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ABSTRACT 27 

 Research into metabolic reprogramming in cancer has become commonplace, 28 

yet this area of research has only recently come of age in nephrology. In light of the 29 

parallels between cancer and ADPKD, the latter is currently being studied as a 30 

metabolic disease. In clear cell renal cell carcinoma (RCC), which is now considered a 31 

metabolic disease, we and others have shown derangements in the enzyme 32 

arginosuccinate synthase (ASS1) resulting in RCC cells becoming auxotrophic for 33 

arginine and leading to a new therapeutic paradigm involving reducing extracellular 34 

arginine. Based on our earlier finding that glutamine pathways are reprogrammed in 35 

ARPKD, and given the connection between arginine and glutamine synthetic pathways 36 

via citrulline, we investigated the possibility of arginine reprogramming in ADPKD. We 37 

now show that, in a remarkable parallel to RCC, ASS1 expression is reduced in murine 38 

and human ADPKD, and arginine depletion results in a dose dependent compensatory 39 

increase in ASS1 levels as well as decreased cystogenesis in vitro and ex vivo with 40 

minimal toxicity to normal cells. Non-targeted metabolomics analysis of mouse kidney 41 

cell lines grown in arginine-deficient vs. arginine-replete media suggests arginine-42 

dependent alterations in the glutamine and proline pathways. Thus, depletion of this 43 

conditionally-essential amino acid by dietary or pharmacological means, such as with 44 

arginine-degrading enzymes, may be a novel treatment for this disease.  45 

  46 
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INTRODUCTION 47 

 Research into metabolic reprogramming has been fruitful in cancer for several 48 

years and is on the cusp of yielding both a greater understanding of, and new 49 

therapeutic approaches for, polycystic kidney disease (PKD). While, unlike cancer, 50 

ADPKD cells have little need to evade immune surveillance, they do, like malignancy, 51 

need to synthesize biochemical and membrane components to enable relatively rapid 52 

growth and consequent cyst expansion. Previous studies from our and other 53 

laboratories have demonstrated reprogramming of glutamine in autosomal recessive 54 

PKD (ARPKD)(16) and glucose in autosomal dominant PKD (ADPKD)(38) models.  55 

 In humans, arginine is a “conditionally” essential amino acid, being required only 56 

at specific times in organismal development. However, renal cell carcinoma (RCC) 57 

tissues(34, 46) and cells(49) demonstrate remarkably decreased levels of the arginine 58 

synthetic enzyme ASS1 resulting in these tumors being auxotrophic for arginine both in 59 

vitro and in vivo in the RENCA model of RCC(49). In light of the fact that ADPKD 60 

exhibits differential behavior depending on developmental stage(35) and given the 61 

known parallels of ADPKD with RCC, we asked whether ADPKD shows arginine 62 

reprogramming in a similar manner to what is observed in cancer. We now demonstrate 63 

that arginine, although a non-essential amino acid, regulates ASS1 levels and is 64 

required for cystogenesis in PKD cells and in an ex vivo cystogenesis model; thus 65 

arginine reductive therapies may be useful in cystic disease with minimal toxicities to 66 

normal adult tissues.  67 

  68 

METHODS 69 
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Tissues and cells 70 

Mouse postnatal Pkd1-heterozygous (PH2) and Pkd1-homozygous null (PN24) 71 

cells were of proximal tubule origin and cultured as described(41) (provided by S. Somlo 72 

through the George M O’Brien Kidney Center, Yale University, New Haven, 73 

Connecticut, USA). The genotype of these cells was validated and confirmed by PCR to 74 

detect the Neo cassette inserted into exon 1 of the null allele (in both PH2 and PN24 75 

cells) using primers in exon 1 (E1F5 CCCTCCTGAACTGCGGCT and E1R5 76 

CAGGGTCTCCGGCCAGCG) and a Neo cassette specific primer set (NEOF3 77 

AGCGCATCGCCTTCTATCGC and E1R5). They were also checked for the Cre-lox 78 

excision of exons 2-4 on the floxed allele (PN24 cells only) with primers in intron 1 79 

(LoxF1 CCGCTGTGTCTCAGTGCCTG and LoxR1 CAAGAGGGCTTTTCTTGCTG) and 80 

primers spanning intron 1 and exon 5 (D1L1FY CAGCCTGCCTTGCTCTACTT and 81 

D1E5R3 TCACCAGCTGAGAAGCAGAA). Mouse embryonic kidney (MEK) Pkd1-null 82 

and MEK WT cells were of collecting duct origin and cultured as previously 83 

described(54). The excision of exons 3-4 from both alleles of the PKD-1 gene from MEK 84 

Pkd1-null cells was validated and confirmed by PCR (mPKD-1ex4 F 85 

GCTGGGCAAAGGAACATCAG and mPKD-1ex6 R GACATTGCTCCTGTGCTTGC; 86 

mPKD-1ex1 F GGGCCCCTCCTGAACTGC and mPKD-1ex4 R 87 

GTTGCACTCAAATGGGTTCC). Mouse experiments as described previously (17) were 88 

performed under appropriate IACUC approvals. Pkd1+/+:Pkhd1-Cre, Pkd1+/flox:Pkhd1-89 

Cre and Pkd1flox/flox:Pkhd1-Cre(17) male and female mouse kidneys were dissected out 90 

at post-natal day 5 (P5), P10, P14, P21 and P25 and either snap frozen for 91 

immunoblotting and/or qPCR or fixed in 4% paraformaldehyde and paraffin embedded 92 
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for immunohistochemistry. Human ADPKD and NHK tissues used for immunoblotting 93 

and qPCR, and ADPKD kidneys for immunohistochemistry, were obtained from Dr. 94 

Darren Wallace (Kidney Institute, Departments of Internal Medicine and Physiology, 95 

