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Abstract 26 

 Methionine adenosyltransferases MAT I and MAT III (encoded by Mat1a) 27 

catalyze S-adenosylmethionine synthesis in normal liver. Major hepatic diseases concur 28 

with reduced levels of this essential methyl donor, which are primarily due to an 29 

expression switch from Mat1a towards Mat2a. Additional changes in the association 30 

state and even in subcellular localization of these isoenzymes are also detected. All 31 

these alterations result in a reduced content of the moderate (MAT I) and high Vmax 32 

(MAT III) isoenzymes, whereas the low Vmax (MAT II) isoenzyme increases and 33 

nuclear accumulation of MAT I is observed. These changes derive in a reduced 34 

availability of cytoplasmic S-adenosylmethionine, together with an effort to meet its 35 

needs in the nucleus of damaged cells, rendering enhanced levels of certain epigenetic 36 

modifications. In this context, the putative role of protein-protein interactions in the 37 

control of S-adenosylmethionine synthesis has been scarcely studied. Using yeast two 38 

hybrid and a rat liver library we identified PDRG1 as an interaction target for MATD1 39 

(catalytic subunit of MAT I and MAT III), further confirmation being obtained by 40 

immunoprecipitation and pull-down assays. Nuclear MATD1 interacts physically and 41 

functionally with the PDRG1 oncogene, resulting in reduced DNA methylation levels. 42 

Increased Pdrg1 expression is detected in acute liver injury and hepatoma cells, together 43 

with decreased Mat1a expression and nuclear accumulation of MATD1. Silencing of 44 

Pdrg1 expression in hepatoma cells alters their steady-state expression profile on 45 

microarrays, downregulating genes associated with tumor progression according to GO 46 

pathway analysis. Altogether, the results unveil the role of PDRG1 in the control of the 47 

nuclear methylation status through methionine adenosyltransferase binding and its 48 

putative collaboration in the progression of hepatic diseases. 49 

 50 
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Introduction 51 

 Transmethylations encompass a large variety of reactions in which a methyl 52 

group is incorporated into a diversity of substrates, including DNA, proteins and small 53 

molecules [1, 2]. These processes require methyl donors, a role performed mainly by S-54 

adenosylmethionine (AdoMet) in mammals [3, 4]. Synthesis of this metabolite is 55 

carried out by addition of the adenosine moiety of ATP to the methionine sulfur atom in 56 

a particular two-step reaction (requiring Mg2+ and K+ ions) catalyzed by methionine 57 

adenosyltransferases (MATs)[3]. Three MAT genes exist in mammals (Mat1a, Mat2a 58 

and Mat2b), which encode for two catalytic subunits (MATD1 and MATD2) and a 59 

regulatory E-subunit (MATE)[3, 5]. Mat1a achieves its highest expression levels in 60 

normal liver, although small levels can be detected in almost every tissue [6]. In 61 

contrast, Mat2a is preferentially expressed in extrahepatic tissues and in fetal liver, a 62 

pattern also followed by Mat2b [3, 4, 7, 8]. Rat MATD1 and MATD2 are 85% identical 63 

at the amino acid level, reflecting the high conservation detected among D-subunits in 64 

the MAT family [9]. MATE is an unrelated protein classified into the PFAM 04321 65 

family of oxidoreductases [3], which regulates the activity of MATD2 oligomers by 66 

enhancing their affinity for methionine (reviewed in [3, 4]). These subunits associate to 67 

constitute three isoenzymes: the homo-oligomers MAT I and MAT III, a tetramer and a 68 

dimer of MATD1 subunits, respectively [3]; and the hetero-trimer MAT II composed by 69 

a MATD2 dimer and one MATE subunit [10]. Structural studies have demonstrated that 70 

the minimum active assembly is a dimer of D-subunits, with both monomers 71 

contributing residues to form two active sites at their interface [4, 11-13].  72 

 Most of the hepatic diseases studied to date, including cirrhosis, hepatocellular 73 

carcinoma or acute liver injury, concur with a reduction in AdoMet concentrations due 74 
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to a decrease in Mat1a expression and the concomitant increase in that of Mat2a and 75 

Mat2b [3, 14, 15]. Effects at the cytosolic protein level follow the same trend with 76 

increases in MATD2 and MATE and a reduction in MATD1, which also changes its 77 

preferred association state towards MAT III [16, 17]. Data regarding the MAT nuclear 78 

pool are limited, due to their recent identification in this compartment [6, 18]. 79 

Nevertheless, a distinct regulation between cytoplasmic and nuclear levels of MATD1 is 80 

detected in rat models of acute liver injury, which show nuclear accumulation of the 81 

protein together with its cytoplasmic reduction [17]. Nuclear MAT activity rises 82 

together with MAT I content as compared to normal liver, and correlates with increased 83 

levels of histone 3 K27 trimethylation (me3K27H3), an epigenetic methylation involved 84 

in gene repression [17, 19]. Additional effects derive from the fact that most of these 85 

diseases also present with oxidative stress, and hence with enhanced production of free 86 

radicals, nitric oxide and/or changes in the GSH/GSSG ratio. These outcomes result in 87 

post-translational modifications reducing MAT I/III activity and/or alterations in the 88 

association state [20-23]. MATD2 is protected against these post-translational 89 

modifications by the lack of equivalent residues in its sequence [24, 25], but its 90 

oligomerization with MATE is favored by the enhancement of NADP+ levels, hence 91 

aiding to reduce AdoMet production [10, 25].  92 

 In this context, data about the role of protein-protein interactions in MAT 93 

regulation are limited to a few studies concentrated on MATD2 and MATE, especially 94 

in cancer cells [18, 26-28]. Altogether these results show an evident lack of information 95 

regarding putative MATD1 interactions, and hence, we have addressed this aspect 96 

searching for liver proteins able to interact with MATD1 using yeast two-hybrid 97 

screening. This approach rendered the identification of the PDRG1 oncogene as a novel 98 

interaction partner for MATD1 in the nucleus of hepatic cells.  99 
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Materials and Methods 100 

Plasmids and mutagenesis  101 

 The ORF of rat Mat1a was obtained by NdeI/BamHI digestion of pSSRL-Blue 102 

T2 [29], and cloned into pGBKT7 (Clontech, Mountain View, CA, USA) to get 103 

pGBKT7-MAT1A. Cloning into the NcoI/BamHI sites of pACT2 (Clontech) required 104 

three steps: i) amplification of the Mat1a ORF from pSSRL-Blue T2 using the primers: 105 

5’-AACATACCATGGAGATGAATGGACCTGTGGATG-3’ (sense; NcoI site 106 

underlined) and 5’-AGGGAACAAAAGCTGGAGC-3’ (reverse); ii) NcoI/BamHI 107 

digestion of the amplified fragment that renders the ORF in two fragments; and iii), 108 

sequential cloning of the two fragments into pACT2 to obtain pACT2-MAT1A.  109 

 One of the pACT2 plasmids containing the full ORF of rat Pdrg1 (402 bp) was 110 

used for amplification with the primers 5’-111 

CGGAATTCCTCTGTGGCACCATGGTGT-3’ (sense; EcoRI site underlined) and 5’-112 

CGGGATCCTCATCCTTTCAAGATGACCTGG-3’ (reverse; BamHI site underlined). 113 

The amplification conditions included: i) 2 min denaturation at 95ºC; ii) 30 cycles 114 

including 30s denaturation at 95ºC, 1 min annealing at 56ºC and 1 min extension at 115 

72ºC; and iii) 10 min extension at 72ºC. The amplified fragment was cloned into 116 

pBluescript SK+, rendering pBS-PDRG1. EcoRI/NotI digestion of pBS-PDRG1 117 

allowed subcloning of the insert into pHA(del), lacking C876 of pCMV-HA [17], and 118 

pGEX-5X-1 (GE Healthcare, Uppsala, Sweden) to produce pHA-PDRG1 and pGEX-119 

PDRG1, respectively. The HA-tagged PDRG1 contained 22 additional residues at the 120 

N-terminal (MYPYDVPDYALMAMEAEFLCGT; HA-tag underlined), whereas the 121 

GST-PDRG1 construct included a 9 amino acid linker (GIPEFLCGT) between the 122 

fused proteins. Cloning into pEGFP-N1 (BD Biosciences, San Jose, CA, USA) required 123 

amplification of the Pdrg1 ORF from pACT2-PDRG1, as described above, using the 124 
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same sense primer and a new antisense primer to eliminate the stop codon (5’-125 

CGGGATCCCGTCCTTTCAAGATGACCTGGAG-3’). The amplified fragment was 126 

EcoRI/BamHI digested and cloned into pEGFP-N1 (Clontech), rendering pPDRG1-127 

EGFP. The corresponding fused protein contains a 7 amino acid linker (RDPPVAT) 128 

between PDRG1 and EGFP. A NdeI restriction site was included on pBS-PDRG1 using 129 

the QuikChange method (Stratagene, La Jolla, CA, USA), the sense primer 5’-130 

CTGTGGCACCATATGGTGTCCCCCGAG-3’ and its complementary. NdeI/BamHI 131 

digestion of the modified pBS-PDRG1 allowed subcloning of the insert into pT7.7 (Dr. 132 

Stan Tabor, Harvard Medical School, Boston, MA, USA) to obtain pT7.7-PDRG1. The 133 

ORF of rat Pdrg1 was extracted from pT7.7-PDRG1 by NdeI/PstI digestion and 134 

subcloned into pTYB12 (New England Biolabs, Beverly, MA, USA) to obtain 135 

pTYB12-PDRG1. 136 

 PDRG1 deletion mutants were generated at the N-terminal ('N), C-terminal 137 

('C) and both ends ('NC). For this purpose, amplification from pBS-PDRG1 using the 138 

primers 5’-GGAATTCATGGACAAGCGGCAGATTGTAGACC-3’ (sense; EcoRI site 139 

underlined) and 5’-ATAAGAATCGGCCGCTCTAGAACTAGTGGATCC-3’ (reverse; 140 

NotI site underlined) was carried out, to obtain an ORF lacking bases 4-75 of the N-141 

terminal. The amplified fragment was digested and cloned into the EcoRI/NotI sites of 142 

pGEX-5X-1, to obtain pGEX-'N-PDRG1. Plasmids pGEX-PDRG1 and pGEX-'N-143 

PDRG1 were used to include a new stop codon at position 321-323 by the QuikChange 144 

method, the primer 5’-CTCCTAGAAGCCCAATGAAAACCGGAGCTAAAGG-3’ 145 

and its complementary, rendering pGEX-'C-PDRG1 and pGEX-'NC-PDRG1, 146 

respectively. 147 

 Additional plasmids used in this work include: pFLAG-MAT and pSSRL-T7N 148 

containing the rat Mat1a ORF [6, 30]; pT7.7-MAT2A including the human MAT2A 149 
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ORF [10]; pT7.7-MAT2B containing the human MAT2B ORF [10]; and pTYB12-150 

MAT2B that was generated by NdeI/EcoRI digestion of pT7.7-MAT2B and cloning of 151 

the insert into pTYB12. Human MATD2 and MATE subunits are 98% and 95% 152 

identical to their rat homologues. The presence of the correct sequences in all the 153 

plasmids described above was verified by automatic sequencing at the Genomic Service 154 

of the Instituto de Investigaciones Biomédicas “Alberto Sols” (IIBM, CSIC-UAM). 155 

 156 

Yeast two hybrid  157 

 A rat liver Matchmaker cDNA library (RL4004AH; Clontech) and the AH109 158 

yeast strain were used for screening in search for MATD1 interactions. Yeast 159 

transformations were carried out using EasyComp solutions (Invitrogen, Carlsbad, CA, 160 

