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Supplemental 

Supplement methods 

Western blot analysis. 

ARH1 protein was quantified by Western blotting. Proteins (20 µg) from each cell 

lysate were separated by SDS-PAGE, then transferred to nitrocellulose 

membranes, and reacted with goat anti-rabbit ARH1 polyclonal antibodies 

(Promega). SuperSignal West Pico Chemiluminescent Substrate (PIERCE 

Biotechnology Inc., Rockford, IL) was used for detection of immunocomplexes. 

After stripping according to the manufacturerʼs instructions to remove anti-ARH1 

and anti-rabbit antibodies, blots were incubated with anti-α-tubulin antibodies to 

assess protein loading. 

  

ADP-ribosylarginine hydrolase assay.  

ARH1 activity of MEFs and stably transfected cells was assayed as described (25).  

 

Bromodeoxyuridine (BrdU) incorporation assay. 

For BrdU assays, a Cell Proliferation ELISA BrdU kit (Roche,	 Indianapolis, IN) 

was used according to the manufacturerʼs instructions. ARH1+/+, ARH1+/-, ARH1-/- 

MEFs, and ARH1-/- +wt, ARH1-/- +dm stably transfected MEFs in 10% NCS DMEM 

medium were seeded into 96-well plates (5 x 103
 cells / well). After incubation for 

24, 48, 72, or 96 hr, cells were labeled with a 10 mM BrdU solution in medium and 

incubated for an additional 12 hr at 37 ºC. After removing the BrdU-labeled 
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medium, cells were dried and fixed, and DNA was denatured with Nucleases® 

solution (Roche) for 30 min at room temperature. Murine anti-BrdU monoclonal 

antibody conjugated with peroxidase was added to each well and the plates were 

incubated at room temperature for 2 hr. Plates were washed and peroxidase 

substrate with enhancer was added. After 30 min incubation at room temperature, 

reaction was stopped with addition of 10 µl 1M H2SO4 to each well. Absorbance of 

the samples at 405 nm (reference wavelength 490 nm) was measured using a 

microplate reader (SpectraMax Plus, Molecular Devices, Sunnyvale, CA). 

 

MTT assay of viable cells. 

MEFs and stably transfected MEFs, 5 x 103 /well, were added to 96-well plates, 

incubated for 24, 48, 72, or 96 hrs before MTT [tetrazolium salt 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] assay stock solution was 

added to a final concentration of 0.5 mg/ml, and incubation (37 ºC) in a humidified 

atmosphere (5% CO2) was continued for 4 hours. The precipitated product was 

dissolved by addition of 0.1 ml of solubilization solution (0.1 ml of 10% w/v SDS in 

0.01 M HCl). The absorbance of the solubilized product at 550 nm (reference 

wavelength 690nm) was quantified using a microplate reader (SpectraMax Plus, 

Molecular Devices) after incubation (37 ºC) overnight in a humidified atmosphere 

(5% CO2). 
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Transfection and clonal selection. 

ARH1 wild-type cDNA (coding region) and inactive double-mutant (D60A, D61A) 

were inserted into pcDNA 3.1 (Invitrogen) vector with a Zeocin® resistance marker. 

ARH1-/- cells (set I) were transfected using Lipofectamine and Plus reagent 

(Invitrogen) with pcDNA 3.1, pcDNA 3.1 + wild-type (+wt) and pcDNA 3.1 + 

double-mutant (+dm) vectors. Transfected cells were grown for 2 to 3 weeks with 

Zeocin® (1 mg/ml), when individual colonies with resistance to Zeocin® were 

picked and grown in 96-well plates. Expression of ARH1 wild-type and double-

mutant was confirmed with Western blot analyses and ADP-ribosylarginine 

hydrolase assays. ARH1-/- cells transformed with control vector were designated 

ARH1-/-mock, those with ARH1 wild-type cDNA were designated ARH-/-+wt, and 

those with ARH1 double-mutant as ARH1-/-+dm cells.  

 

Immunohistochemistry. 