University of Kansas Medical Center). Normal human kidneys for immunohistochemistry 96 

were archived following IRB approval at the UC Davis Department of Pathology. 97 

 98 

Cell Culture 99 

MEK WT and MEK Pkd1-null cells were cultured at 37oC in MEK media 100 

(DMEM/F-12, 2% FBS, ITS (15 µg/ml; GenDepot), 3,3′,5-Triiodo-L-thyronine (100 nM; 101 

Sigma-Aldrich), hydrocortisone (36 ng/ml; Sigma-Aldrich), mouse IFNγ (5U/ml), 102 

penicillin and streptomycin(30). PH2 and PN24 cells were cultured at 37oC in PHPN 103 

media (DMEM/F-12, 10% FBS, mouse IFNγ (5U/ml), penicillin and streptomycin). 104 

Arginine defined media was MEK media prepared with arginine, lysine and glutamine 105 

free DMEM/F-12 (Caisson Laboratories Inc), supplemented with 0.5 mM lysine (Sigma-106 

Aldrich), 2.5 mM GlutaMAX (ThermoFisher) and various concentrations of L-arginine 107 

monohydrochloride (Sigma-Aldrich). The concentration of arginine in the lot of FBS 108 

used for all experiments was measured to be 3.38 µM so the actual concentration of 109 

arginine in our 0 mM arginine MEK media was 0.07 µM. 110 

 111 

In Vitro Proliferation Assays 112 

Cells (1.5x103 or 3x103) were plated in 96-well plates and after the cells had 113 

attached, were treated with MEK media containing 0-0.7 mM arginine for 3 or 5 days.  114 

Media was changed either at 36 h (3 day assay) or at 48 and 96 h (5 day assay).  Cells 115 
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were stained either with Thiazolyl Blue Tetrazolium Bromide (MTT) as previously 116 

described(17) or with methylene blue as previously described(5). 117 

 118 

In Vitro Cyst Assays 119 

For cyst assays PH2, PN24, MEK WT and MEK Pkd1-null cells were cultured at 120 

37oC for 7-14 days in MEK media without mouse IFNγ then plated in 96 well plates 121 

(2000 cells/well) in 66% Corning™ Matrigel™ Membrane Matrix (Fisher Scientific, 122 

Pittsburg, PA), overlaid with MEK media without mouse IFNγ containing various 123 

concentrations of arginine. The media was changed daily, and cysts were photographed 124 

and diameters measured on days 13 or 14 after plating.  125 

 126 

Western blotting 127 

Immunoblotting was performed as previously described (16). The antibodies 128 

used were monoclonal (2B10) mouse anti-ASS1 antibody (Invitrogen, Carlsbad, CA), 129 

rabbit anti-vinculin (Cell Signaling Technology, Danvers, MA) and rabbit anti--actin 130 

(Cell Signaling Technology). Signal was detected with ECL using a FujiFilm LAS-4000 131 

or x-ray film and Image J to quantify band intensity. 132 

 133 

Immunohistochemistry 134 

Paraffin sections (4 µm) of formalin-fixed paraffin-embedded (FFPE) human 135 

kidneys were stained for ASS1 as described(34) with the following modifications: 136 

monoclonal anti-human ASS1 antibody clone 2B10 (Invitrogen) diluted in PBST was 137 

followed by MACH2 Universal HRP-Polymer (BioCare Medical) and ImmPACT 138 
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diaminobenzidine peroxidase substrate (Vector Laboratories, Burlingame, CA). Paraffin 139 

sections (4 µm) of FFPE mouse kidneys were stained for ASS1 using monoclonal anti-140 

human ASS1 clone 2B10 (Invitrogen) with the Mouse on Mouse HRP-polymer bundle 141 

(BioCare Medical, Concord, CA) and ImmPACT diaminobenzidine peroxidase substrate 142 

(Vector Laboratories, Burlingame, CA). 143 

 144 

RNA extraction, reverse transcription and qPCR 145 

RNA extraction, reverse transcription of mRNA into cDNA, primer design and 146 

qPCR were all performed as previously described(45) with the following modifications: 147 

in addition to Rn18S, two new housekeeping genes (Eef2 and Rpl13a) were chosen for 148 

normalization of mouse Ass1 mRNA based on multiple instances identifying them as 149 

excellent housekeeping genes(6, 7, 21) (Supplemental Table 1).  Standard curves for 150 

qPCR were prepared using 6 or 7 five-fold dilutions of human or mouse normal kidney 151 

cDNA.  All standard curves had a linear regression coefficient of determination of at 152 

least 99%.  The mRNA or rRNA levels of each gene in each mouse or human sample 153 

were calculated using a relative standard curve of cDNA quantity plotted against Ct. 154 

Normalization of gene expression relative to three housekeeping (reference) genes was 155 

completed according to the formula: 156 

 157 

where Y is the normalized hASS1 or mAss1 gene expression for tissue/cell line i, QTi is 158 

hASS1 or mAss1 mRNA quantity and QR1i, QR2i and QR3i are reference gene quantities. 159 

 160 

Bisulfite gDNA modification and methylation specific PCR 161 
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 gDNA was extracted from tissue samples and cell lines using the DNAeasy 162 

Tissue Kit (Qiagen). The EZ DNA Methylation Kit (Zymo Research Corporation, Irvine, 163 

CA) was used on 500 ng purified gDNA to convert unmethylated cytosine residues to 164 

uracil while not affecting methylated cytosines. Methylation-specific PCR (MSP) of the 165 

hASS1 gene was performed as previously described(27) using primers in Supplemental 166 

Table 2. MethPrimer(24) was used both to find a CpG island in the mouse ASS1 167 

promoter, 328-59 bp upstream of the transcription start site (TSS), and to design 168 

primers for MSP of this region. MSP was performed on a 102-104 bp fragment of the 169 

mAss1 gene located 315-213 bp upstream of the TSS.  All MSP reactions were 170 

performed using EpiMark Hot Start Taq Polymerase (New England Biolabs, Ipswich, 171 