USA) and the resulting transformants grown in low (-Leu/-Trp; -LW) and high 161 

stringency (–Ade/-His/-Leu/-Trp; -AHLW) SC media for selection. Screening of 6.5 162 

x105 clones was carried out and 41 putative interactions detected, from which only 23 163 

were confirmed in –AHLW SC medium. DNAs of the positive clones were isolated and 164 

used to transform E. coli DH5D competent cells. Plasmids were purified using Qiagen 165 

plasmid purification kits (Qiagen, Hilden, Germany) and sequenced. Eight biologically 166 

relevant preys were found, the rest corresponding to MATD1-MATD1 interactions; this 167 

large background was expected for a homo-oligomeric protein and guarantees native 168 

MATD1 folding of the fusion proteins. Verification of positive interactions was 169 

performed by cotransformation of plasmids harboring Mat1a ORF and putative preys, 170 

followed by growth on –AHLW SC media.  171 

 172 

Cell culture, transfections and confocal microscopy 173 
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 Commercial CHO (chinese hamster ovary), COS-7 (monkey kidney), H35 (rat 174 

hepatoma), N2a (mouse neuroblastoma) and HEK-293T (human kidney) cell lines were 175 

obtained from the ATCC and IIBM collections and grown in DMEM (Gibco, Grand 176 

Island, NY, USA) supplemented with 10% (v/v) fetal bovine serum and 2 mM 177 

glutamine. Transient transfections with pHA-PDRG1, pPDRG1-EGFP or pFLAG-MAT 178 

were carried out for 48 hours using lipofectamine (Invitrogen), as previously described 179 

[6]. Experiments requiring cotransfection included pHA-PDRG1 or pPDRG1-EGFP 180 

and pFLAG-MAT. 181 

 Direct fluorescence observation (40000-100000 cells) and immunofluorescence 182 

(10000-40000 cells) were carried out with transiently transfected cells grown on glass 183 

coverslips as previously described [6]. Nuclei were stained using 5 Pg/ml Hoechst 184 

33342 dye (Molecular Probes, Eugene, OR, USA) for 1 hour before direct observation 185 

or fixation. Minor modifications concerned the use of 5 min fixation and 186 

permeabilization steps. The antibodies and dilution used for immunofluorescence are 187 

listed in Table 1. Glass coverslips were mounted using Prolong (Molecular Probes). 188 

Cell imaging (0.3-0.4 Pm sections) was performed on a Leica TCS SPII Spectral 189 

microscope using a 63x /1.3 NA objective. Images were analyzed using the Leica 190 

Confocal Software (LCS Lite, Zurich, Switzerland). 191 

 192 

 193 

 194 

 195 

 196 

 197 

 198 
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Table 1. Antibodies used in this work.  199 

Primary antibody 
(Source) 

Dilution 
(v/v)1 

Secondary antibody Dilution 
(v/v) 

Application2 

Rabbit anti-MATD1 
(Mingorance et al. [29]) 

1:10000 Goat anti-rabbit IgG 
(BioRad; 170-6515) 

1:10000 WB 

Rabbit anti-MATD1 
(Mingorance et al. [29]) 

1:1000 Goat anti-rabbit Alexa Fluor 546 
(Molecular Probes; A11035) 

1:400 IF 

Rabbit anti-MATE 
(Abcam; ab109484) 

1:2000 Goat anti-rabbit IgG 
(BioRad; 170-6515) 

1:10000 WB 

Mouse anti-FLAG 
(Sigma; F3165) 

5 Pg/ml Anti-mouse IgG  
(GE Healthcare; NA931) 

1:20000 WB 

Mouse anti-FLAG 
(Sigma; F3165) 

5 Pg/ml Goat anti-mouse Alexa Fluor 488 
(Molecular Probes; A11029) 

1:400 IF 

Mouse anti-TBP 
(Santa Cruz; sc-56796) 

1:1000 Anti-mouse IgG  
(GE Healthcare; NA931) 

1:20000 WB 

mouse anti-tubulin 
(Sigma; T9026) 

1:2500 Anti-mouse IgG  
(GE Healthcare; NA931) 

1:20000 WB 

Mouse anti-HA  
(Covance; MMS-101R) 

1:1000 Anti-mouse IgG  
(GE Healthcare; NA931) 

1:20000 WB 

Mouse anti-HA  
(Covance; MMS-101R) 

1:1000 Goat anti-mouse Alexa Fluor 488 
(Molecular Probes; A11029) 

1:400 IF 

Mouse anti-GST 
(Cell Signaling; �2624) 

1:10000 Anti-mouse IgG  
(GE Healthcare; NA931) 

1:20000 WB 

Mouse anti-SC35 
(BD PharMingen; 556363) 

1:1000 Goat anti-mouse Alexa Fluor 546 
(Molecular Probes; A11030) 

1:400 IF 

Chicken anti-MATD2 
(Abcam; ab26174) 

1:10000 Goat anti-chicken IgY 
(Abcam; ab6877) 

1:2000 WB 

Rat anti-HA 
(Roche; 11-867-423-001) 

100 ng/ml Goat anti-rat Alexa Fluor 488 
(Molecular Probes; A11006) 

1:500 IF 

Rabbit anti-PDRG1 
(Abcam; ab121219) 

1:1000 Goat anti-rabbit IgG 
(BioRad; 170-6515) 

1:1000 WB3 

1Dilution expressed as (v/v), except where otherwise indicated 200 
2WB, western blotting; IF, immunofluorescence. 201 
3Exposed on ultrasensitive film 202 
 203 

 204 

Subcellular fractionation and immunoprecipitation  205 

 Total lysates were prepared from 2 x 106 cells in 200 Pl of 50 mM Tris/HCl pH 206 

7.5, 150 mM NaCl, 1 mM EDTA, 1% (v/v) NP-40, 1 mM DTT containing protease 207 

inhibitors (1 mM PMSF, 1 mM benzamidine, 2 Pg/ml aprotinin, 1 Pg/ml pepstatin A, 208 

0.5 Pg/ml leupeptin, 2.5 Pg/ml antipain), after 10 min incubation on ice, by a 6-fold 209 

passage through a needle. Input samples (50 Pl) were taken at this step and the 210 

remaining sample centrifuged for 15 min at 10000 xg at 4ºC. When subcellular 211 



 10 

fractionation was required either from liver or cells, nuclear and cytoplasmic fractions 212 

were prepared as previously described [6]. For anti-HA immunoprecipitation, total 213 

lysates (150 Pl), nuclear (100 Pl) or cytosolic fractions (100 Pl) were precleared using 214 

anti-mouse IgG (2 Pg) for 2 hours at 4ºC and centrifuged for 15 min at 10000 xg. The 215 

supernantants were incubated overnight with anti-HA (2 Pg) coupled to protein A 216 

Sepharose CL-4B (GE Healthcare) at 4ºC. Anti-FLAG immunoprecipitation was carried 217 

out overnight at 4ºC by incubation of the subcellular fractions with anti-FLAG M2 218 

Affinity Gel (50 Pl; Sigma, Madrid, Spain; A2220). The beads were washed 3 times and 219 

boiled in Laemmli sample buffer (40 Pl) containing 100 mM DTT for 10 min. Samples 220 

were centrifuged for 1 min at 10000 xg, the supernatants loaded on SDS-PAGE gels 221 

and proteins were transferred to nitrocellulose membranes for western blotting.  222 

 223 

Western blotting  224 

 Immunoblotting was carried out as described previously [29] using the 225 

antibodies and conditions listed in Table 1. For FLAG-MATD1 detection, after anti-HA 226 

immunoprecipitation, mouse TrueBlot ULTRA (1:1000 v/v; eBioscience, San Diego, 227 

CA, USA; 18-8817) was used. Protein bands were visualized using Western 228 

Lightning¥ chemiluminescence reagent (Perkin Elmer, Waltham, MA, USA). 229 

 230 

Analytical gel filtration chromatography  231 

 HEK 293-T cells  (4 x 106) transiently transfected with the plasmids of interest 232 

were used to obtain the nuclear fractions as previously described [6]. Samples (100 Pl) 233 

of the nuclear fractions were injected on a Superose 12 10/300 GL column (GE 234 

Healthcare), and elution performed as previously described [23]. Dot-Blot analysis of 235 
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the fractions (100 Pl) was performed using the same conditions than for western blot. 236 

The protein standards (GE Healthcare and Sigma) used were: Blue dextran (2000 kDa); 237 

ferritin (440 kDa); E-amylase (200 kDa); aldolase (150 kDa); alcohol dehydrogenase 238 

(150 kDa); conalbumin (75 kDa); ovalbumin (43 kDa); carbonic anhydrase (29 kDa); 239 

lysozyme (14.4 kDa); and ATP (551 Da). 240 

 241 

Production of recombinant proteins  242 

 The recombinant proteins used in this study were overexpressed in E. coli 243 

BL21(DE3) Codon Plus cells using the specific conditions described in Table 2. 244 

Refolding and purification of recombinant MATD1 and MATD2 from inclusion bodies 245 

was carried out as previously described [10, 30]. Purification of MATE and PDRG1 was 246 

performed using soluble fractions and chitin beads (New England Biolabs) as 247 

previously described for betaine homocysteine methyltransferase [31], but using 50 mM 248 

E-mercaptoethanol for 60 hours at room temperature (23ºC) for tag excision. 249 

Purification of GST-PDRG1 was carried out using Glutathione-Sepharose 4B (GE 250 

Healthcare) following manufacturer's instructions and the protein was eluted with 20 251 

mM GSH. This tagged-PDRG1 was preferred when detection by western blotting or 252 

dot-blot was required. MAT II (D22E) was produced by incubation of equimolar 253 

concentrations of both recombinant subunits for 1 hour at 4ºC, as described by 254 

González et al. [10]. Similarly, oligomers containing MATD1 or MATD2 and GST-255 

PDRG1 were obtained by incubation of equimolar concentrations of the purified 256 

recombinant proteins for 1 hour at 4ºC, followed by gel filtration chromatography on 257 

Biogel A columns (1.5 x 90 cm; Bio-Rad, Hercules, CA, USA), equilibrated and run 258 

with 50 mM Tris/HCl pH=8, 10 mM MgSO4, 50 mM KCl at 10 ml/h and 4ºC. A280 was 259 

detected during elution and MAT activity was measured in the collected fractions (3 260 
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ml). Samples (1 ml) of each fraction were precipitated with TCA and loaded onto SDS-261 

PAGE gels, where the presence of both proteins was detected after Coomasie blue 262 

staining and/or western blotting of the pooled activity peaks. The protein standards (GE 263 

Healthcare and Sigma) used were: Blue dextran (2000 kDa); ferritin (440 kDa); aldolase 264 

(150 kDa); conalbumin (75 kDa); ovalbumin (43 kDa); and ATP (551 Da). 265 

 266 

Table 2. Conditions for the expression of recombinant proteins.  267 

 Induction1 

plasmid DO600 Time (h)2 Temperature (ºC) 
pGEX-5X-1 0.3-0.4 20 20 
pGEX-PDRG1 0.3-0.4 6 20 
pGEX-'N-PDRG1 0.3-0.4 9 20 
pGEX-'C-PDRG1 0.3-0.4 9 20 
pGEX-'NC-PDRG1 0.3-0.4 6 20 
pSSRL-T7N 0.3-0.4 3 37 
pT7.7-MAT2A 0.3-0.4 20 27 
pTYB12-MAT2B 0.5-0.6 4 20 
pTYB12-PDRG1 0.5-0.6 20 20 
1 Induction with IPTG (0.5 mM final concentration) when the desired D.O. at 600 nm 268 
was achieved 269 
2 Cultures were continued for the time length and temperature specified. 270 

