular processes are regulated by arginine 

518 methylation, including RNA processing, signaling transduction, and transcriptional regulation (40). 

519 PRMT1 is the key member of the PRMT family, which is responsible for most of the asymmetric 

520 dimethylation. PRMT1 is expressed in various tissues (25). It has been reported that PRMT1 is 

521 involved in a variety of biological processes, including transcriptional control, DNA repair, mRNA 

522 splicing, and signal transduction (10). PRMT1 was further shown to play a role in cancer 

523 progression (41) and thermogenesis activation in fat (15). Previous studies indicated that PRMT1 

524 regulates lipogenesis in hepatic steatosis and alcohol-induced liver dysfunction (14, 26, 42-44). 

525 Despite of the fact that pleiotropic effects of PRMT1 have been investigated in various tissues, the 

526 unique discovery of the current study lies in the specific and finetuned regulation mediated by this 

527 interaction between PGC1α and PRMT1V2. This isoform specific coactivation is regulated 

528 primarily by nucleus localized PRMT1V2. On the one hand, methylation-resistant form of PGC1α 

529 can still regulate gluconeogenesis (Figure 4, E and G), suggesting, not surprisingly, this master 

530 regulator of liver function can be modulated by other factors besides PRMT1. Yet, the synergistic 

531 effects between PGC1α and PRMT1V2 are almost completely absent when arginine methylation 

532 is blocked. Either loss of catalytical ability of PRMT1V2 or mutations in the potential arginine 

533 methylation sites in PGC1α abolished the synergistic effects of this PGC1α and PRMT1 interaction. 

534 PGC1α is mechanistically involved in the glucagon mediated stabilization of PRMT1V2 on the 

535 protein level, whereas, the other hormone crucial in glycemic control, insulin, posts minimal 
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536 effects in this process. The specificity at each step of this pathway may prove to be advantageous 

537 when aiming for targeted effects in future efforts strategizing therapeutic intervention against 

538 pathological hyperglycemia.

539 Lastly, our study revealed impressive functional significance of this interaction. With deletion 

540 of Prmt1 in hepatocytes, mice displayed better glycemia control and overall improved metabolic 

541 health when challenged with STZ injection or HFD feeding, indicating that PRMT1 played a 

542 critical role in the regulation of inappropriate hepatic glucose production in diabetes. Given that 

543 PRMT1V2 was significantly induced in the liver of multiple metabolic disease settings where liver 

544 dysfunction is involved, ongoing drug development efforts to identify specific inhibitor for 

545 PRMT1 may be of great therapeutic potential in the near future (45). 
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707 Figure legends

708 Figure 1. Loss of Prmt1 reduces gluconeogenic capacity in the liver. A) Body weights (left; n = 7 

709 for ad lib, n = 6 for fasted), blood glucose levels (middle; n = 7/group), and qPCR analyses (right; 

710 n = 7/group) of Prmt1 and gluconeogenic marker mRNA levels in the liver of wild-type (WT) 

711 mice under ad libitum-fed and 16 hour-fasted conditions. B) Immunoblot analyses of PRMT1 and 

712 asymmetric-dimethylated arginine (Adme-R) in the liver of mice described in (A) (n = 3/group). 

713 HSP90 was used as a loading control. C) Immunoblot (left) and quantification (right) analyses of 

714 PRMT1 in the primary hepatocytes isolated from WT mice and treated with 100 μg/mL 

715 cycloheximide (CHX) for indicated time after pretreatment with vehicle (Ctrl) or 200 nM glucagon 

716 for 3 hours. α-tubulin was used as a loading control. D) Body weights of Prmt1fl/fl and Alb-

717 Cre;Prmt1fl/fl mice under basal conditions (chow diet, fed state, n = 6/group). E) H&E-stained 

718 images of the liver in mice described in (D) (scale bar, 100 μm). F) qPCR analyses of Prmt1 

719 mRNA levels across tissues from Prmt1fl/fl and Alb-Cre;Prmt1fl/fl mice (n = 4 for Prmt1fl/fl, n = 3 

720 for Alb-Cre;Prmt1fl/fl). G) Immunoblot analyses of PRMT1 and Adme-R in the liver from mice 

721 described in (D) (n = 2/group). HSP90 was used as a loading control. H) qPCR analyses of Prmt1 

722 and gluconeogenic marker mRNA levels in Prmt1fl/fl and Alb-Cre;Prmt1fl/fl mice under basal 