MA) on 1 μl of bisulfite-modified DNA with 200 nM of primers specific for methylated (M) 172 

or unmethylated (U) sequences. PCR reactions were heated to 95oC for 30s, then 40 173 

cycles of 95oC 15 s, annealing for 1 min (hASS1) or 1.5 min (mAss1) and 68oC for 30 s, 174 

followed by a final extension of 68oC for 5 min. PCR products were run on 2% agarose 175 

gels and visualized using ethidium bromide.  Cancer cells (human 786-O and mouse 176 

RENCA) were used as positive controls for methylated gDNA, non-bisulfite gDNA was 177 

used as a negative control. 178 

 179 

Non-targeted metabolomics analysis 180 

Non-targeted metabolomics on cell lysates was accomplished by the West Coast 181 

Metabolomics Center at UC Davis as previously described(8, 43). 182 

 183 

Targeted metabolite analysis 184 
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Media from cultured cells was collected and diluted to give a ratio of 1:1:4 185 

(Media: 50% methanol in water: Acetonitrile with 0.15% formic acid). Arginine and 186 

glutamate were separated on a Waters Acquity H Class HPLC system and measured 187 

with a Waters Xevo G2-XS QTOF instrument (Waters Corporation, Milford, MA USA).  188 

For chromatographic separations, the HPLC method reported by Guo et al(13) was 189 

used with minor modifications as follows: acetonitrile with 0.15% formic acid was used 190 

as the organic mobile phase (B), and the gradient was initial, 85%B; 6 min, 80% B; 10 191 

min, 55% B; 12.5 min, 45% B, 12,6 min, 5% B, 14 min, 5% B, 14.1 min, 85% B, 18 min, 192 

85% B.  The column was a Waters Acquity BEH Amide 1.7 µm, 2.1 x 150 mm column, 193 

the flow rate was 0.4 mL/min, and the run time was 18 minutes.  Metabolite standards 194 

were prepared in concentrations from 1-400 µM in 50% Acetonitrile/50% 10 mM 195 

ammonium formate + 0.15% formic acid for quantitation. Detection was accomplished in 196 

positive electrospray, centroid MSe data acquisition mode over m/z range of 50-1000.  197 

Low energy collision voltage was 6 V and high energy voltage ramped from 10 to 40 V.  198 

Lockmass correction was applied using leucine enkephalin.  Data acquisition was 199 

accomplished using MassLynx 4.1 software, and data analysis was performed with 200 

TargetLynx software (Waters Corporation). 201 

Arginine levels in FBS were measured on a Thermo Surveyor HPLC System 202 

attached to a Thermo Orbitrap mass spectrometer. The separation was performed on a 203 

Waters Atlantis T3 4.6 x 250 mm column. The mobile phase consisted of 75% water 204 

with 0.1% formic acid and 25% acetonitrile. Flow was isocratic at a rate of 1 mL/minute 205 

and analysis time was 3.5 minutes. The column thermostat was held at 70° C.  Injection 206 

volume was 2 µL. Electrospray ionization in positive mode was used to scan ions from 207 
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100 to 500 m/z. Quantitation was performed using external standards and analysis with 208 

Thermo Xcalibur Quant Browser software. Samples and calibrants were measured in 209 

triplicate.  210 

 211 

Ex vivo kidney organ cultures 212 

Ex vivo cystogenesis assays were performed as previously described(2, 16, 26). 213 

Briefly, metanephroi were dissected from embryonic CD1 mice at embryonic day 13.5 214 

and placed on transparent Transwell cell culture inserts (Corning). DMEM/F12-defined 215 

culture medium (supplemented with 2 mml/l L-glutamine, 15 mmol/l N-2-216 

hydroxyethylpiperazine-N0-2-ethanesulfonic acid, 5 mg/ml transferrin, 10 mmol/l sodium 217 

selenite and 10 mmol/l prostaglandin E1; all from Sigma-Aldrich) was added to the 218 

basal chamber, and organ cultures were maintained in a 37oC humidified CO2 incubator 219 

for up to 5 days. To induce cystogenesis, the culture medium was supplemented with 220 

100 µmol/l 8-bromoadenosine 30,50-cyclic monophosphate (8-Br-cAMP; Sigma-Aldrich) 221 

and culture media containing either 0.25 mg/ml, 0.12 mg/ml or 0.06 mg/ml arginine was 222 

changed daily. Kidneys were imaged every 24 hours for 5 days using a 2x or 4x 223 

objective. Quantification of cystic number and area was performed using NIS-Elements 224 

AR 4.20 software (Nikon). Four kidneys were analyzed per experimental sample. 225 

 226 

RESULTS 227 

Since an early indication of arginine reprogramming and auxotrophy in kidney 228 

cancer was gleaned from the observation that ASS1 levels were decreased in RCC 229 

tumors, we first evaluated protein and mRNA levels of this enzyme in mouse models of 230 
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ADPKD as well as in tissues from ADPKD affected individuals. The mouse embryonic 231 

kidney cell line MEK-wt and its Pkd1-null counterpart MEK-null(54), as well as the Pkd1 232 

heterozygous postnatal kidney cell line PH2 and its homozygous Pkd1-null counterpart 233 

PN24(41), both showed markedly decreased levels of ASS1 protein and mRNA in the 234 

Pkd1-null cells as compared to the wild-type cells (Fig. 1a). We also quantitated ASS1 235 

protein and mRNA levels in the well-established early-stage ADPKD mouse model 236 

Pkd1flox/flox:Pkhd1-Cre compared to Pkd1+/+:Pkhd1-Cre mouse kidneys(17, 54) and 237 

found a similar phenomenon (Fig. 1b). Furthermore, quantification of ASS1 protein and 238 

mRNA levels in human nephrectomy tissues from six individuals with ADPKD and three 239 

normal individuals showed results (Fig. 1c) consistent with the mouse data.  240 

We further investigated both the timing of when ASS1 expression starts to 241 

decrease in kidneys with ADPKD and also which cell types within the kidneys are 242 

expressing ASS1. In normal human kidneys, the expression of ASS1 is diffusely strong 243 

in the proximal tubules and slightly less in the parietal epithelial cells of the Bowman 244 

capsule (Figs 2A-D). Interestingly, in the ADPKD tissues, the staining intensity of ASS1 245 

is similar to that in normal kidneys in the non-atrophic proximal tubules, however there 246 

is a large amount of interstitial fibrosis and tubular atrophy, with diminished or loss of 247 