The tissues were fixed with buffered 10% formalin, embedded in paraffin, and 5-

µm sections were stained with hematoxylin and eosin (HE) or reacted with aniti-B-

cell (1:100, BD Pharmingen) antibody, anti-CD3 (1:75, Dako) antibody, and anti-

F4/80 (1:400, Serotec) antibody. Tissue sections were deparaffinized with xylene 

(1 min), 100 % ethanol (1 min), 95 % ethanol (1 min), and then distilled water (30 

sec) at room temperature. After rinsing with TBS-T (Tris-buffered Saline with 

0.05 % Tween-20, pH 7.8), tissue sections were incubated with Dual Endogenous 

Enzyme Block (#S2003, Dako) at room temperature for 5 min (twice) followed by a 
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rinse with TBS-T, then incubated with Proteinase K (#S3020, Dako) for enzyme 

retrieval for 5 min (room temperature). After rinsing with TBS-T, the slides were 

incubated with anti-B cell, CD3, and F4/80 antibodies for 1 h at room temperature. 

Slides were then rinsed twice with TBS-T and the peroxidase-labeled polymer from 

the EnVision System kit was applied for 30 min at room temperature, followed by 

rinsing with TBS-T, and color development with the 3,3'-diaminobenzidine (DAB) 

substrate kit (Vector Laboratories). Sections were counterstained with hematoxylin 

(diluted 1:1 distilled water) to reveal reaction products. Immunohistochemical 

control procedures included omission of the primary antibody and its replacement 

by appropriate concentrations of normal rabbit or rat IgG. These controls were 

consistently negative.  

 

Magnetic resonance imaging (MRI) scans. 

For MRI scanning, using a 7 Tesla Bruker Avance MRI scanner (Ettlingen, 

Germany), comprisal initial locator scans were followed by a set of consecutive 

fast spin echo images.  The sequence parameters were TE (echo time) = 10.3 ms 

and a 4 echo train, FOV (Field of View) = 6 x 4 cm or 4 x 4 cm, slice thickness = 1 

mm, matrix = 256 x 256, and NA (# of average) = 4. To reduce motion artifacts, 

monitored breathing was used to gate acquisition of lines of k-space between 

breaths of the mouse.  Breathing, maintained at 45 breaths per minute, allowed 

acquisition of 3-4 lines of k-space at each break.  The first image consisted of 16 

coronal slices and the second of 40 axial slices. 
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Inhalation anesthesia of mice for MRI imaging. 

Anesthesia was induced with 4-5% isoflurane in a medical air/oxygen mix in a box, 

and maintained with 1-2% isoflurane through a mask attached to a homemade 

cradle. Breathing rate was monitored and gas adjusted to maintain a rate of 30-60 

breaths per minute. Core body temperature (monitored via rectal probe) was 

maintained at 35 ºC with the animal on a heated circulating water pad or via a 

warm air blower.  

 

Measurement of cell cycle in ARH1 cells. 

ARH1-/-mock, ARH1-/-+wt or ARH1-/-+dm cells were grown to 70-80 % confluence 

(100-mm culture dish) after incubation in serum-starved medium for 24 hours.  

Cells were harvested by trypsinization with 0.25 % trypsin-EDTA (Invitrogen) and 

washed twice with PBS before adding 0.5 ml Vindalovʼs propidium iodide (10 mM 

Trizma base, 10 mM NaCl, 0.05 mg/ml propidium iodide (PI), 0.7 U/ml RNase, and 

0.1 % Nonidet-P40) for at least 2 hours on ice. Cell cycle analysis was performed 

on a FACSCalibur flow cytometer (BD Biociences). The 488-nm line from an argon 

laser was used for excitation of the PI, and the emitted fluorescence was collected 

using a 585-nm band pass filter (FL2). Listmode data were collected on a linear 

scale using Cell Quest software. PI-stained cells were counted by flow cytometry, 

and the percentage of cells in G1, S, or G2/M phase was determined. 

 

Effect of serum on proliferation of ARH1 cells. 
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MEFs and stably transfected MEFs, 5 x 103 cells/well, were seeded in 96 well 

plates, and incubated for indicated time in 10 % NBCS DMEM or serum-free 

DMEM.  Use of MTT assay for cell proliferation was described in “MTT assay of 

viable cells”. 

 

Cell Culture. 