 271 

Pull-down 272 

 Bacterial pellets overexpressing the protein of interest were lysed by sonication 273 

(5 cycles of 30s on/off) in 1:5 (w/v) PBS buffer containing 300 mM NaCl, 10 mM DTT 274 

and protease inhibitors. Soluble fractions were isolated by centrifugation for 30 minutes 275 

at 100000 xg at 4ºC. Aliquots (30 Pl) of Glutathione-Sepharose (GE Healthcare) were 276 

equilibrated in lysis buffer and incubated with extracts (1 mg total protein) 277 

overexpressing GST, GST-PDRG1 or the truncated forms for 1 hour at 4ºC. The gel 278 

samples were washed three times with cold PBS by centrifugation at 3500 xg for 5 min 279 

at 4ºC before addition of GST overexpressing extracts (5 mg), alone or in combination 280 
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with those containing the MAT proteins of interest (500 Pg), to avoid unspecific 281 

binding. Parallel experiments were also carried out using purified MATD2, MATE or 282 

MAT II proteins (100 Pg). The mixtures were incubated with the gel for one additional 283 

hour at 4ºC, and after extensive washing, the gel was boiled in Laemmli buffer. The 284 

bound proteins were loaded into SDS-PAGE gels and electrotransferred for western 285 

blotting.  286 

 287 

Animal models and cell treatment 288 

 Male Wistar rats (200 g) were subjected to acute D-galactosamine intoxication 289 

for 48 hours and control and treated livers extracted, as described previously [17]. 290 

Additionally, liver samples of 9-week old Long Evans Cinnamon (LEC) and control 291 

Long Evans (LE) rats were also used [32]. All animals received standard diets ad 292 

libitum and were sacrificed using CO2 asphyxiation. The experiments included in this 293 

study were approved by the CSIC Bioethics Committee and carried out in full 294 

accordance with Spanish regulations (RD 53/2013) and the European Community 295 

guidelines (2010/63/EU) for the use of laboratory animals. Tissue extraction and 296 

preservation was carried out as described [17, 32]. Effects on Pdrg1 mRNA half-life 297 

were analyzed by RTqPCR using control and 10 mM D-galactosamine-treated H35 cells  298 

(3 x 105), in the presence or absence of 5 Pg/ml actinomycin D (Sigma), as previously 299 

described [17]. 300 

 301 

RNA isolation and real-time RT-PCR  302 

 RNA purification and analysis was carried out as previously described using 303 

100-150 mg of rat tissues or H35 cells (4 x 105 cells)[6, 32]. Gene specific primers for 304 
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rat Pdrg1 were designed using the program Primer Express 3.0 (Applied Biosystems, 305 

Foster City, CA, USA) with Tm values between 58-60ºC (sense 5’-306 

GACCTGGACACCAAGAGGAA-3’, antisense 5’-GGTGCTCCTGATCTTTCTGG-307 

3’); Mat1a and 18s primers were previously described [32]. Reverse transcription and 308 

cDNA amplification were carried out as described [32], using 300 nM (Mat1a and 309 

Pdrg1) and 100 nM (18s) primer concentrations and Power SYBR Green PCR Master 310 

Mix (Applied Biosystems). Expression was evaluated using the ABI 7900HT Real-311 

Time PCR system (Applied Biosystems) at the Genomic Service of our institute. 312 

Relative expression ratios were normalized to the geometric mean of the 18s gene used 313 

as a control. Experimental efficiencies were calculated for each transcript and used to 314 

obtain the fold changes according to Pfaffl et al. [33].   315 

 316 

DNA methylation measurements 317 

 Genomic DNA was isolated from transiently transfected CHO cells (5 x 105 318 

cells) using the DNeasy kit (Qiagen) and the incorporation of methyl groups from [3H-319 

methyl]-AdoMet (GE Healthcare) was followed by the inverse radioactivity assay 320 

described by Christman et al. [34] using E. coli SssI methylase (New England Biolabs). 321 

 322 

Silencing of Pdrg1 expression in H35 cells and production of 323 

stable clones  324 

 Reduction of rat Pdrg1 expression was carried out by transfection of H35 cells 325 

(4 x 105 cells) with SureSilencing shRNA plasmids (SaBioscience, IZASA, Madrid, 326 

Spain) containing sequences designed for this purpose 327 

(GGAGCACCTGGATAAAGAAAT, shRNA1; TCACCTTAAGACGAAGGAAAT, 328 
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shRNA2; ACCTTAAGACGAAGGAAATGA, shRNA3; 329 

AGGAGCACCTGGATAAAGAAA, shRNA4) and a negative control sequence 330 

(GGAATCTCATTCGATGCATAC, CN). For initial evaluation of the silencing ability 331 

of each plasmid, transfections were carried out in triplicate for 48 hours, followed by 332 

enrichment of the transfected population with 1.8 mg/ml G418 (Gibco) for two weeks. 333 

RNA was extracted from half of the population and used for RTqPCR evaluation of 334 

Pdrg1 expression. Only cells harboring plasmids inducing more than 70% reduction of 335 

Pdrg1 expression at this point were used for further selection (S1 Fig). Stable clones for 336 

the negative control, shRNA3 and shRNA4 plasmids were finally obtained using 4 337 

mg/ml G418 for two additional weeks. Approximately 200 stable clones for each 338 

plasmid were isolated and analyzed RTqPCR and one clone of each, the negative 339 

control (CN-10), shRNA3 (3-44) and shRNA4 (4-18), exhibiting reproducible behavior 340 

were selected for further experiments. 341 

 342 

Differential expression profile and microarray analysis  343 

 Four biological replicates of stable clones (CN-10, 3-44, 4-18) and a 344 

transiently transfected shRNA3 H35 enriched pool (shRNA3T), were independently 345 

hybridized for each transcriptomic comparison. Total RNA (200 ng) was amplified 346 

using One Color Low Input Quick Amp Labeling kit (Agilent Technologies, Santa 347 

Clara, CA USA) and purified with RNeasy Mini kit (Qiagen). Preparation of probes and 348 

hybridization was performed as described in the One-color Microarray Based Gene 349 

Expression Manual v6.5 (Agilent Technologies), using Rat Gene Expression Microarray 350 

v3 Agilent 4x44K. Briefly, for each hybridization 600 ng of Cy3 probes were mixed 351 

and added to 10x Blocking Agent (5 Pl), 25x Fragmentation Buffer (1 Pl) and Nuclease 352 

free water in a 25 Pl reaction, incubated at 60ºC for 30 minutes to fragment RNA and 353 
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stopped with 2x Hybridization Buffer (25 Pl). Samples were placed on ice and 354 

immediately loaded onto arrays, hybridized for 17 hours at 65ºC and washed for 1 355 

minute sequentially with GE wash buffers 1 and 2 at room temperature. Arrays were 356 

dried by centrifugation, images captured with an Agilent Microarray Scanner and spots 357 

quantified using Feature Extraction Software (Agilent Technologies). Background 358 

correction and normalization of expression data were performed using LIMMA [35, 359 

36]. Linear model methods were used to determine differentially expressed genes. Each 360 

probe was tested for changes in expression over replicates by using an empirical Bayes 361 

moderated t-statistic [35]. Control of false discovery rate was achieved by correction of 362 

p-values as previously described [37]. The expected false discovery rate was controlled 363 

to be less than 5%. Hybridizations and statistical analysis were performed at the 364 

Genomics Facility of the Centro Nacional de Biotecnología (CNB-CSIC). FIESTA 365 

Viewer v1.0 was used to identify 114 genes exhibiting changes ≥2-fold with FDR<0.05, 366 

clustering and Heatmaps were prepared using Cluster [38] and Java TreeView [39], 367 

whereas pathway analysis was carried out with BioProfiling [40]. Verification of 368 

expression changes was carried out by RTqPCR for selected genes using RNA samples 369 

of stable clones and appropriate TaqMan probes (Table 3). Microarray results have been 370 

deposited in the GEO Database and are accessible through the series accession number 371 

GSE69337 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE69337). 372 

 373 

 374 

 375 

 376 

 377 

 378 

 379 

 380 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE69337
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Table 3. Data of TaqMan probes.  381 
 382 

gene reference Overlapping exons 
Aacs Rn00675033_ml 16-17 
Acadm Rn00566390_ml 2-3 
Adm Rn01507680_gl 3-4 
Aldob Rn01768292_ml 8-9 
Hmgcs2 Rn00597339_ml 5-6 
Lipc Rn01530834_ml 1-2 
Mat1a Rn00563454_ml 1-2 
Mat2a Rn01643368_gl 1-2 
Pdrg1 Rn01535663_ml 3-4 
Sstr2 Rn01464950_gl 1-2 

 383 
 384 
Growth curves  385 

 Eight replicas per experiment of each, H35 cells and stable clones (CN-10 and 4-386 

18), were seeded (10000 cells/well) and grown for up to 8 days using the standard 387 

medium. At the desired time points the cell number was measured using crystal violet 388 

by the procedure of Gillies et al., as previously described [41, 42]. Briefly, wells were 389 

washed with PBS, cells fixed using 1% (v/v) glutaraldehyde (Fluka, Madrid, Spain) for 390 

15 minutes and stained using 0.1% (w/v) crystal violet (Merck, Darmstadt, Germany) 391 

for 30 minutes. Following extensive washing, cells were allowed to dry for 24 hours, 392 

the color was solubilized with 10% (v/v) acetic acid (Merck) and the A590 measured. 393 

 394 

PDRG1 structural model  395 

 The rat PDRG1 sequence and the online Protein Homology/analogY 396 

Recognition Engine (PHYRE; http://www.sbg.bio.ic.ac.uk/~phyre/) were used to 397 

generate a structural model, which includes residues 27-106 of the protein. This 398 

information was employed for the design of PDRG1 truncated forms. Figures were 399 

prepared using PyMol (DeLano Scientific LLC, San Carlos, CA, USA). 400 

 401 

http://www.sbg.bio.ic.ac.uk/~phyre/
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Determinations of enzymatic activities and protein 402 

concentrations 403 

 MAT activity was measured in column fractions (100-160 Pl) of the different 404 

purification steps as previously described [23]. Additionally, this same activity was 405 

evaluated in the pooled peaks containing purified MATD1/GST-PDRG1 or 406 

MATD2/GST-PDRG1 complexes (160 Pl). Assays including PDRG1 or histone II A 407 

(Sigma) were carried out after preincubation on ice for 5 minutes with either purified 408 

recombinant MATD1, MATD2 or MAT II oligomers (0.7 PM), using subunit molar 409 

ratios between 1:0 and 1:8 MATD/PDRG1 (160 Pl) in a final reaction volume of 250 Pl. 410 

LDH activity was determined spectrophotometrically in both cytosolic and nuclear 411 

fractions as previously described [6]. Protein concentrations were measured using the 412 

Bio-Rad protein assay kit (Bio-Rad) and bovine serum albumin as standard. 413 

 414 

Statistical analysis  415 

 GraphPad Prism v. 5.0 (GraphPad Software, La Jolla, CA, USA) was used for 416 

statistical analysis of the data, unless otherwise specified. Student’s t-test was preferred 417 

for analysis of experiments containing two groups, whereas one-way ANOVA with 418 

Bonferroni post-hoc test was utilized for multiple comparisons; differences were 419 

considered significant when pd0.05. 420 

   421 

 422 

 423 

 424 
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Results 425 

PDRG1 interacts with methionine adenosyltransferase D1  426 

 In order to identify proteins that interact with MATD1 a yeast two-hybrid 427 

screening was performed using a rat liver cDNA library and the full-length ORF of rat 428 