ASS1 protein expression in atrophic tubules (Figs 2E-J). Remnant non-atrophic 248 

proximal tubules showing retained strongly positive ASS1 expression is evident in 249 

patients ADPKD 393A (Fig. 2E) and ADPKD 374 (Fig. 2I) but the other cysts and 250 

atrophic tubules are lined by cells that generally exhibit weaker, minimal, or absent 251 

ASS1 expression (Figs 2G, H and J).  252 
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We further examined which cells are expressing ASS1 in mouse kidneys using 253 

immunohistochemical stains (Fig. 3). Similar to human kidneys, in mice there is 254 

substantial murine Ass1 (mAss1) staining in proximal epithelial cells and minimal mAss1 255 

staining in distal tubule and glomerular cells from P5 kidneys of wild-type mice as well 256 

as mice either heterozygous or homozygous for Pkd1 mutation (Figs. 2 and 3). In 257 

contrast to the human kidney, there was minimal mAss1 expression in the parietal 258 

epithelium of the Bowman capsule (Fig. 3). Whereas in the human the cystic epithelium 259 

is generally stained with ASS1, in mice, at P14 and 21 after cysts have developed, the 260 

cystic epithelium is variably stained for mAss1, but substantial fibrosis is present in both 261 

species (Figs. 2 and 3). Using immunoblotting to quantify the expression of mAss1 in 262 

Pkd1+/+:Pkhd1-Cre vs Pkd1+/flox:Pkhd1-Cre vs Pkd1flox/flox:Pkhd1-Cre mouse kidneys, we 263 

found mAss1 did not differ at postnatal day 10 (P10) or P14 (Fig. 4). However by P21 264 

there was a significant loss of mAss1 in Pkd1flox/flox:Pkhd1-Cre mouse kidneys compared 265 

to Pkd1+/+:Pkhd1-Cre and Pkd1+/flox:Pkhd1-Cre (p<0.002; Fig. 4). 266 

In cancer cells that are treated with arginine deprivation, resistance develops as 267 

the cells increase their expression of ASS1 protein(25). We next asked whether a 268 

similar phenomenon occurs in vitro in the two ADPKD cell lines used in this study and 269 

their normal cell line counterparts. PN24 cells grown in the presence of several 270 

concentrations of media arginine (0.7, 0.1 or 0 mM) for 1 week did not show a 271 

significant change in ASS1 mRNA (data not shown). However, with 2 weeks of growth 272 

in the presence of 0.7, 0.1 or 0.001 mM (MEK) or 0 mM (PN24) arginine, both MEK 273 

Pkd1-null and PN24 cells demonstrated an arginine dose-dependent increase in ASS1 274 

protein and mRNA (Fig. 5a) suggesting a compensatory response of arginine synthesis 275 
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when the cells are unable to obtain sufficient arginine from the media. By contrast, the 276 

Pkd1 +/+ (MEK WT) cell line does not significantly increase ASS1 protein or mRNA 277 

expression after 2 weeks’ growth in the presence of 0.001 vs 0.7 mM arginine (Fig. 5b). 278 

While the Pkd1 +/- (PH2) cell line did increase ASS1 protein expression after 2 weeks of 279 

culturing in 0 mM vs 0.7 mM arginine this increase was not consistent with the ASS1 280 

mRNA levels (Fig. 5b). 281 

In RCC and other cancers, ASS1 regulation occurs via epigenetic promotor 282 

methylation(15, 22), and for this reason we asked whether the same mechanism occurs 283 

in ADPKD to shut down ASS1 expression. Evaluation of human ADPKD and 284 

Pkd1flox/flox:Pkhd1-Cre tissues, with human and mouse RCC as positive controls, 285 

showed no methylation of the ASS1 promoter in ADPKD (Fig. 6). Thus, the loss of 286 

expression of this enzyme may be in part due to atrophy of high hASS1/mAss1 287 

expressing proximal tubule cells in cystic kidneys (see above and Figs. 2 and 3).   288 

Since all of the ADPKD cell lines and tissues studied expressed decreased levels 289 

of ASS1 protein as compared to “normal” cells and tissues, which implies arginine 290 

auxotrophy in ADPKD, we asked whether there was an effect of media arginine 291 

depletion on proliferation of these cells. When grown in several concentrations of media 292 

arginine, there was a differential effect between Pkd1-null and wild-type growth and 293 

viability in both cell lines, with the Pkd1-null cells displaying significantly less growth and 294 

viability with decreased arginine concentrations compared to the wild-type cells (Fig. 7). 295 

The PN24 cells were significantly more growth inhibited than PH2 cells when grown in 296 

0-0.01 mM arginine (Fig. 7a) while the MEK Pkd1-null cells were significantly more 297 

growth inhibited than MEK WT cells when grown in 0.001-0.1 mM arginine (Fig. 7b). 298 
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The arginine EC50s were higher in the Pkd1-null cell lines compared to their respective 299 

wild-type cell line in both MTT and methylene blue assays (Table 1). The EC50s also 300 

confirm that the embryonic MEK Pkd1-null cells with lower expression of mAss1 (Fig. 301 

1a) were more sensitive to arginine deprivation than the adult Pkd1-null cells (PN24). 302 

To determine whether arginine depletion decreases cystogenesis, we first utilized 303 

an in vitro matrigel-based approach(12). The two Pkd1-null cell lines grew larger cysts 304 

than their WT control lines (p<0.05; Fig. 8). The PH2 cell line grew very few cysts (data 305 

not shown) and the size was mostly unaffected by arginine concentration (Fig. 8). The 306 

growth of PN24, MEK Pkd1-null and MEK-WT cysts was not decreased by culturing in 307 