ARH1+/+, ARH1+/-, and ARH1-/- mouse embryonic fibroblasts (MEFs) were grown 

from embryonic day-14.5 ARH1+/+, ARH1+/-, and ARH1-/- embryos, respectively, as 

described (25). Cells were grown in Dulbecco's modified Eagle's medium (DMEM) 

(Invitrogen), supplemented with 10% newborn calf serum (NBCS), and samples 

were frozen for storage/analyses at passages 2-5 (Set I), 6-10 (Set II), 11-15 (Set 

III), and 16-20 (Set IV) using Cell Banker 2 (Wako, USA) freezing medium. Cells 

from storage were grown in DMEM with 10% NBCS, 10,000 Units of penicillin/ml 

(Invitrogen), and 10 mg of streptomycin/ml (Invitrogen) at 37°C in a humidified 5% 

CO2 atmosphere. 

  

Supplemental Results: 

Effect of ARH1 on cell cycle.  

To determine the mechanism by which ARH1-controlled cell proliferation, cells 

were gated by intensity of propidium iodide staining to determine the proportions of 

cells in G1, S, or G2/M phases of the cell cycle. Consistent with an effect on DNA 

synthesis, ARH1-/-mock cells showed a significantly (p < 0.0001) greater fraction of 
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cells in S or G2/M phase (supplement Fig. 1s-A) when compared to ARH1-/-+wt.  A 

greater proportion of ARH-/-+wt cells was arrested in G1 phase (p < 0.0001). 

Interestingly, cell cycle results for ARH-/-+dm cells were similar to those of ARH1-/- 

mock cells. Thus, absence of ARH1 activity was associated with loss of G1 control. 

 

Effect of serum on proliferation of ARH1 cells. 

Since ARH1 might be an important regulator of cell cycle progression and cell 

proliferation, we next determined the effect of serum-free medium on proliferation 

of ARH1-deficient cells. ARH1-/- MEFs and stably transfected cells were cultured 

with or without serum (supplement Fig. 1s-B, C). Proliferation of MEFs differed 

with and without serum (supplement Fig. 1s -B, C). Either serum-starved or in the 

presence of serum, proliferation of ARH1-/-, and ARH1-/-mock cells was 

significantly (p < 0.0001) faster than that of ARH1+/+ and ARH1-/-+wt cells. ARH1 

apparently affects cell proliferation. 

 

Metastasis in ARH1-/- and ARH1+/- mice.	 

MRI and necropsy revealed development of metastases in both ARH1-/- and 

ARH1+/- mice. For both 3-12, and 13-20 months of age groups (supplement Table 

1s), the frequency of metastases in ARH1-/- mice (12.9 % and 10.1 % incidence) 

was significantly (p < 0.0001) greater than that in ARH1+/- mice (3.5 % and 5.9 % 

incidence). ARH1-/- mice were 4.4 times more likely to have a metastasis 

compared with ARH1+/- mice (data not shown). Again, for both age groups, 
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metastatic lymphoma especially was seen more often in ARH1-/- (10.7 %, 6.9 % 

incidence) than in ARH1+/- mice (2.1 %, 4.1 % incidence) (supplement Table 1s). 

For every additional month in age, there is a 20 % more likely chance to have a 

metastasis in both genotypes (supplement Table 2s). Lymphomas in both ARH1-/- 

and ARH1+/- mice were present in spleen, liver, and submandibular lymph nodes 

(Fig. 4, supplement Fig. 3s). Compared to rhabdomyosarcomas, adenocarcinomas 

were more than 10 times, and lymphomas were almost 50 times more likely to 

metastasize (supplement Table 2s). Hemangiosarcomas were always found in 

multiple organs (liver, spleen, kidney) in all cases. No metastatic tumors were seen, 

however, in 3-20 month old ARH1+/+ mice.  

 

Multiple tumors in ARH1-/- and ARH1+/- mice. 

ARH1-/- and ARH1+/- mice also developed more than one kind of tumor, e.g., 

adenocarcinoma/ lymphoma, adeno/hepatocelluar carcinoma, hepatocelluar 

carcinoma/lymphoma (supplement Fig. 2s, 4s). The incidence of multiple tumors 

was significantly (p = 0.0161) greater in ARH1-/- than in ARH1+/- mice (supplement 

Table 3s), whereas multiple tumors were not observed in ARH1+/+ mice. Thus, 

ARH1-/- mice are more likely to have multiple tumors. Also, genotype is 

significantly (p < 0.0001) associated with developmental multiple tumors 

(supplement Table 3s). 