723 conditions (chow diet; fed state; n = 8 for Prmt1fl/fl, n = 6 for Alb-Cre;Prmt1fl/fl). I) Blood glucose 

724 levels of 16 hour-fasted Prmt1fl/fl and Alb-Cre;Prmt1fl/fl mice (n = 6 for Prmt1fl/fl, n = 5 for Alb-

725 Cre;Prmt1fl/fl). J) qPCR analyses of Prmt1 and gluconeogenic marker mRNA levels in the liver of 
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726 mice described in (I) (n = 4 for Prmt1fl/fl, n = 6 for Alb-Cre;Prmt1fl/fl). K) PTT in 16 hour-fasted 

727 mice described in (I) (n = 6 for Prmt1fl/fl, n = 5 for Alb-Cre;Prmt1fl/fl). AUC, area under the curve. 

728 L) qPCR analyses of PRMT1 and GFP mRNA levels in HepG2 cells infected with indicated 

729 adenoviruses (n = 6/group). M) qPCR analyses of gluconeogenic marker mRNA levels in HepG2 

730 cells infected with indicated adenoviruses and stimulated with 1 mM glucagon plus 10 μM 

731 forskolin or vehicle (Ctrl) for 24 hours (n = 6/group). Data are presented as mean ± SEM. *P < 

732 0.05; **P < 0.01; ***P < 0.001. n.s., not significant. 2-tailed Student’s t test (A, D, F, H-L) or 2-

733 way ANOVA (M).

734 Figure 2. PRMT1V2 (P1V2) is primarily responsible for the modulation of hepatic 

735 gluconeogenesis. A) Schematic of PRMT1V1 (P1V1) and P1V2 transcript structure. B) 

736 Immunoblot analyses of PRMT1 in purified nuclear and cytoplasmic fractions of liver from wild-

737 type (WT) mice under ad libitum-fed and 16 hour-fasted conditions. Histone H3 (H3) and α-tubulin 

738 served as nuclear and cytoplasmic markers, respectively. C) Immunoblot analyses of PRMT1 in 

739 purified nuclear and cytoplasmic fractions of Hepa 1-6 cells infected with indicated adenoviruses. 

740 Histone H3 (H3) and α-tubulin served as nuclear and cytoplasmic markers, respectively. D) qPCR 

741 analyses of P1V1 and gluconeogenic marker mRNA levels after infection with indicated 

742 adenoviruses in primary hepatocytes isolated from WT mice (n = 4/group). E) Immunoblot 

743 analyses of HA-P1V1 with anti-HA antibody in primary hepatocytes described in (D) (n = 2/group). 

744 HSP90 was used as a loading control. F) qPCR analyses of P1V2 and gluconeogenic marker 

745 mRNA levels after infection with indicated adenoviruses in primary hepatocytes isolated from WT 

746 mice (n = 4/group). G) Immunoblot analyses of HA-P1V2 with anti-HA antibody in primary 

747 hepatocytes described in (F) (n = 2/group). HSP90 was used as a loading control. H) Schematic of 

748 the experiment. Prmt1fl/fl mice were injected with indicated adenovirus through tail vein for CRE-

749 mediated deletion. Seven days after first injection, the mice were injected with indicated 

750 adenoviruses through tail vein for gain-of-function. I) qPCR analyses of P1V1 and P1V2 mRNA 

751 levels in the liver of 16 hour-fasted mice described in (H) (n = 4 for Ad-GFP and Ad-P1V2, n = 3 

752 for Ad-P1V1). J) Immunoblot analyses of PRMT1 in the liver from mice described in (H) (n = 

753 2/group). HSP90 was used as a loading control. K) Blood glucose levels in 6 hour- or 16 hour-

754 fasted mice described in (H) (n = 4 for Ad-GFP and Ad-P1V2, n = 3 for Ad-P1V1). L) qPCR 

755 analyses of gluconeogenic markers and GFP mRNA levels in 16 hour-fasted mice described in 

756 (H) (n = 4 for Ad-GFP and Ad-P1V2, n = 3 for Ad-P1V1). M) PTT in 16 hour-fasted mice 
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757 described in (H) (n = 4 for Ad-GFP and Ad-P1V2, n = 3 for Ad-P1V1). AUC, area under the curve. 