0.1 mM compared to 0.7 mM arginine but in all three lines cysts were significantly 308 

smaller in 0.01 mM compared to 0.1 mM and smaller again in 0.001 mM compared to 309 

0.01 mM arginine. MEK Pkd1-null cysts were also significantly smaller in 0 mM 310 

compared to 0.001mM arginine (Fig. 8). Thus, arginine-dependent cystogenesis in 311 

PKD-model cells parallels changes in growth and viability, all phenomena being more 312 

pronounced in these cells than in normal cells. 313 

Next, we tested the effects of arginine depletion in an already established(2, 26, 314 

42) ex vivo cystogenesis assay using metanephric organ cultures(17). Under basal 315 

culture conditions, wild-type kidneys from embryonic day 13.5 mice grow in size and 316 

continue ureteric bud branching and tubule formation over a 4- to 5-day period. 317 

Treatment of these kidneys with cyclic AMP (cAMP) analogues induces the formation of 318 

cysts, which continue to enlarge over several days. Incubation of kidneys in medium 319 

containing the normal concentration of arginine for 5 days in the presence of exogenous 320 

cAMP resulted in significant cyst formation (Fig. 9). In contrast, reduction in media 321 
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arginine concentration (to 50% and 25% of normal, respectively) attenuated 322 

cystogenesis in an arginine dose-dependent manner (Fig. 9). 323 

 To begin to evaluate a mechanism and rationale for arginine auxotrophy in 324 

ADPKD cells, we used a non-targeted metabolomics approach similar to what we have 325 

previously accomplished in several ARPKD studies(16, 43). We grew the cells in 326 

arginine-deficient media which served to amplify the specific effect of an arginine-327 

deficient environment, and we compared the metabolome of all four cell lines grown in 328 

arginine-deficient to those grown in arginine-replete media (Supplemental Table 3). Of 329 

the many cell-type differences occurring in primary metabolite levels after 18 hours of 330 

culture with or without arginine, the most consistent changes with arginine depletion 331 

were those in amino acid metabolism pathways, with glutamine and proline pathways 332 

being the most affected (Supplemental Table 3; Fig. 10). Strikingly, cellular glutamine 333 

was increased with arginine deprivation in all cell lines up to 25.1-fold (p≤0.02; 334 

Supplemental Table 3), while oxoproline and trans-4-hydroxyproline were increased up 335 

to 6.7-fold (p≤0.02). Only acylcarnitine (C2:0) and citric acid were decreased in all cell 336 

lines (p≤0.02). Hippuric acid, pyruvate, and beta-alanine were all decreased in 3 of the 4 337 

cell lines (p≤0.04; Fig. 10). Intriguingly, arginine, citrulline, ornithine, alpha-ketoglutarate 338 

and lysine were decreased only in the PH2/PN24 cells, while ornithine was actually 339 

increased 2-3-fold (p≤0.06) in MEK-WT and Pkd1-null cells with arginine depletion 340 

(Supplemental Table 3). This may indicate that embryonic kidney cells in the collecting 341 

ducts (MEK) are more efficient at (1) conserving arginine, (2) transporting citrulline and 342 

the remaining arginine from the arginine deficient media, and/or (3) converting citrulline 343 

into arginine and ornithine.  344 
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 To validate the glutamine finding, we used arginine deiminase (ADI) to attenuate 345 

arginine in normal media (Fig. 11a). Pkd1-null cells (with decreased ASS1) grown in this 346 

media produced more glutamate than their wild-type counterparts (Fig. 11b). Given the 347 

requirement for glutamine (which is converted to glutamate by glutaminase in kidney 348 

cells) in some models of PKD(16), and that arginine synthesis can be augmented by 349 

available glutamine(44), we propose that ASS1 deficiency increases the uptake and/or 350 

utilization of glutamine for cyst growth at the expense of arginine auxotrophy. 351 

 352 

DISCUSSION  353 

 Arginine is classified as a semi-essential or conditionally essential amino acid, 354 

depending on the developmental stage as well as the health status of the individual. 355 

Normal kidney cells make arginine from citrulline, and arginine is converted to ornithine 356 

by arginase. Ornithine can subsequently be converted into glutamate, glutamine, alpha-357 

ketoglutarate, gamma-aminobutyric acid, or putrescine(23). Preterm infants are unable 358 

to synthesize arginine, and adult burn patients have a higher than normal requirement 359 

for arginine(51, 52) making the amino acid nutritionally essential for these individuals. 360 

The finding that arginine is essential for many malignancies may reflect the “stem-ness” 361 

of this disease and its relationship to an earlier developmental stage(3). Given the 362 

similarity of PKD to the malignant process(40), it is fascinating that a similar arginine 363 

auxotrophic phenomenon (36, 46, 49, 50) appears to be occurring in cystogenesis.  364 

 We have studied the expression of ASS1 at the cellular level in human ADPKD 365 

and a mouse model of ADPKD. In human ADPKD it is likely that atrophy of the proximal 366 

tubules, which is concomitant with cystogenesis(31), is responsible for the loss of a 367 
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significant number of ASS1 expressing cells. In the mouse model we hypothesize that 368 

the development of cysts and concomitant fibrosis of the kidney, which is known to 369 

result in a reduction in healthy tubular tissue(14) results in a loss of ASS1 expressing 370 

proximal tubules. Cysts start to develop after P10 in the Pkd1floxflox:Pkhd1-Cre mice and 371 

we found that mAss1 did not decrease until sometime between P14 and P21. This loss 372 

of mAss1 expression was mostly due to cystogenesis, not Pkd1 expression levels, as 373 

the Pkd1+/flox:Pkhd1-Cre mice didn’t have a significant decrease in mAss1 by P21. 374 

Consistent with this finding mAss1 expression is also lower in early cystic kidneys of the 375 