Mat1a as bait. Only one prey was further confirmed using high stringency conditions, 429 

its sequence corresponding to p53 and DNA damage-regulated gene 1 (Pdrg1; 430 

NM_001014762)(Fig 1A). Additional validation of the interaction was obtained using 431 

total lysates of CHO and HEK-293T cells transiently cotransfected with both pFLAG-432 

MAT and pHA-PDRG1. Immunoprecipitation with anti-FLAG followed by western 433 

blotting using anti-HA revealed a band showing the expected size for the HA-PDRG1 434 

fusion protein (155 amino acids; 17.9 kDa) only in cotransfected cells (Fig 1B). The 435 

inverse immunoprecipitation was also carried out using anti-HA followed by western 436 

blotting utilizing anti-FLAG and mouse TrueBlot ULTRA, to avoid hindrance of the 437 

FLAG-MATD1 band by the immunoglobulin heavy chains. Anti-FLAG detected an 438 

unspecific band with slightly slower mobility than FLAG-MATD1 in all the 439 

immunoprecipitates, whereas only cotransfected cells exhibited a band of a50 kDa as 440 

expected for the FLAG-MATD1 protein (Fig 1C). Additionally, pull-down experiments 441 

were performed using glutathione Sepharose beads loaded with GST (a25 kDa) or 442 

GST-PDRG1 (a41 kDa) and E. coli extracts overexpressing MATD1. The presence of 443 

MATD1 among the proteins retained onto GST-PDRG1 beads was confirmed by 444 

western blotting using anti-MATD1 (Fig 1D). 445 

 446 
Fig 1. PDRG1 interacts with methionine adenosyltransferase D1. (A) Growth of 447 
yeast cotransfectants harboring pGBKT7-MATD1 (bait) and pACT2 plasmids (prey) 448 
including ORFs of MATD1, PDRG1, clone M2, clone M6 or laminin (negative control) 449 
in low (-LW) and high (-AHLW) stringency SC media. Additional controls including 450 
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the empty pGBK plasmid are shown on the right. (B) Representative anti-FLAG 451 
immunoprecipitation results from four independent experiments using total lysates of 452 
CHO cells transiently cotransfected with pFLAG-MAT and pHA-PDRG1 or the empty 453 
plasmids (mock). The size of the standards is indicated on the left side of the panel. (C) 454 
Representative anti-HA immunoprecipitation data from three independent experiments 455 
utilizing total lysates of HEK 293T cells transiently cotransfected with pFLAG-MAT 456 
and pHA-PDRG1 or the empty plasmids (mock). Western blots of the input fractions 457 
were developed using anti-FLAG and anti-HA, whereas immunoprecipitates were 458 
analyzed using anti-HA or anti-FLAG with mouse TrueBlot ULTRA, as required. The 459 
arrow indicates an unspecific band recognized by anti-FLAG slightly over the FLAG-460 
MATD1 signal in HEK 293T samples. The size of the standards is indicated on the left 461 
side of the panel. (D) Pull-down confirmation of the interaction using glutathione 462 
Sepharose beads loaded with GST or GST-PDRG1 and incubated with recombinant 463 
MATD1 plus excess GST. Results shown correspond to a typical experiments out of the 464 
five carried out; input fractions of the recombinant proteins used (left) and pull-down 465 
results (right) are shown. The size of the standards is indicated on the left side of the 466 
panel.  467 

 468 

Interaction of MATD1 and PDRG1 involves the core 469 

structure of this protein    470 

 There is no available structural information about PDRG1 that could serve to get 471 

insight into the interaction domain. Using the PHYRE online engine, prefoldin was 472 

identified as the closest structural homologue for PDRG1 and this information aided to 473 

build a structural model comprising residues K27-Q106. The model excluded the N- 474 

and C-terminal ends of the protein, and showed the PDRG1 core as two D-helixes 475 

linked by a loop (Fig 2A). Based on these data, three truncated forms of GST-PDRG1 476 

were generated lacking the N- or C-terminal ends or both (Fig 2B). Pull-down assays 477 

were then used to assay their ability to interact with MATD1 in comparison with GST-478 

PDRG1 (Fig 2C). No significant change in binding was detected for the mutant lacking 479 

the N-terminal (GST-'N-PDRG1), whereas removal of the C-terminal end increased 480 

the amount of MATD1 bound to both GST-'C-PDRG1 and GST-'NC-PDRG1 proteins 481 

(Fig 2D). These results suggested that binding with MATD1 occurs through the 482 

structural core of PDRG1, in an area partially covered by its C-terminal end. 483 
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 484 

Fig 2. Structural model of rat PDRG1 and interaction of PDRG1 truncated forms 485 
with MATD1. (A) PDRG1 structural model comprising residues K27-Q106 obtained 486 
with PHYRE. (B) Schematic representation of PDRG1 and the truncated forms 487 
prepared; the modeled area (white box) and deleted sequences (crossed box) are 488 
indicated. (C) Representative western blots of pull-down experiments carried out with 489 
recombinant truncated PDRG1 forms and MATD1 using anti-GST and anti-MATD1. 490 
Incubations with MATD1 were carried out in the presence of excess GST to avoid 491 
unspecific binding. The size of the standards is indicated on the left side of the panels. 492 
(D) Quantification of the MATD1/GST-PDRG1 signal ratio (mean r SEM) from seven 493 
independent pull-down experiments (*pd0.05 vs GST-PDRG1). 494 

 495 

 496 

PDRG1 is a nucleocytoplasmic protein that interacts with 497 

MATD1 in the nucleus  498 

 MATD1 is located mainly in the cytoplasm of hepatocytes, small amounts being 499 

detected in the nucleus, which is its preferred location in extrahepatic tissues and 500 

hepatoma cells [6]. On the other hand, PDRG1 was initially found as cytoplasmic 501 

aggregates using fixed NIH3T3 and HCT116 cells, but later identified in nuclear 502 

interaction complexes in LNCaP prostate cells [43, 44]. These data suggested different 503 

subcellular localizations for PDRG1 according to the cell type, which may differ from 504 

those of MATD1. Hence, we used confocal microscopy and the EGFP- and HA-tagged 505 

proteins to analyze PDRG1 distribution in additional cell lines, including hepatic cells 506 

(Fig 3). Both direct fluorescence and immunofluorescence showed the same subcellular 507 

distribution pattern with nuclear and cytoplasmic PDRG1 localization in all the cell 508 

lines examined (Fig 3A and Fig 3B). However, quantification of the fluorescence 509 

signals demonstrated higher levels in the nucleus than in the cytoplasm in all the cases, 510 

except for N2a fixed cells (Fig 3C), and no statistical difference between PDRG1-EGFP 511 

and control EGFP distribution (Fig 3D). Confirmation of HA-PDRG1 localization to 512 
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both subcellular compartments was also obtained by subcellular fractionation of 513 

transiently transfected HEK 293T cells (Fig 4A).  514 

 515 

Fig 3. Subcellular localization of PDRG1 in mammalian cell lines. (A) 516 
Representative confocal immunofluorescence images of HA-PDRG1 localization using 517 
mouse anti-HA and anti-mouse Alexa Fluor 488; a minimum of three independent 518 
experiments were carried out in cuadruplicate. CHO (Chinese hamster ovary), COS-7 519 
(monkey kidney), H35 (rat hepatoma) and N2a (mouse neuroblastoma) cells were 520 
transiently transfected with pHA, pHA-PDRG1, pEGFP or pPDRG1-EGFP. (B) 521 
Representative results of direct fluorescence localization using confocal microscopy of 522 
EGFP and PDRG1-EGFP; three independent experiments were performed in duplicate. 523 
Both panels show colocalization with Hoechst nuclear staining in white. (C) Histograms 524 
(mean r SEM) show quantification results of nuclear (N) and cytoplasmic (C) 525 
fluorescence signals of a minimum of 200 cells per condition, using the Leica confocal 526 
software. Results of the C/N signal ratio calculated from immunofluorescence 527 
experiments are depicted. (D) Data of the C/N signal ratio from direct fluorescence 528 
observations. Cells were classified as: C>N with a ratio above 1.2; C=N when the ratio 529 
was 1 r 0.2; and C<N with ratios below 0.8. Statistical evaluation was done by means 530 
of one-way ANOVA with Bonferroni post-hoc (*p<0.05 vs C=N). Scale bar = 10 Pm. 531 

 532 

Fig 4. Subcellular distribution of HA-PDRG1 and the HA-PDRG1/ MATD1 533 
interaction. (A) Representative western blots of nuclear (N) and cytoplasmic (C) 534 
fractions (50-70 Pg) obtained from HEK 293T cells transiently transfected with pHA or 535 
pHA-PDRG1 in three independent experiments. Membranes were analyzed using anti-536 
HA, anti-TBP (nuclear marker) and anti-tubulin (cytoplasmic marker). (B) 537 
Representative confocal immunofluorescence images (N=50 per cell line) of CHO, 538 
COS-7, HEK 293T and H35 cells transiently cotransfected with pHA-PDRG1 and 539 
pFLAG-MAT obtained using mouse anti-HA, rabbit anti-MATD1 and the 540 
corresponding secondary antibodies coupled to Alexa Fluor 488 (green) or 546 (red). 541 
Colocalization of both proteins is shown in yellow (scale bar=12 Pm) (C) 542 
Representative results of anti-FLAG immunoprecipitations carried out in N and C 543 
fractions obtained from HEK 293T cells transiently cotransfected with pFLAG-MAT 544 
and pHA-PDRG1 or the empty plasmids (mock). Input fractions were analyzed using 545 
anti-FLAG, anti-HA, and antibodies against nuclear and cytoplasmic markers, whereas 546 
immunoprecipitates were examined using anti-HA. Results correspond to a minimum of 547 
three independent experiments. (D) Representative confocal immunofluorescence 548 
images of nuclear matrix preparations of HEK 293T and CHO cells overexpressing HA-549 
PDRG1 using rat anti-HA (green), mouse anti-SC-35 (red) and appropriate secondary 550 
antibodies conjugated to Alexa Fluor dyes (N=50 per cell line); colocalization appears 551 
in orange. Scale bar=12 Pm.  552 

 553 

 Confocal microscopy also demonstrated HA-PDRG1 and FLAG-MATD1 554 

colocalization in both the cytoplasm and the nucleus in all cell types examined (Fig 4B). 555 
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However, colocalization is not synonymous of interaction, and hence transiently 556 

cotransfected COS-7 and HEK 293T cells were used for subcellular fractionation and 557 

immunoprecipitation (Fig 4C). Western blots of the nuclear and cytosolic input 558 

fractions showed expression of both HA-PDRG1 and FLAG-MATD1, whereas only 559 

anti-FLAG immunoprecipitates from nuclear fractions exhibited anti-HA signals with 560 

the expected HA-PDRG1 size (Fig 4C). These data suggested that the interaction 561 

occurred in the nuclear compartment, where confocal microscopy also showed HA-562 

PDRG1 colocalization with the nuclear matrix marker SC-35 (Fig 4D), as previously 563 

reported for MATD1. 564 

 565 

PDRG1 interacts with MATD1 producing larger oligomers in 566 

nuclear fractions 567 

 MATD1 subunits associate into homo-tetramers (MAT I) and homodimers 568 

(MAT III) in the cytosol, whereas in the nucleus only MAT I and MATD1 monomers 569 

have been described [6, 17]. In order to explore whether PDRG1 displayed any 570 

preference for interaction with a specific MATD1 state, nuclear fractions from HEK 571 