758 N) qPCR analyses of P1V1 and gluconeogenic marker mRNA levels in HepG2 cells infected with 

759 indicated adenoviruses (n = 4/group). O) Immunoblot analyses of HA-P1V1 with anti-HA 

760 antibody in HepG2 cells described in (N) (n = 2/group). HSP90 was used as a loading control. P) 

761 qPCR analyses of P1V2 and gluconeogenic marker mRNA levels in HepG2 cells infected with 

762 indicated adenoviruses (n = 4/group). Q) Immunoblot analyses of HA-P1V2 with anti-HA 

763 antibody in HepG2 cells described in (P) (n = 2/group). HSP90 was used as a loading control. Data 

764 are presented as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001. n.s., not significant. 2-tailed 

765 Student’s t test (D, F, N, P) or 1-way ANOVA (I, K-M).

766 Figure 3. PRMT1V2 activates hepatic gluconeogenesis through PGC1α. A) qPCR analyses of 

767 Ppargc1a and gluconeogenic marker mRNA levels in primary hepatocytes isolated from wild-type 

768 (WT) mice and infected with indicated adenoviruses (n = 4/group). B) qPCR analyses of Ppargc1a, 

769 P1V1, P1V2, and gluconeogenic marker mRNA levels in primary hepatocytes isolated from WT 

770 mice and infected with indicated adenoviruses (n = 4/group). C) Analyses of asymmetric 

771 dimethylation of PGC1α. Hepa 1-6 cells were infected with indicated adenoviruses. Lysates were 

772 immunoprecipitated with an anti-PGC1α antibody. Both input and immunoprecipitates were 

773 analyzed by immunoblotting as indicated. D, E) Pck1 promoter activity in Hepa 1-6 cells 

774 transiently transfected with indicated vectors (n = 4/group). F) qPCR analyses of Ppargc1a mRNA 

775 levels in Hepa 1-6 cells infected with indicated adenoviruses (n = 6/group). G, H) Pck1 promoter 

776 activity in Hepa 1-6 cells infected with indicated adenoviruses and then transiently transfected 

777 with indicated vectors (n = 6/group). I) Alb-Cre;Prmt1fl/fl mice were first injected with the 

778 adenovirus encoding an shRNA specific to Ppargc1a through tail vein. Three days after the first 

779 injection, the mice were injected with indicated adenoviruses through tail vein for gain-of-function. 

780 Blood glucose levels of these mice after 16 hour fasting (n = 3 for Ad-GFP, n = 4 for Ad-P1V1 

781 and Ad-P1V2). J) qPCR analyses of Ppargc1a, P1V1, P1V2, and gluconeogenic marker mRNA 

782 levels in the liver of 16 hour-fasted mice described in (I) (n = 3 for Ad-GFP, n = 4 for Ad-P1V1 

783 and Ad-P1V2). K) PTT in 16 hour-fasted mice described in (I) (n = 3 for Ad-GFP, n = 4 for Ad-

784 P1V1 and Ad-P1V2). AUC, area under the curve. L) qPCR analyses of PPARGC1A and 

785 gluconeogenic marker mRNA levels in HepG2 cells infected with indicated adenoviruses (n = 

786 4/group). M) qPCR analyses of PPARGC1A, P1V1, P1V2, and gluconeogenic marker mRNA 

787 levels in HepG2 cells infected with indicated adenoviruses (n = 4/group). N, O) Pck1 promoter 
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788 activity in HepG2 cells transiently transfected with indicated vectors (n = 4/group). Data are 

789 presented as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001. n.s., not significant. 2-tailed 

790 Student’s t test (A, D, F, L, N), 1-way ANOVA (B, E, I- K, M, O), or 2-way ANOVA (G, H).

791 Figure 4. PRMT1V2 activates PGC1α by asymmetric dimethylation. A) Schematic of PRMT1V2-

792 G98R mutant. B) Analyses of asymmetric dimethylation of PGC1α. Hepa 1-6 cells were 

793 transiently transfected with indicated plasmids. Lysates were immunoprecipitated with an anti-

794 PGC1α antibody. Both input and immunoprecipitates were analyzed by immunoblotting as 

795 indicated. C) Pck1 promoter activity in Hepa 1-6 cells transiently transfected with indicated 

796 vectors (n = 4/group). D) Schematic of PGC1α mutants. WT, wild-type; AD, activation domain; 