AQP11-null mouse(39). These mice develop proximal tubule cysts at around 21 days 376 

due to a perturbation of polycystin 1 trafficking and are dead by 30 days of age. It is 377 

possible that Ass1 protein levels were affected very early in the AQP11-null model 378 

because the cysts form in the proximal tubules which are the main cell type that 379 

produces Ass1.  380 

It is likely that arginine reprogramming in PKD, concomitant with a loss of the 381 

ASS1 expressing cells in cystic tissue, results in some advantage in another metabolic 382 

pathway that allows cystic epithelia to proliferate and/or escape normal cell death 383 

pathways. Extant data suggest a variety of mechanisms by which arginine depletion 384 

may lead to “success” in cancer, such as accumulated aspartate being available for 385 

pyrimidine synthesis(37), accumulation of ornithine which can then be applied to 386 

polyamine production(33), and even modulation of T-cell activity contributing to 387 

decreased anti-tumor activity(9).  388 

 Our non-targeted metabolomics analyses did not show consistent differences in 389 

the metabolome of Pkd1-null vs WT cells. We postulate that this is due to (1) 390 
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differences in the basic metabolism of embryonic collecting duct (MEK) vs. adult 391 

(PH2/PN24) proximal tubule kidney cells or (2) the lack of a “true” WT adult kidney cell 392 

to use as a comparator for the PN24 cells, given that the PH2 cells are heterozygous for 393 

the Pkd1 gene and (3) much lower levels of mAss1 in MEK Pkd1-null vs PN24 Pkd1-394 

null cells. However, and most strikingly, we did find significant effects of arginine 395 

depletion on various metabolites, five of which were consistently changed in all four cell 396 

lines studied and thus they are generalizable to renal tubular cell biology in the 397 

presence of arginine deficiency (which is a model for arginine auxotrophy which would 398 

be present in PKD cells in the absence of ASS1). Glutamine is one of the cellular 399 

metabolites that was increased with arginine deficiency. Since the kidney is very 400 

efficient at transporting amino acids(4), it is tempting to speculate that arginine 401 

deprivation results in an increased uptake of glutamine to act as a substrate to make 402 

citrulline and thus arginine(44). In light of our previous glutamine data in ARPKD(16) 403 

and abundant data from us and others in RCC(1, 47, 48), it is likely that decreasing 404 

synthesis of arginine through decreased ASS1 expression leads to a reliance on 405 

glutamine, which is consistent with possible glutamine addiction in PKD. Such a 406 

possibility is currently being evaluated using the glutaminase inhibitor CB839(10, 28) in 407 

our laboratories.  408 

 We further hypothesize that media arginine depletion leads alterations in proline 409 

metabolism. For example, ornithine could be converted in the mitochondria to 1-410 

pyrroline-5-carboxylate which can be transported to the cytosol and converted to 411 

proline(20), which can be further catabolized to 4-hydroxyproline, which we observed to 412 

be increased with arginine depletion. The increase in 5-oxoproline, which can be 413 
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synthesized from glutathione, also potentially contributes to the observed buildup of 4-414 

hydroxyproline.  Interestingly, proline hydroxylation is a hallmark of hypoxic response in 415 

many cancers(18, 19) and has been shown to regulate Akt(11) and in a very recent 416 

study, arginine deficiency was reported to promote Akt phosphorylation at Serine 473 by 417 

mTORC2(29), perhaps by involving the prolyl hydroxylase pathway. Thus, our 418 

metabolomics data demonstrates a link between arginine depletion, ASS1 deficiency, 419 

and proline hydroxylation in the PKD hypoxic response.     420 

 The fact that arginine, in adult tissues, is likely essential only in a limited number 421 

of tissues including cystic epithelia (as well as any possible existing malignancies), 422 

makes arginine reductive therapies promising and likely to have minimal if any adverse 423 

effects. Dietary arginine is not required by healthy subjects and is conditionally 424 

indispensable only for severely stressed patients(52). While protein restricted diets have 425 

been inhibitory for tumor growth in some mouse models of cancer(53), dietary depletion 426 

of arginine, certainly for the length of time that would be required in a PKD patient, is 427 

likely not feasible since this amino acid is of course found in many proteins. However, 428 

enzymatic methods to specifically target arginine have been used in multiple clinical 429 

trials. Three arginine-degrading enzymes have been investigated for treating cancers 430 

auxotrophic for arginine. These are mycoplasma arginine deiminase (ADI), recombinant 431 

human arginase (rhArgI) and arginine decarboxylase(32). Of these three, arginine 432 

decarboxylase produces toxic by-products, while ADI is more effective than rhArgI at 433 

overcoming the physiological mechanisms of arginine homeostasis and reducing serum 434 

arginine concentrations(32). While arginine-deiminase coupled to PEG (ADI-PEG) did 435 

not meet its primary endpoint of demonstrating overall survival benefits in advanced 436 
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hepatocellular carcinoma, this drug was well tolerated, with the most common side 437 

effects being fatigue and decrease of appetite (www.polarispharma.com). Our 438 

demonstration of lack of toxicity of arginine depletion in ex vivo cystogenesis assays 439 

supports the likely safety of arginine deiminase treatment in PKD.  440 

 In summary we have demonstrated that both mouse models and human ADPKD 441 

tissue have reduced ASS1 expression, and arginine depletion results in decreased cyst 442 

formation. Given the fact that arginine is an essential amino acid only in tissues in which 443 

ASS1 is attenuated, such as PKD kidneys and some tumors, this newly discovered 444 

occurrence of arginine auxotrophy in PKD suggests a novel therapeutic approach using 445 

dietary means or arginine deiminase therapies.   446 

 447 
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Table 1. EC50 for arginine dose (mM) calculated for the Pkd1-null and WT cell lines 640 

measured using the MTT and methylene blue assays. 641 

 642 

  643 

 
MTT Methylene Blue  

MEK-wt 0.0084 mM 0.0068 mM 

MEK-null 0.22 mM 0.15 mM 

PH2 0.0024 mM 0.0052 mM 

PN24 0.0081 mM 0.009 mM 
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FIGURE LEGENDS  644 