293T cells overexpressing HA-PDRG1, FLAG-MATD1 or both were analyzed by 572 

analytical gel filtration chromatography (AGFC)(Fig 5). Two elution peaks were 573 

detected for nuclear HA-PDRG1, one corresponding to a hexamer (11.55 ml) and 574 

another as predicted for a monomer (14.28 ml)(Fig 5A). Elution of nuclear FLAG-575 

MATD1 occurred in the expected two peaks, corresponding to MAT I (10.71 ml) and 576 

MATD1 monomers (13.02 ml)(Fig 5B). A mixed profile was detected in nuclear 577 

fractions of cotransfected cells, as a result of the combination of peaks corresponding to 578 

HA-PDRG1 or FLAG-MATD1 homo-oligomers, in addition to a new peak eluting at 579 
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10.08 ml (Fig 5C). Both anti-HA and anti-FLAG antibodies detected this new peak, 580 

hence indicating the presence of the two proteins in a larger association state with an 581 

estimated molecular mass of 360 kDa, according to the elution profile of the standards.  582 

 583 

Fig 5. Evaluation of the PDRG1/ MATD1 association in nuclear extracts by 584 
analytical gel filtration chromatography. (A) Elution profile of nuclear extracts 585 
overexpressing HA-PDRG1 obtained on a Superose 12 10/300 GL column and 586 
analyzed by dot-blot using anti-HA. (B) Elution profile of nuclear FLAG-MATD1 587 
detected using anti-MATD1. (C) Elution profile of nuclear extracts overexpressing HA-588 
PDRG1 and FLAG-MATD1; the arrow indicates the new peak recognized by both 589 
antibodies (anti-HA (H) and anti-MAT (A)).  Elution of the protein standards was as 590 
follows: blue dextran (7.4 ml); ferritin (9.82 ml); E-amylase (a; 10.62 ml); aldolase 591 
(11.1 ml); alcohol dehydrogenase (b; 11.34 ml); conalbumin (c; 12.78 ml); ovalbumin 592 
(13.3 ml); carbonic anhydrase (14 ml); lysozyme (17.31 ml); and ATP (17.65 ml). The 593 
figure shows representative profiles obtained in five independent experiments.  594 

 595 

 596 

Tissular expression of Pdrg1 and Mat1a showed different 597 

patterns  598 

 The fact that PDRG1 immunoprecipitates with nuclear MATD1, suggested that 599 

this interaction may be more relevant in extrahepatic tissues or in hepatic disease, two 600 

environments in which MATD1 accumulates into this subcellular compartment [6, 17]. 601 

Therefore, we next examined whether Pdrg1 expression followed the same trend than 602 

Mat1a using real-time RT-PCR (RTqPCR). All the rat tissues examined showed Pdrg1 603 

expression (Fig 6A), the highest levels being detected in cerebellum and brain, whereas 604 

the lowest were found in liver and pancreas. Surprisingly, this expression pattern was 605 

almost opposite to that exhibited by Mat1a (Fig 6B) and closer to the trend described 606 

for Mat2a and Mat2b.  607 

 608 
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Fig 6. Pdrg1 expression evaluated by real-time RT-PCR in rat tissues and models 609 
of hepatic disease. (A) Pdrg1 expression levels in several rat tissues (N=3), using 610 
kidney levels as reference for graphical purposes. (B) Comparison of Mat1a (white) and 611 
Pdrg1 (black) expression levels using kidney levels as reference for graphical purposes. 612 
(C) Changes in Pdrg1 hepatic expression at early stages of Wilson’s disease using Long 613 
Evans Cinnamon rats 9-weeks old (LEC, N=6) and matched control Long Evans rats 614 
(LE, N=5). (D) Changes in Pdrg1 hepatic expression upon D-galactosamine 615 
intoxication for 48 h (control group N=13, galactosamine group N=11). (E) Pdrg1 616 
expression differences between rat hepatoma H35 cells (N=12) and normal livers of 617 
Wistar (W; N=13) and LE (N=5) rats. Histograms show the mean r SEM of the fold 618 
change calculated against the control group using 18s data as reference. Statistical 619 
evaluation of the change in the animal models was performed by Students t-test against 620 
the appropriate control group (*pd0.05). 621 
 622 

 623 

 We next examined hepatic Pdrg1 expression in two animal models of liver 624 

disease and in hepatoma cells. Livers of 9-week old LEC rats, a model of Wilson 625 

disease, exhibited a moderate decrease in Mat1a expression (a20%) that was not 626 

followed by changes in Pdrg1 expression as compared to the controls (Fig 6C). In 627 

contrast, livers of D-galactosamine intoxication (a model of acute liver injury) and H35 628 

cells with strong reductions in Mat1a expression (a70% and >95%, respectively) 629 

exhibited 5- and 50-fold increases in Pdrg1 mRNA levels, respectively, as compared to 630 

normal liver (Fig 6D and Fig 6E). Putative effects on Pdrg1 mRNA stability were also 631 

examined in H35 cells treated with D-galactosamine, where a trend towards increased 632 

half-life was detected in cells treated with actinomycin D and the drug (18.49 r 5.18 vs. 633 

39.19 r 12.11 hours, p=0.087). Protein levels were examined in hepatic subcellular 634 

fractions of control and D-galactosamine-treated rats using the available anti-PDRG1 635 

antibodies. Given the low hepatic levels of the protein and the very low affinity 636 

exhibited by the antibodies, only extensive exposure of the membranes on ultrasensitive 637 

films showed a band of the expected size in the nuclear fractions (S2 Fig). 638 

Densitometric scanning confirmed a 3-fold elevation of nuclear PDRG1 levels in D-639 
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galactosamine intoxication. Thus, both proteins increase their nuclear levels in acute 640 

liver injury. 641 

 642 

PDRG1 was also an interaction target for MATD2  643 

 The fact that Pdrg1 and Mat2a share similar expression patterns, together with 644 

the high level of identity between MATD1 and MATD2, prompted us to examine the 645 

possibility that PDRG1 was also an interaction target for the later. The putative 646 

interaction was analyzed both in the absence or presence of MATE using the human 647 

MAT II subunits, which exhibit >95% identity to their rat homologues. Pull-down 648 

experiments showed no interaction between GST-PDRG1 and MATE, whereas MATD2 649 

was able to bind to GST-PDRG1 both in the absence or presence of the regulatory 650 

subunit (Fig 7A). However, when the MAT II oligomer was formed the amount of 651 

MATD2 obtained by pull-down was reduced, according to the densitometric scanning of 652 

the data, and no E-subunit was detected (Fig 7B). The interaction with MATD2 was 653 

further analyzed using the truncated forms of GST-PDRG1 generated in the present 654 

study. Similarly to MATD1 elimination of the PDRG1 C-terminal end affected the 655 

interaction (Fig 7C), but in this case MATD2 binding was significantly reduced as 656 

deduced from data quantification (Fig 7D).  657 

 658 

Fig 7. Pull-down analysis of PDRG1 interaction with MATD2 and MAT II. (A) 659 
Representative western blots of pull-down experiments using glutathione Sepharose 660 
beads loaded with GST or GST-PDRG1 and recombinant MATD2, MATE or the 661 
hetero-oligomer MAT II; anti-GST, anti-MATD2 and MATE were used for detection. 662 
The size of the standards is indicated on the left side of the panels. (B) Quantification of 663 
the MATD2/GST-PDRG1 signal ratio (mean r SEM) from five independent pull-down 664 
experiments. (C) Representative western blots of pull-down experiments carried out 665 
with the truncated PDRG1 forms and recombinant MATD2 using anti-GST and anti-666 
MATD2. The size of the standards is indicated on the left side of the panels. (D) 667 
Quantification of the MATD2/GST-PDRG1 signal ratio (mean r SEM) from five 668 
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independent pull-down experiments. All the incubations with MAT subunits or MAT II 669 
were carried out in the presence of excess GST to avoid unspecific binding. (*pd0.05 vs 670 
GST-PDRG1). 671 
 672 

 673 

Interaction of PDRG1 with MATD1 alters DNA methylation 674 

 The next question to examine was whether the PDRG1-MAT interaction 675 

affected AdoMet production. However, the low sensitivity of the MAT activity assays 676 

and the small nuclear level of the proteins precluded a direct evaluation of this 677 

parameter in nuclear fractions from cell lines. Similarly, direct measurements of nuclear 678 

AdoMet levels required a long process to eliminate the main cytoplasmic component, 679 

during which hydrolysis together with nuclear pore exchange takes place. Therefore, the 680 

indirect approach provided by measurement of global DNA methylation was preferred, 681 

together with the use of CHO cells that allow better cotransfection levels. Mock 682 

transfected cells showed global DNA methylation levels that depend on the AdoMet 683 

produced by MATD2 homo-oligomers and MAT II (Fig 8A). These levels were not 684 

significantly altered by HA-PDRG1 overexpression according to the inverse radioactive 685 

assay, although a tendency towards decreased DNA methylation was observed in all the 686 

assays performed. In contrast, FLAG-MATD1 overexpression let to DNA 687 

hypermethylation as previously described, an effect that was precluded by coexpression 688 

with HA-PDRG1 (Fig 8A). Altogether these data suggested a putative effect of the 689 

interaction on MAT activity. 690 

 691 

Fig 8. Effects of PDRG1 in DNA methylation and MAT activity. (A) Global DNA 692 
methylation levels of CHO cells transiently transfected with pHA-PDRG1, pFLAG-693 
MAT or both plasmids evaluated with the inverse radioactive assay and compared to 694 
mock transfected cells. Incorporation of methyl groups into DNA (mean r SEM) of five 695 
independent experiments carried out in triplicate is shown. For graphical purposes, the 696 
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data are expressed as percentage of the pFLAG control taken as 100% (23392.65 r 697 
1790.07 cpm). Statistical analysis was performed using GraphPad Prism and changes 698 
were considered significant when pd0.05 (*vs. pFLAG; ** vs. pHA; ***vs.FLAG-699 
MAT). (B) Purified recombinant MATD1 (0.7 PM) was incubated with 0-5.6 PM 700 
PDRG1 (black) and S-adenosylmethionine synthesis determined; the panel shows 701 
results (mean r SEM) of a typical experiment out of five carried out in triplicate. 702 
Controls including MATD1 and histone IIA (red) were also performed (C) Results 703 
(mean r SEM) of a typical activity assay out of three performed in triplicate using 704 
MATD2 (0.7 PM). (D) Effects of PDRG1 (mean r SEM) on MAT II activity (0.7 PM) 705 
from a typical experiment out of three carried out in triplicate. (E) Typical profile of a 706 
Biogel A purification of the MATD1/GST-PDRG1 complex followed by MAT activity. 707 
Elution of the standards is indicated with sticks that correspond to: Blue dextran (40 708 
ml); ferritin (48 ml); aldolase (69 ml); conalbumin (81 ml); ovalbumin (84 ml); and 709 
ATP (105 ml). The upper part of the panel shows a stained SDS-PAGE gel of the 710 
relevant fractions as indicated on the top; the molecular size of the markers shown in the 711 
last lane (right) is indicated next to the corresponding stained band. (F) Comparison of 712 
the MAT activity shown by the MATD1/GST-PDRG1 (MATD1-HE; top) and 713 
MATD2/GST-PDRG1 complexes (MATD2-HE; bottom) vs. MATD1 or MATD2 homo-714 
oligomers as correspond. The results shown are mean r SEM of three independent 715 
experiments; *p<0.05 716 
 717 
 718 

Interaction with PDRG1 reduced S-adenosylmethionine 719 

production by MATs  720 

 In order to further evaluate the effects of the interaction on AdoMet synthesis by 721 