 

Effect of absence of ARH1 on cytogenesis of ARH1-deficient cells. 
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To examine chromosomal alterations in ARH1-/- cells, spectral karyotyping 

analyses were performed by the Laboratory of Germline Modification and 

Cytogenetics, Van Andel Research Institute. A total of 24 ARH1-/- cell preparations 

were analyzed. In 21 metaphases 40-44 chromosomes (Chr) were found (diploidy) 

and 84-86 chromosomes were found in 3 cells (4 x 21= tetraploid). We observed 

that among diploid cells, 6 lacked Chr Y, 8 had trisomy of Chr 8, 10 had a deletion 

of Chr 14D, and 3, 7, and 17 had trisomy of Chr 15, 18, and 19, respectively. In 

tetraploid cells, we observed translocation of Chr 15 and trisomy of Chr 3, 8, and 

19. The numerous chromosomal aberrations suggest that an absence of ARH1 

may be associated with extensive chromosomal instability and potentially with 

tumorigenesis. 

 

Supplemental Figure Legends: 

Figure 1s. Effect of ARH1 genotype on cell cycle distribution of MEFs. 

A, Cell cycle analysis in MEFs. ARH1-/-mock, ARH1-/-+wt, or ARH1-/-+dm cells 

were stained with propidium-iodide followed by FACS analysis. Data are means of 

percentages of propidium-iodide stained cells in G0/G1, S or G2/M phases of cell 

cycle ± SEM of values from six experiments (duplicates). Groups of ARH1-/-mock 

and ARH1-/-+ dm were significantly different from groups of ARH1-/-+wt († p < 

0.0001) in the phase of G0/G1, S, and G2/M. B, C, Effect of serum on proliferation 

of MEFs. ARH1+/+ (), ARH1+/- (∆), and ARH1-/- (), ARH1-/-mock (♦), ARH1-/-

+dm (▲), or ARH1-/-+ wt () cells (5 x 103) were seeded in 96-well plates and MTT 
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assays were performed after growth for indicated times in medium with serum (B) 

or without serum (C). Data are means ± SEM of values from eight assays in each 

of three experiments. Compared to ARH1-/-+wt, all genotypes except for ARH1+/+ 

were different (all at p < 0.0001). 

 

Figure 2s. Tumors in ARH1-/- mouse. 

A, MRI showed multiple tumors (arrows) in frontal section of 6.5-month ARH1-/- 

mouse.	 B, Tumors in thoracic cavity and abdomen of ARH1-/- mouse at necropsy.	 

C, Histology (HE x200) of hepatocellular carcinoma in liver. D, Histology (HE x200) 

of adenocarcinoma in lung.	 

 

Figure 3s. Adenocarcinoma in ARH1+/- mouse. 

A and B, MRI of 8.5-month old ARH1+/- mouse, tumor mass is visible (arrows) in 

saggital and frontal sections. C, Adenocarcinoma resected from the lung of an 

ARH1+/- mouse. D, Histology (HE stain) of lung adenocarcinoma, x400. 

 

Figure 4s. Appearance of lymphoma and hepatocellular carcinoma in ARH1+/- mice. 

A (left), MRI is in frontal section of 9-month ARH1+/- mouse with visible tumor mass 

(arrows). (right), Top is tumor mass in mesenteric lymph node; bottom shows 

tumor mass in liver and lymphoma in spleen of 9-month ARH1+/-. B (Top), 

Histology (HE stain) of lymphoma, x50 and x200. Bottom is HE stain of 

hepatocellular carcinoma, x100 and x400. C, Histology (HE stain) and 
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immunoreactivity (B-cell: B-cell marker, F4: macrophage marker, CD3: T-cell 

marker) of lymphoma from 9-month old ARH1+/- mouse. Results were similar in 

two experiments. 

 

Figure 5s. Rhabdomyosarcoma in ARH1+/- mice. 

A, Tumor mass in back and legs at necropsy of 8.5-month ARH1+/- mouse. 

Rhabdomyosarcoma invaded bone. B. Histology (HE stain) of rhabdomyosarcoma 

in legs, x100 and x400. C, Metastatic rhabdomyosarcoma in abdomen of an 

ARH1+/- mouse identical to that in A. D, Histology (HE stain) of abdominal 

rhabdomyosarcoma, x100 and x400.  

 