 645 

1. ASS1 protein is decreased in polycystic kidney disease (PKD).  646 

Protein was prepared and immunoblotted for ASS1 and/or-actin or vinculin. 647 

ImageJ or FujiFilm LAS-4000 quantification of protein expression, corrected for the 648 

reference protein(s), are next to the blots. RNA was extracted, reverse transcribed 649 

and subjected to qPCR for mAss1 mRNA (corrected for Eef2, Rpl13a and Rn18S 650 

mRNA levels) or hASS1 mRNA (corrected for PPIA, RPS13 and RNA18S5). 651 

Statistically significant differences in ASS1 protein and mRNA expression are 652 

indicated on the graphs. Immunoblots are representative of at least two repeats. 653 

a) Mouse embryonic kidney (MEK) wild-type (WT), Pkd1-null (MEK null) cell lines 654 

and postnatal mouse Pkd1-heterozygous (PH2) and Pkd1-null (PN24) kidney cell 655 

lines were harvested for protein and RNA at confluence in triplicate wells. Data are 656 

means ± SD.   657 

b) Protein and RNA was extracted from adult Balb/cJ (n=3), day 25 Pkd1+/+:Pkhd1-658 

Cre ( Pkd1+/+; n=3) and day 25 Pkd1flox/flox:Pkhd1-Cre (Pkd1flox/flox; n=3) mouse 659 

kidneys. Data are means ± SD.   660 

c) Protein and RNA was extracted from normal human kidneys (NHK; n=3) and 661 

nephrectomy tissue from autosomal dominant PKD (ADPKD) patients (n=6) kidneys. 662 

Data are means ± SD 663 

 664 

2. ASS1 protein expression is diminished or lost in proximal tubules showing atrophy in 665 

autosomal dominant polycystic kidney disease (ADPKD).  666 
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Immunohistochemical staining for human ASS1 was performed on normal human 667 

kidneys (A, C, D) and nephrectomy tissue from autosomal dominant PKD (ADPKD) 668 

patients (E, G-J) kidneys.  Secondary alone controls were performed on serial 669 

sections of normal kidney tissue (B) or ADPKD tissue (F). Note that the non-atrophic 670 

tubules in ADPKD patient kidneys retain strong ASS1 protein expression. 671 

 672 

3. Proximal tubules expressing mAss1 protein are less abundant by P14 in a mouse 673 

model of polycystic kidney disease.  674 

Immunohistochemical staining for mouse Ass1 was performed on post-natal day 5 675 

(P5), P10, P14 and P21 Pkd1+/+:Pkhd1-Cre (Pkd1+/+; n=3), Pkd1+/flox:Pkhd1-Cre 676 

(Pkd1+/flox; n=3) and Pkd1flox/flox:Pkhd1-Cre (Pkd1flox/flox; n=3) mouse kidneys.  The 677 

secondary alone control (Neg) was on P21 Pkd1+/+:Pkhd1-Cre kidney tissue.  Note 678 

the formation of cysts by P14 as well as concomitant increase in atrophic tubules, 679 

the latter of which show diminished or loss of mAss1 protein expression. 680 

 681 

4. mAss1 expression is significantly decreased by day 21 in the Pkd1flox/flox:Pkhd1-Cre 682 

mouse model of polycystic kidney disease (PKD). 683 

Protein was extracted from post-natal day 10 (P10), P14 and P21 Pkd1+/+:Pkhd1-Cre 684 

(Pkd1+/+; n=3), Pkd1+/flox:Pkhd1-Cre (Pkd1+/flox; n=3) and Pkd1flox/flox:Pkhd1-Cre 685 

(Pkd1flox/flox; n=3) mouse kidneys and immunoblotted for mASS1 and/or -actin or 686 

vinculin. Quantification of ASS1 using the FujiFilm LAS-4000, corrected for the 687 

housekeeping protein, is next each blot. 688 

 689 
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5. mAss1 mRNA and protein expression is increased by arginine depletion in Pkd1-null 690 

cells 691 

Protein was prepared and immunoblotted for mASS1 and-actin and quantified as 692 

per Figure 1. RNA was extracted, reverse transcribed and subjected to qPCR for 693 

mAss1 mRNA and corrected for expression of three housekeeping genes as per 694 

Figure 1. Statistically significant differences in mASS1 protein and mRNA expression 695 

are indicated on the graphs. 696 

a) PN24 and MEK Pkd1-null cells were cultured in low serum MEK media 697 

containing either 0.7 mM, 0.1 mM and 0 mM (PN24) or 0.001 mM (MEK Pkd1-698 

null) arginine for 14 days with media changes every 2 days, then protein and 699 

RNA were extracted. Data are means ± SD (n=3). 700 

b) PH2 and MEK-WT cells were cultured as for a). Data are means ± SD (n=3). 701 

 702 

6.  Methylation specific PCR of hASS1 and mAss1 reveals lack of methylation in 703 

polycystic kidney disease (PKD).  704 

 Primer sets used for amplification amplify either unmethylated (U) or methylated 705 

(M) gDNA. Bisulfite-treated gDNA from normal human kidneys, autosomal dominant 706 

PKD kidneys (ADPKD) or the renal cell carcinoma (RCC) cell line 786-O was 707 

amplified using primers specific for either U or M sequences located 300- 500 bp 708 

downstream of the hASS1 transcription start site (TSS).  Bisulfite-treated kidney 709 

gDNA from one Pkd1+/+:Pkhd1-Cre mouse, three Pkd1flox/flox:Pkhd1-Cre mice and the 710 

RCC cell line RENCA was amplified using primers specific for either U or M 711 

sequences located 315-213 bp upstream of the mASS1 TSS. Neg = water control. 712 
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 713 

7. Cell proliferation is dose-dependently reduced with arginine deprivation. 714 

a) PH2 and PN24 kidney cell lines were plated in 96-well plates (1.5x103/well), 715 

grown with various doses of arginine in the media for 5 days then assayed using 716 