MATs, the activity of MAT homo-oligomers was analyzed in the presence of PDRG1 in 722 

vitro (Fig 8B). For this purpose, purified recombinant MATD1 and MATD2 homo-723 

oligomers were obtained and their activity measured in the presence of increasing 724 

concentrations of PDRG1. Either type of homo-oligomer showed up to 50% reduction 725 

in AdoMet synthesis in the presence of PDRG1 (Fig 8B and Fig 8C). The calculated 726 

IC50 values were 3.34 r 0.50 PM and 3.79 r 0.48 PM for MATD1 or MATD2 727 

oligomers, respectively. Furthermore, PDRG1 also reduced AdoMet synthesis by the 728 

MAT II hetero-oligomer obtained using purified recombinant MATD2 and MATE 729 

subunits (Fig 8D), the calculated IC50 value being 2.76 r 0.22 PM in this case. Effects 730 
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of a non-related protein of a similar size such as histone IIA on MAT activity were also 731 

analyzed, the presence of this protein having no significant effect on AdoMet synthesis 732 

by homo- or hetero-oligomers (Fig. 8B-D). Additionally, MATD1/GST-PDRG1 and 733 

MATD2/GST-PDRG1 complexes were prepared and purified, before MAT activity 734 

measurements (Fig. 8E). Again, decreased production of AdoMet (40-50%) by the 735 

isolated complexes was detected as compared to MATD1 or MATD2 homo-oligomers 736 

(Fig. 8F). Altogether these data showed a reduction of MAT activity in the presence of 737 

PDRG1. 738 

 739 

Differential expression patterns produced by Pdrg1 silencing  740 

 Silencing of Pdrg1 expression will reduce PDRG1 levels and, in turn, decrease 741 

its possibilities of interaction with MATs and the indirect effects observed on DNA 742 

methylation. For this purpose, rat hepatoma H35 cells were chosen given that RTqPCR 743 

results demonstrated their elevated Pdrg1 levels and that nuclear accumulation of 744 

MATD1 has been described in hepatoma cells. Therefore, H35 cells were transfected 745 

with appropriate shRNA plasmids against Pdrg1 and stable clones isolated. Among 746 

those exhibiting reproducible behavior, clones CN-10 (negative control), 3-44 747 

(shRNA3) and 4-18 (shRNA4) were selected for further analysis. Pdrg1 expression was 748 

reduced by 50% and 70% in 3-44 and 4-18 clones, respectively, as compared to CN-10 749 

(Fig 9A). Crystal violet assays did not detect alterations in cell growth for any of the 750 

stable clones, as compared to the wild type cell line (Fig 9B). RNAs of CN-10, 3-44 and 751 

4-18 clones, as well as, RNA of an enriched pool of shRNA3 transiently transfected 752 

cells (shRNA3T) were used for expression analysis using microarrays. Genes exhibiting 753 

changes ≥2-fold with FDR<0.05, according to LIMMA analysis, were identified. 754 

Pathway analysis was performed with BioProfiling using data of 114 genes (74 755 
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upregulated and 40 downregulated) exhibiting similar behavior in the three silenced 756 

samples (S1 Table). The consistency of their behavior between biological replicates can 757 

be observed in the heatmap representation of the data (S3 Fig).  758 

 759 

Fig 9. Differential expression analysis of Pdrg1 silenced clones prepared in H35 760 
cells. (A) Real-time RT-PCR analysis of Pdrg1 expression using the 18s gene as 761 
reference in the stable silenced clones (3-44 and 4-18) and the negative control clone 762 
(CN-10) prepared in H35 cells. The results shown are the mean r SEM of four 763 
independent experiments carried out in triplicate. (B) Growth curves for H35 wild type 764 
cells (H), the CN-10 (C) and 4-18 (A) clones; the figure shows the mean r SEM of eight 765 
replicates of a representative independent experiment from the four carried out. (C) 766 
Pathway analysis of genes exhibiting expression changes ≥2-fold using Gene Ontology; 767 
only pathways with p<0.05 are indicated. (D) Real-time RT-PCR verification of 768 
expression changes (mean r SEM; N=4) in selected genes using the Rn18s gene as 769 
reference. 770 

 771 

 Only 93 genes of the input list (81.5%), most of them among those upregulated, 772 

were recognized and classified into the following GO pathways (p<0.05): response to 773 

starvation (6; p<0.001), lipid metabolic process (6; p=0.01), liver development (5; 774 

p=0.01), extracellular space (11; p=0-01), cytoplasm (28; p=0.01), response to 775 

glucocorticoid stimulus (5; p=0.02), response to organic cyclic substance (6; p=0.02) 776 

and extracellular region (13; p=0.04) (Fig 9C and S4 Fig). Selected genes, at least two 777 

of pathways with pd0.02, were used for verification of expression changes by RTqPCR, 778 

together with Pdrg1. Results were consistent with those of microarrays, in general, 779 

changes being larger in clone 4-18 than in clone 3-44, as compared to the negative 780 

control CN-10 (Fig 9D). Some GO pathways identified in microarray data were related 781 

to processes in which expression of Mat genes is altered, especially cancer 782 

development. In fact, Sema3c, Id1, Cxcl1 and Ctgf, which are upregulated in a variety of 783 

cancer types, were downregulated upon Pdrg1 silencing. In contrast, no relevant 784 

expression changes were detected in Mat1a and Mat2a during analysis of the 785 
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microarray data, and only inconsistent and modest alterations (d1.5 fold) were found by 786 

RTqPCR in the stable clones (S5 Fig). Therefore, the changes detected seem 787 

independent of alterations in the expression Mat genes.  788 

 789 

 790 

Discussion 791 

 Remodeling of epigenetic modifications is a process that continuously takes 792 

place during the life of an organism, in order to activate or repress the genes required 793 

for growth, the response to different insults, etc. AdoMet is among the substrates 794 

needed by the enzymes performing these modifications, and a reduction of its 795 

concentration is a common trait for a large variety of pathologies [3, 5, 14]. Moreover, 796 

results derived from mouse models showing both low (Mat1a-/-) and high (Gnmt-/-) 797 

AdoMet levels suggest the existence of a safe range of hepatic concentrations for this 798 

metabolite to maintain normal growth [45, 46]. Thus, it is important to know the 799 

mechanisms and actors involved in AdoMet homeostasis, which are been mainly 800 

studied in liver. The results obtained to date using models of hepatic disease show that 801 

altered concentrations of this metabolite commonly derive from the Mat1a/Mat2a 802 

expression switch, and post-translational modifications on cytosolic MATD1 induced by 803 

nitrosative and oxidative stress [15, 17, 21-23, 32, 47]. Identification of the interaction 804 

between PDRG1 and MATD1, together with the reduced MAT activity exhibited by the 805 

three isoenzymes in the presence of the former, now adds a new actor into the 806 

mechanisms that control methylation levels. In fact, PDRG1 becomes, together with 807 

MATE [48-50], the only two interaction targets known for MATD1. 808 

 The reduced information available regarding PDRG1 raises doubts about where 809 

and how the MATD1-PDRG1 interaction takes place. First, commercial Northern blots 810 
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of normal human tissues show the testis as the tissue exhibiting the highest levels of 811 

PDRG1 expression [43]. This fact is now confirmed by RTqPCR using normal rat 812 

tissues, although similar expression levels are also detected in rat brain and cerebellum. 813 

In contrast, rat tissues exhibiting high levels of Mat1a expression, especially the liver, 814 

but also pancreas and lung, display the lowest expression levels for Pdrg1, a result that 815 

can be also inferred from human data [43]. Actually, the Pdrg1 expression pattern 816 

matches that of Mat2a and seems opposite to that of Mat1a in normal tissues [6, 51]. 817 

This observation is further reinforced by detection of increased Pdrg1 expression in D-818 

galactosamine-treated livers, a model where elevated Mat2a expression together with 819 

decreased Mat1a mRNA levels was previously reported [17]. Second, the PDRG1 820 

subcellular distribution is not clearly established [43, 44, 52], and hence may not match 821 

that of MATD1. Through the use a variety of cell lines of diverse origin, confocal 822 

microscopy and subcellular fractionation, we now demonstrate that PDRG1 is a nuclear 823 

and cytoplasmic protein, although a preference for nuclear localization is detected upon 824 

quantification of the data. These results confirm initial reports showing PDRG1 as a 825 

cytoplasmic protein [43], and also those in which the protein is found involved in 826 

nuclear protein-protein interactions [44, 52]. Furthermore, immunoprecipitation and 827 

AGFC results demonstrate that although MATD1 and PDRG1 colocalize in both 828 

subcellular compartments, their interaction only occurs in the nucleus, where both 829 

proteins also colocalize with the spliceosome marker protein SC-35. Interestingly, this 830 

result may be of special importance in extrahepatic tissues or in liver injury, two 831 

situations where MATD1 localizes or accumulates into the nuclear compartment, 832 

respectively [6, 17], thus enhancing the probability of interaction with PDRG1.  833 

 The presence of a helix-turn-helix motif and a E-prefoldin-like domain in 834 

PDRG1 were early identified [43], and this same sequence was also recognized by 835 
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PHYRE to construct a structural model of rat PDRG1 that excludes approximately 26 836 

residues from either end of the protein. Characterization of recombinant PDRG1 shows 837 

its elution in a volume corresponding to a hexamer, an association state that has been 838 

previously attributed to prefoldins [53, 54]. The recombinant protein is able to interact 839 

with MATD1, leading to a larger association state according to AGFC data. Moreover, 840 

PDRG1 is also able to interact with MATD2, as expected from the Mat2a expression 841 

pattern and the high sequence conservation among MATD subunits [3, 4]. In both cases, 842 

the MATD-PDRG1 interaction is altered by deletion of the C-terminal end of PDRG1, a 843 

fact that could be anticipated since a sequence normally involved in protein-DNA or 844 

protein-protein interactions is removed [43]. Unexpectedly, this deletion increases 845 

MATD1-PDRG1 interaction, hence suggesting a role for the C-terminal in the control of 846 

this binding that seems to involve the core of the predicted structure. Such an 847 

arrangement should not interfere with the interaction site proposed for all prefoldin-like 848 

proteins (URI, Art27, PDRG1, PFD2 and PFD6) of the R2TP/prefoldin-like complex 849 

[44, 52, 55], and that involves the hook of the prefoldin-like domain [44]. Conversely, 850 

the fact that MATD1 and MATD2 interact with PDRG1 suggests the putative 851 

involvement of a common interaction motif in the MATD subunits, which in turn, may 852 

lay close or superimpose to the E-subunit binding site, according to results of pull-down 853 

experiments with MAT II, where no MATE is recovered.  854 

 MATD subunits appear as two of the few validated targets for PDRG1, together 855 

with: i) PDCD7, a component of the U12-type spliceosome that is involved in the 856 

modulation of apoptosis [56]; and ii) URI and Art27/UXT, components of the 857 

prefolding complex [44](Fig 10). However, our data not only demonstrate the validity 858 

of the interaction, but also its putative role in the control of MAT activity. PDRG1 859 

interaction with MATD1, MATD2 or MAT II oligomers reduces their ability to 860 
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synthesize the methyl donor, thus indicating that the interaction takes place with their 861 

active oligomeric assemblies. Moreover, the data also suggest that in vivo the 862 

interaction may only involve the MAT I isoenzyme and the MATD2 dimer, according to 863 

the subcellular location of the MATD1-PDRG1 interaction (no MAT III is detected in 864 

the nucleus) and the pull-down results for MAT II. Furthermore, MATD1 865 

overexpression is known to induce DNA hypermethylation in hepatoma cells [6], the 866 

preventive effect exerted by coexpression with PDRG1 confirming the relevance of the 867 

interaction for the control of nuclear methylations. CHO cells mainly express Mat2a 868 

and Mat2b, and in this context overexpression of PDRG1 alone has no significant effect 869 

on DNA methylation levels. Reasons for this lack of effect may rely in aspects favoring 870 

a tighter MATD22-MATE interaction or additional interactions [10, 18], which could 871 

preclude MATD2-PDRG1 interaction and the effects on DNA methylation. 872 

Additionally, aberrant DNA methylation is a well-established characteristic of cancer 873 

cells [57], and recent studies demonstrated global DNA hypomethylation correlating 874 

with enhanced expression of PDRG1 in a variety of human non-hepatic tumors [56, 58, 875 