797 RS, serine/arginine-rich region; RRM: RNA recognition motif. E-H) Pck1 promoter activity in 

798 Hepa 1-6 cells transiently transfected with indicated vectors (n = 4/group). I) qPCR analyses of 

799 PRMT1 mRNA levels in HepG2 cells infected with indicated adenoviruses (n = 4/group). J) 

800 Immunoblot analyses of PRMT1 in HepG2 cells described in (I) (n = 3/group). HSP90 was used 

801 as a loading control. K) qPCR analyses of EP300 and SIRT1 in HepG2 cells described in (I) (n = 

802 4/group). L) Immunoblot (left) and quantification (right) analyses of PRMT1 in primary 

803 hepatocytes isolated from wild-type mice after injection with indicated adenovirus and treated with 

804 100 μg/mL cycloheximide (CHX) for indicated time after pretreatment with vehicle (Ctrl) or 200 

805 nM glucagon for 3 hours. α-tubulin was used as a loading control. Data are presented as mean ± 

806 SEM. ***P < 0.001. n.s., not significant. 2-tailed Student’s t test (E, G, I, K) or 1-way ANOVA 

807 (C, F, H).

808 Figure 5. Hepatocyte-specific Prmt1 deletion ameliorates diabetic hyperglycemia. A) Blood 

809 glucose levels (left) and qPCR analyses of Prmt1 and gluconeogenic marker (middle) and two 

810 different Prmt1 variants mRNA levels (right) in the liver from wild-type (WT) mice 

811 intraperitoneally injected with vehicle (Ctrl) or 100 mg/kg streptozocin (STZ) daily for one week 

812 (n = 5 for Ctrl, n = 4 for STZ). B) Immunoblot analyses of PRMT1 in the liver of mice described 

813 in (A) (n = 3/group). HSP90 was used as a loading control. C) Blood glucose levels of Prmt1fl/fl 

814 and Alb-Cre;Prmt1fl/fl mice in the fed state after daily intraperitoneal injection with 100 mg/kg 

815 STZ for one week (n = 5 for Prmt1fl/fl, n = 4 for Alb-Cre;Prmt1fl/fl). D) qPCR analyses of Prmt1 

816 and gluconeogenic marker mRNA levels in the liver of mice in the fed state described in (C) (n = 

817 5 for Prmt1fl/fl, n = 4 for Alb-Cre;Prmt1fl/fl). E) GTT in 16 hour-fasted mice described in (C) (n = 
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818 5 for Prmt1fl/fl, n = 4 for Alb-Cre;Prmt1fl/fl). AUC, area under the curve. F) Body weight (left) and 

819 16 hour-fasted blood glucose levels (right) in WT mice on chow diet or high fat diet (HFD) for 12 

820 weeks (n = 4 for Chow, n = 8 for HFD). G) qPCR analyses of Prmt1 and gluconeogenic marker 

821 (left) and two different Prmt1 variants (right) mRNA levels in the liver from mice described in (F) 

822 (n = 5 for Chow, n = 8 for HFD). H) Immunoblot analyses of PRMT1 in the liver of mice described 

823 in (F) (n = 3/group). HSP90 was used as a loading control. I) Changes in body weights of Prmt1fl/fl 

824 and Alb-Cre;Prmt1fl/fl mice upon HFD (n = 5 for Prmt1fl/fl, n = 8 for Alb-Cre;Prmt1fl/fl). J)  Liver 

825 weight of Prmt1fl/fl and Alb-Cre;Prmt1fl/fl mice after 8 weeks on HFD (n = 5 for Prmt1fl/fl, n = 8 

826 for Alb-Cre;Prmt1fl/fl). K) Blood glucose levels in 6 hour-fasted mice described in (J) (n = 5 for 

827 Prmt1fl/fl, n = 8 for Alb-Cre;Prmt1fl/fl). L) qPCR analyses of Prmt1 and gluconeogenic marker 

828 mRNA levels in the liver of 6 hour-fasted mice described in (J) (n = 4/group). M) GTT in 16 hour-

829 fasted mice described in (J) (n = 5 for Prmt1fl/fl, n = 8 for Alb-Cre;Prmt1fl/fl). AUC, area under the 

830 curve. Data are presented as mean ± SEM. *P < 0.05; ** P < 0.01; ***P < 0.001. n.s., not 

831 significant. 2-tailed Student’s t test (A, C-G, I-M). 
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