MTT (viability) or methylene blue (cell number).  Data are means ± SEM (n=3 717 

experiments). *p≤0.05 compared with PH2 718 

b) MEK WT and Pkd1-null kidney cell lines were plated in 96-well plates 719 

(3x103/well), grown with various doses of arginine in the media for 3 days then 720 

assayed using MTT (viability) or methylene blue (cell number).  Data are means 721 

± SEM (n=5 experiments). *p<0.05 compared with MEK WT 722 

 723 

8. Cyst growth is inhibited with arginine deprivation.   724 

Mouse embryonic Pkd1-null (MEK null), MEK WT and postnatal Pkd1-null 725 

(PN24) and Pkd1-heterozygous (PH2) kidney cells were cultured without mouse 726 

IFNγ for at least 7 days, then plated in matrigel and cultured in low serum MEK 727 

media with various concentrations of arginine. On day 13 (PN24/PH2) or 14 728 

(MEK null/WT), cysts in matrigel were photographed (black arrows point to cysts) 729 

and diameters measured using AxioVision software (Zeiss). Data are means ± 730 

SD (n≥20) and representative of duplicate experiments. 731 

 732 

9. Arginine depletion attenuates cAMP induced cystogenesis in ex vivo metanephric 733 

organ cultures.   734 
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Embryonic kidneys were harvested from CD1 mice at E13.5 and cultured ex vivo 735 

on Transwell membranes for 4 days.  Samples were incubated in medium 736 

containing 100% (0.25 mg/ml), 50% (0.12 mg/ml) or 25% (0.06 mg/ml) arginine. 737 

Kidneys were treated with 100 µM 8-Br-cAMP to induce cystogenesis.   738 

a) Images of kidneys taken on days 1 and 5, showing cystic progression.  739 

b) Whole-mount immunostaining of kidneys with E-cadherin showing normal 740 

kidney development upon arginine depletion.  741 

c) Quantification of cyst number and total cyst area in control and treated kidneys 742 

at day 5. N=4 kidneys per sample.  743 

 744 

10. Arginine deprivation of mouse kidney cell lines affects metabolites in the urea 745 

and tricarboxylic acid cycles.  746 

Metabolites concordantly changed in PH2, PN24, MEK WT and MEK Pkd1-null 747 

cells grown in 0 mM arginine media for 18 hours (p<0.05 in at least three cell 748 

lines) are highlighted. Red = metabolite increased with arginine deprivation. Blue 749 

= metabolite decreased with arginine deprivation. 750 

 751 

11. Arginine deiminase substantially decreases media arginine and results in higher 752 

glutamate levels in conditioned media of Pkd1-null as compared to Pkd1-wt cells 753 

a) Media was incubated with different concentrations of arginine deaminase 754 

(ADI) for 0-72 h and then analyzed by HPLC. Arginine concentration found to be 755 

reduced from 0.8-1 mM down to ≤0.003 mM in both medias within 24 h of ADI 756 

treatment.  757 
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b) Mouse embryonic kidney (MEK) wild-type (WT), and MEK Pkd1-null cells were 758 

plated and cultured in MEK media +/- ADI (2.5 µg/ml) for 24-72 h.  Postnatal 759 

mouse kidney Pkd1-heterozygous (PH2) and Pkd1-null (PN24) cells were plated 760 

and cultured in PHPN media +/- ADI (2.5 µg/ml) for 72 h.  Media was collected 761 

and analyzed by HPLC for glutamate. Data are means ± SD (n=3). 762 

 763 

SUPPLEMENTAL DATA 764 

Supplemental Table 1: PCR primers used for quantitative PCR. 765 

Supplemental Table 2: PCR primers used for methylation specific PCR 766 

Supplemental Table 3: Non-targeted metabolomics analysis of all four cell lines used in 767 

this study. MEK WT and Pkd-1 null cells (1 x 106) were grown for 18 h in MEK media 768 

with or without arginine (n=3), while PH2 and PN24 cells (1 x 106) were grown for 18 h 769 

in PHPN media with or without arginine (n=3). Cells were harvested using trypsin and 770 

snap frozen. 771 

Sheet 1 shows significant changes in cellular metabolites of all cell lines grown in 772 

arginine complete vs arginine-depleted media. p-values and  773 

Sheet 2 shows significant differences in metabolites for PKD-model vs PKD-wt 774 

cells in complete (arginine-replete) media that are consistent in both embryonic and 775 

adult cell lines. 776 
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Fig. 1
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Fig. 2
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Fig. 3
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Fig. 4
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a)

Fig. 5

b)
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Fig. 6
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Fig. 7

b)

a)
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PN24 MEKnull

Fig. 8
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Fig. 9

a)

b)

c)

Downloaded from www.physiology.org/journal/ajprenal by ${individualUser.givenNames} ${individualUser.surname} (169.237.096.133) on October 8, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



• Urea –Tricarboxylic acid (TCA) intercycle

L-Argino-
succinate

Arginine

FumarateOrnithine

Citrulline

Urea

a-keto-
glutarate

Glutamate

Glutamine

Sarcosine

Glycine Serine

Pyruvate

PEP

Glucose

Acetyl-CoA

Fatty acid

Triglycerides

Acetoacetyl-CoA

b-alanine Uracil

CitrateOxaloacetate

TCA cycle

Urea cycle

Succinyl-
CoA

Isoleucine

Alantoin

Creatine

L-Glutamate       
5-semialdehyde

Proline 

4-hydroxyproline

5-oxoproline

Glutamate

1-pyrroline            
5-carboxylate

Glutathione

Hippuric acid

Benzoic acid

Tyrosine 

Phenylalanine

NO

Aspartate

ASS1

Glutaminase

Arginase

Fig. 10

Downloaded from www.physiology.org/journal/ajprenal by ${individualUser.givenNames} ${individualUser.surname} (169.237.096.133) on October 8, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



Fig. 11

a)

b)
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