59]. In our study, no morphological changes or apoptosis are detected upon PDRG1 876 

overexpression, confirming previous reports [43]. However, stable clones with partial 877 

silencing of Pdrg1 (up to 70%) show normal morphological characteristics and growth, 878 

in contrast to the severe effects on cell growth, invasion and increased apoptosis 879 

previously described upon PDRG1 depletion [56, 59].  This difference may rely on the 880 

use of diverse cell lines or silencing reactants and methods. In fact, apoptosis and 881 

impairment of cell growth may be the underlying cause for the failure to obtain stable 882 

clones with >70% downregulation of Pdrg1, regardless of the large number of clones 883 

examined in our study. The lack of significant changes in Mat1a or Mat2a expression in 884 

our silenced clones do not exclude the possibility that total suppression of Pdrg1 885 
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expression enhances MAT levels and, in turn AdoMet concentrations, known to be pro-886 

apoptotic in hepatoma cells [60]. 887 

 888 

Fig 10. Schematic representation of PDRG1 interactions. PDRG1 interactions from 889 
the literature and the present work are presented. Arrows indicate interactions identified 890 
by a single method, bait (tail) and prey (head). Double-headed arrows indicate 891 
interactions confirmed by several methods (solid lines) or by the same method using 892 
either protein as bait (dashed lines). Proteins indicated in red have been identified in 893 
several studies by different authors. Arrow’s color codes indicate: yeast two-hybrid 894 
(YTH; red); affinity-purification coupled to mass spectrometry (AP-MS; violet); 895 
immunoprecipitation (IP) and YTH (black); YTH, IP, pull-down (PD) and activity 896 
(green); AP-MS and IP (blue); PD and activity (brown). 897 
 898 

 Differential expression changes induced by Pdrg1 silencing are consistent 899 

between stable clones and transient transfected pools. These modifications involve 900 

upregulation of GO pathways such as response to starvation, liver development, 901 

response to glucocorticoid stimulus or lipid metabolic process. Common genes shared 902 

by these pathways include: i) Acadm that is present in the four routes and encodes 903 

medium-chain specific acyl-CoA dehydrogenase, the enzyme catalyzing the first step of 904 

fatty acid E-oxidation [61]; ii) Aacs, Aldob, Lipc and Hmgcs2 that are shared by three of 905 

these pathways and which codify for acetoacetyl-CoA synthetase, aldolase B, hepatic 906 

triglyceride lipase and 3-hydroxy-3-methylglutaryl-CoA synthase 2, respectively; and 907 

iii) Adm that is included in two of these pathways and which encodes adrenomedullin. 908 

Among them, the highest upregulation corresponds to Aldob (4-8 fold), followed by 909 

Hmgcs2 (3-6 fold), thus suggesting a need to increase the glycolytic flux together with 910 

ketogenesis, which in turn provides lipid-derived energy during fasting. Additionally, 911 

genes normally upregulated in several types of cancer cells (Sema3c, Id1, Cxcl1, Ctgf) 912 

appear downregulated by Pdrg1 silencing [62-65]. Therefore, the changes induced in 913 

hepatoma cells by Pdrg1 downregulation seem to follow an opposite pattern than those 914 

exhibited by Mat1a-/- or Gnmt-/- livers with hepatic damage (esteatosis, hepatocellular 915 
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carcinoma), which show induced or normal lipogenesis, respectively [45, 66-71]. 916 

Another characteristic of hepatocytes from these mice is their enhanced basal 917 

proliferation [67, 68, 72], but again no change in cell growth is detected in the Pdrg1 918 

silenced clones. Although the lack of data about Pdrg1 expression in these mice 919 

precludes further comparison, altogether these data support a role for PDRG1 in the 920 

modulation of changes induced by variations in AdoMet concentrations. 921 

 The nuclear localization of the MATD1-PDRG1 interaction suggests that its 922 

effects may have special importance in that compartment, which is the preferred 923 

MATD1 site in extrahepatic tissues and in injured liver [6, 17]. These are two situations 924 

in which Mat1a expression is very low or dramatically reduced, hence suggesting a 925 

specific role for PDRG1 in the control of MAT activity by the remaining MAT I 926 

isoenzyme. Upregulated Pdrg1 expression has been reported in UV-irradiated cell lines 927 

[43], in the presence of genotoxic agents [56] and in human tumors [56, 58, 59]. Now 928 

we also show that this upregulation occurs in H35 cells and acute liver injury, two 929 

conditions with different levels of Mat1a (minute or strongly reduced) and Mat2a 930 

expression (high and increased). Higher Pdrg1 expression in these two environments 931 

does not lead to significant changes in global DNA methylation [6, 17], whereas either 932 

MATD1 overexpression or silencing of certain microRNAs induce DNA 933 

hypermethylation and increased nuclear levels of this protein [6, 73]. In contrast, 934 

coexpression of both MATD1 and PDRG1 precluded DNA hypermethylation, hence 935 

confirming the inhibitory role of the interaction and providing a clue to understand the 936 

lack of changes in this parameter observed in acute liver injury. Unexpectedly, both 937 

MATD1 overexpression in H35 cells [6] and liver injury [17] concur with increased 938 

levels of the me3K27H3 repression mark, despite the high expression levels of Pdrg1 in 939 

these environments. A putative explanation may derive from results on miR-214 940 
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expression in cancer, where downregulation of this microRNA inversely correlates with 941 

Pdrg1 expression [59], and accumulation of Polycomb Ezh2 methyltransferase is 942 

detected [74]. This methyltransferase is not only responsible of me3K27H3, but also 943 

controls DNA methylation through recruitment of DNA methyltransferases in the 944 

context of Polycomb repressive complexes 2 and 3 [75].  945 

 The possibility exists that in spite of nuclear accumulation of MATD1, the levels 946 

reached or the amount of MAT I formed, are not enough to cope with the AdoMet 947 

requirements of the normal cell to struggle against severe insults. In this context, 948 

oxidative stress may exert additional roles as previously hypothesized [25], among 949 

others: i) inhibiting MAT I/III [20, 24, 76]; ii) promoting anomalous subcellular 950 

distribution of MATD1 [17]; or iii) enhancing affinity between MAT II subunits [10]. 951 

Through this last option oxidative stress promotes production of the less active 952 

isoenzyme MAT II (with the lowest Vmax), probably precluding its interaction with 953 

PDRG1, a process that seems to require displacement of MATE. Therefore, under 954 

conditions in which a larger supply of AdoMet is needed to accomplish the required 955 

epigenetic remodeling for response against an insult, interaction with PDRG1 may 956 

reduce this provision leading to either cell death or transformation. This last 957 

consequence may be favored by additional PDRG1 interactions involving the 958 

URI/prefoldin complex (i.e. during RNA polymerase II assembly)[44, 52, 55, 77]. 959 

Finally, altogether the results presented in this work made us hypothesize that the 960 

oncogenic role of PDRG1 may rely, at least in part, to its counteracting effect on 961 

repression of key genes for tumor progression through interaction with MAT I. 962 

 963 

 964 

 965 
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Supporting  Information Legends  1242 

S1 Fig. Pdrg1 expression levels in transient transfections using shRNA plasmids. 1243 

H35 cells were transiently transfected for 48 hours with shRNA plasmids harboring 1244 

sequences for Pdrg1 silencing (shRNA1-4) and a negative control (CN). Transfected 1245 

cells were selected for 2 weeks with 1.8 mg/ml G418. Expression levels were analyzed 1246 

by real-time RT-PCR using appropriate primers and SybrGreen. The figure shows 1247 

results of a typical experiment of the three carried out in triplicate. Changes in Pdrg1 1248 

expression (mean r SEM) were calculated against H35 wild type cells and using the 18s 1249 

gene as reference. Statistical evaluation was performed by one-way ANOVA with 1250 

Bonferroni post-hoc (*pd0.05 vs. H35; ** pd0.05 vs. CN). 1251 

 1252 

S2 Fig. PDRG1 levels in hepatic nuclear fractions of D-galactosamine intoxicated 1253 

rats. Subcellular fractions of the whole liver from control (N=4) and D-galactosamine 1254 

(N=6) intoxicated rats were analyzed by western blotting. Lamin B1 levels were used as 1255 

reference, whereas tubulin signals were used to establish cross-contamination with 1256 

cytosolic fractions. Bands with the PDRG1 expected size (a15 kDa) were only detected 1257 

in nuclear fractions upon long exposure to ultrasensitive films. The size of the standards 1258 

appears indicated on the left side of the anti-PDRG1 panel. Densitometric scanning of 1259 

these signals was carried out to obtain the PDRG1/lamin B1 ratio (mean r SEM; *pd 1260 

0.05). 1261 

 1262 

S3 Fig. Graphical representation of microarray differential expression changes. 1263 

Microarray expression data were analyzed with FIESTA Viewer to identify genes 1264 

exhibiting changes t2-fold with FDR<0.05. These data were used for clustering and 1265 

preparation of heatmaps using Cluster and Java TreeView, respectively. The figure 1266 



 45 

shows results (N=4) of up- and down-regulated genes in stable clones CN-10, 3-44 and 1267 

4-18, as well as, in shRNA3T. 1268 

 1269 

S4 Fig. Heatmaps of microarray results for relevant pathways according to 1270 

BioProfiling analysis. The figure highlights expression results of genes identified with 1271 

BioProfiling (pd0.01). The pathways including these genes are: Response to starvation 1272 

(GO: 0042594); Lipid metabolic process (GO: 0006629); Liver development 1273 

(GO:0001889); Extracellular space (GO: 0005615); Cytoplasm (GO: 0005737).  1274 

 1275 

S5 Fig. Expression of Mat genes evaluated by real-time RT-PCR in stable clones. 1276 

CN-10, 3-44-and 4-18 stable clones (N=4) were used to analyze putative effects of 1277 

Pdrg1 silencing on Mat1a and Mat2a expression using RTqPCR and appropriate 1278 

TaqMan probes. The figure shows the mean r SEM of measurements carried out in 1279 

triplicate, where expression changes were calculated against CN-10 and using the 18s 1280 

gene as reference. Statistical evaluation was performed by one-way ANOVA with 1281 

Bonferroni post-hoc (*pd0.05). 1282 

  1283 

 1284 
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Table S1
COMPARISON OF MICROARRAY RESULTS vs CN-10

downregulated genes (≤-2)

CLONE 4-18 vs CN10 shRNA3T vs CN10 CLONE 3-44 vs CN10
ProbeID N Fold Change ProbeID N Fold Change ProbeID N Fold Change 
Sema3c 11 -2.23 Sema3c 6 -3.08 Sema3c 5 -2.93 
Sncg 1 -3.19 Sncg 1 -3.20 Sncg 1 -6.20 
Id1 10 -5.05 Id1 10 -3.93 Id1 6 -2.59 
Gpx2 2 -3.80 Gpx2 2 -5.76 Gpx2 2 -2.50 
Ctgf 3 -2.23 Ctgf 6 -2.01 Ctgf 8 -2.05 
P2ry6 10 -2.72 P2ry6 10 -3.03 P2ry6 10 -2.40 
Cxcl1 10 -18.92 Cxcl1 10 -7.34 Cxcl1 10 -6.46 
Emp2 1 -2.72 Emp2 1 -2.40 Emp2 1 -3.18 
XM_219543 1 -2.04 XM_219543 1 -4.49 XM_219543 1 -2.86 
Mt2A 2 -2.03 Mt2A 9 -2.60 Mt2A 10 -3.95 
Gpsm3 4 -2.07 Gpsm3 7 -2.13 Gpsm3 9 -2.22 
Dnajb11 1 -2.82 Dnajb11 5 -2.01 Dnajb11 1 -2.10 
A_64_P159685 1 -3.44 A_64_P159685 1 -2.01 A_64_P159685 1 -2.49 
Mx1 1 -15.29 Mx1 1 -5.57 Mx1 1 -3.58 
Egr1 2 -2.04 Egr1 4 -2.10 Egr1 3 -3.50 
LOC686437 1 -4.53 LOC686437 1 -3.81 LOC686437 1 -2.67 
LOC100361261 1 -2.25 LOC100361261 1 -2.69 LOC100361261 1 -2.41 
Il23a 1 -2.66 Il23a 1 -2.68 Il23a 1 -2.27 
Vom1r57 1 -2.73 Vom1r57 1 -2.26 Vom1r57 1 -2.16 
A_64_P099278 1 -3.23 A_64_P099278 1 -2.18 A_64_P099278 1 -2.23 
Ms4a8a 1 -2.20 Ms4a8a 1 -3.16 Ms4a8a 1 -3.03 
LOC689442 1 -4.62 LOC689442 1 -2.10 LOC689442 1 -3.72 
Ly6d 1 -10.34 Ly6d 1 -5.09 Ly6d 1 -2.76 
ENSRNOT00000008592 1 -3.89 ENSRNOT00000008592 1 -2.41 ENSRNOT00000008592 1 -2.19 
A_64_P031058 1 -3.14 A_64_P031058 1 -4.04 A_64_P031058 1 -3.10 
A_64_P114768 1 -2.49 A_64_P114768 1 -2.31 A_64_P114768 1 -2.02 
Gpnmb 1 -2.61 Gpnmb 1 -10.20 Gpnmb 1 -5.02 
Ranbp1 3 -3.18 Ranbp1 1 -2.19 Ranbp1 1 -2.29 
Cox6a2 1 -7.63 Cox6a2 1 -7.81 Cox6a2 1 -3.24 
A_64_P017931 1 -4.02 A_64_P017931 1 -2.94 A_64_P017931 1 -3.17 
Foxq1 1 -3.53 Foxq1 1 -2.18 Foxq1 1 -2.73 
FQ210020 9 -3.30 FQ210020 2 -2.20 FQ210020 2 -2.08 
LOC678769 2 -2.66 LOC678769 1 -2.11 LOC678769 1 -2.17 
Mmp24 1 -3.05 Mmp24 1 -2.37 Mmp24 1 -3.50 
TC596639 1 -4.49 TC596639 1 -3.40 TC596639 1 -2.05 
Rnase1l2 1 -2.97 Rnase1l2 1 -2.77 Rnase1l2 1 -2.16 
A_64_P086880 1 -3.64 A_64_P086880 1 -5.59 A_64_P086880 1 -5.96 
A_64_P152369 1 -2.77 A_64_P152369 1 -2.32 A_64_P152369 1 -3.26 
Cdc42ep5 1 -3.03 Cdc42ep5 1 -2.78 Cdc42ep5 1 -2.00 
RGD1565030 1 -3.80 RGD1565030 1 -3.77 RGD1565030 1 -4.31 



Table S1 cont.
COMPARISON OF MICROARRAY RESULTS  vs CN-10

upregulated genes (≥2)

CLONE 4-18 vs CN10 shRNA3T vs CN10 CLONE 3-44 vs CN10
ProbeID N Fold Change ProbeID N Fold Change ProbeID N Fold Change 
Ankrd37 8 +2.03 Ankrd37 5 +2.03 Ankrd37 9 +3.60 
Dbp 3 +2.66 Dbp 3 +3.67 Dbp 3 +2.04 
FQ213070 3 +3.78 FQ213070 10 +3.05 FQ213070 2 +2.23 
Slc41a1 9 +2.42 Slc41a1 8 +2.70 Slc41a1 1 +2.26 
Wdr37 2 +2.19 Wdr37 1 +2.18 Wdr37 1 +2.20 
RGD1306820 3 +2.87 RGD1306820 1 +2.25 RGD1306820 1 +2.09 
Aacs 4 +2.42 Aacs 4 +2.41 Aacs 1 +2.66 
Aldh1l2 1 +2.17 Aldh1l2 1 +2.00 Aldh1l2 1 +2.49 
Mapkapk2 1 +2.14 Mapkapk2 2 +2.96 Mapkapk2 2 +2.36 
RGD1565641 1 +2.52 RGD1565641 1 +2.52 RGD1565641 1 +2.48 
Dstyk 6 +2.63 Dstyk 2 +2.72 Dstyk 1 +2.62 
RGD1305347 2 +2.29 RGD1305347 6 +2.67 RGD1305347 2 +2.33 
Aadat 8 +2.97 Aadat 2 +2.89 Aadat 3 +2.69 
Thsd1 1 +2.18 Thsd1 1 +3.34 Thsd1 1 +2.69 
Gabarapl2 2 +2.91 Gabarapl2 1 +2.10 Gabarapl2 1 +2.08 
Tef 10 +2.70 Tef 8 +2.43 Tef 2 +2.19 
Bcl9 1 +3.25 Bcl9 1 +3.98 Bcl9 1 +3.42 
Ltbp4 1 +2.32 Ltbp4 1 +2.37 Ltbp4 1 +2.55 
Hspa1b 10 +4.93 Hspa1b 10 +2.77 Hspa1b 3 +2.42 
Rtn2 1 +9.28 Rtn2 1 +6.59 Rtn2 1 +4.14 
Zufsp 1 +2.31 Zufsp 3 +2.22 Zufsp 3 +2.47 
A_64_P016393 1 +3.36 A_64_P016393 1 +3.11 A_64_P016393 1 +2.85 
Pgm1 2 +2.26 Pgm1 1 +2.36 Pgm1 1 +2.14 
Pfdn5 1 +2.57 Pfdn5 1 +2.00 Pfdn5 1 +2.26 
Acadm 10 +2.72 Acadm 6 +2.77 Acadm 3 +2.66 
Papss2 1 +2.14 Papss2 2 +2.14 Papss2 1 +2.11 
Scpep1 1 +3.04 Scpep1 1 +2.33 Scpep1 1 +2.72 
Espn 1 +2.79 Espn 1 +2.25 Espn 1 +2.95 
Gpr146 1 +3.01 Gpr146 1 +3.63 Gpr146 1 +2.52 
Agmat 9 +4.14 Agmat 10 +5.73 Agmat 10 +6.18 
Ccng2 7 +2.90 Ccng2 5 +2.29 Ccng2 3 +2.82 
Pdcd4 1 +2.67 Pdcd4 1 +2.62 Pdcd4 1 +2.74 
ENSRNOT00000064316 1 +2.03 ENSRNOT00000064316 1 +2.53 ENSRNOT00000064316 1 +2.02 
RGD1560108 1 +2.44 RGD1560108 1 +2.54 RGD1560108 1 +2.51 
ENSRNOT00000034533 1 +2.31 ENSRNOT00000034533 1 +2.02 ENSRNOT00000034533 1 +2.08 
Wdr24 1 +2.60 Wdr24 1 +2.16 Wdr24 1 +2.27 
Aldob 1 +16.33 Aldob 1 +11.01 Aldob 1 +7.46 
Akr1c14 1 +2.56 Akr1c14 4 +3.03 Akr1c14 1 +2.04 
Hsd17b13 1 +2.21 Hsd17b13 1 +6.75 Hsd17b13 1 +4.63 
Tpp1 1 +3.07 Tpp1 1 +2.18 Tpp1 1 +2.18 
Lpin1 1 +2.24 Lpin1 1 +2.30 Lpin1 1 +2.05 
Hdac5 1 +3.89 Hdac5 1 +3.77 Hdac5 1 +2.52 
Adm 3 +2.63 Adm 10 +4.27 Adm 2 +3.63 
Angptl4 1 +5.40 Angptl4 1 +16.53 Angptl4 1 +3.58 
Srgap2 8 +2.45 Srgap2 10 +2.22 Srgap2 6 +2.47 
Mttp 1 +5.42 Mttp 1 +8.72 Mttp 1 +9.04 
RGD1564171 1 +2.17 RGD1564171 1 +3.18 RGD1564171 1 +2.17 



Tfr2 1 +2.27 Tfr2 1 +2.08 Tfr2 1 +2.56 
Serpinf2 1 +3.71 Serpinf2 1 +7.08 Serpinf2 1 +3.46 
Mapt 2 +2.97 Mapt 2 +3.37 Mapt 1 +2.14 
ENSRNOT00000036922 1 +2.04 ENSRNOT00000036922 1 +4.12 ENSRNOT00000036922 1 +2.94 
LOC299567 1 +3.97 LOC299567 1 +2.97 LOC299567 1 +5.03 
Pcyt2 1 +2.92 Pcyt2 1 +2.36 Pcyt2 1 +2.11 
Ttr 1 +9.49 Ttr 1 +6.24 Ttr 1 +8.51 

sep-07 1 +2.71 sep-07 1 +2.77 sep-07 1 +2.61 
Serpina6 1 +29.06 Serpina6 1 +8.55 Serpina6 1 +7.32 
Blnk 1 +4.28 Blnk 1 +3.24 Blnk 1 +3.23 
G6pc 2 +4.09 G6pc 2 +6.52 G6pc 2 +4.16 
TC584621 1 +2.30 TC584621 1 +4.81 TC584621 1 +2.28 
Pla2g15 1 +3.05 Pla2g15 1 +2.99 Pla2g15 1 +3.28 
Aldoc 2 +39.37 Aldoc 2 +59.62 Aldoc 2 +45.86 
A_64_P086598 1 +2.15 A_64_P086598 1 +2.65 A_64_P086598 1 +2.16 
Insc 1 +4.05 Insc 1 +10.41 Insc 1 +8.45 
A_64_P152919 1 +24.07 A_64_P152919 1 +7.82 A_64_P152919 1 +3.11 
RGD1309651 1 +5.26 RGD1309651 1 +2.66 RGD1309651 1 +5.82 
Cyp2d5 1 +3.02 Cyp2d5 1 +3.65 Cyp2d5 1 +4.49 
Lipc 1 +3.87 Lipc 1 +3.74 Lipc 1 +2.87 
Gcnt3 1 +6.16 Gcnt3 1 +2.95 Gcnt3 1 +2.03 
ENSRNOT00000012248 1 +2.83 ENSRNOT00000012248 1 +2.02 ENSRNOT00000012248 1 +3.57 
Rsph9 1 +3.53 Rsph9 1 +2.46 Rsph9 1 +3.13 
Hmgcs2 1 +4.45 Hmgcs2 1 +6.50 Hmgcs2 1 +3.06 
Rhd 1 +6.15 Rhd 1 +2.78 Rhd 1 +3.08 
Sstr2 1 +4.22 Sstr2 1 +2.16 Sstr2 1 +2.16 
Arl8a 1 +4.78 Arl8a 1 +3.97 Arl8a 1 +3.23 


