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Supplementary Figures: 
 
 
 
 
 
Supplementary Fig. S1.  

(A) Immunoblot of PTEN protein of MEFs derived from two independent embryos, 

infected with an empty adenovirus or one containing cre recombinase, 2 passages after 

infection.  (B) WT MEFs (with no loxP sites) infected with an empty adenovirus or one 

containing cre recombinase to determine whether Cre alone affects growth (Student’s t-

test, p>.05, non-significant, n=3).  (C) Cells were collected and labeled with annexin V 

and 7AAD, and flow cytometry was used to determine the percentage of positively or 

negatively stained cells in the population (Student’s t-test, p>.05, n=3). (D) MEFs were 

labeled with BrdU followed by an anti-BrdU antibody and propidium iodide.  Flow 

cytometry was used to determine the cells in each population corresponding to G1, S, and 

G2 phases of the cell cycle (Student’s t-test, *p<.001, n=3). (E) Oxygen consumption rate 

and (F) extracellular acidification rate of MEFs.  Arrows correspond to the addition of 

1µM oligomycin, 3µM FCCP, and 1µM rotenone, in that order (2-way ANOVA between 

WT and PTEN-/- MEFs, p>.05, n=3). Data shown as means + SD. 
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Supplementary Fig. S2.  

(A) Over 200 metabolites were measured by LC-MS/MS from unlabeled MEFs.  Data 

were analyzed with the Integrated Molecular Pathway Analysis program (IMPaLA) and 

the top 5 hits for pathways upregulated in Pten-/- MEFs are shown in green, all related to 

pyrimidine metabolism. As a comparison, 5 other pathways upregulated in Pten-/- MEFs 

are shown: purine metabolism, the TCA cycle, and glucose metabolism are farther down 

the list.  (B) The relative levels of each metabolite listed in the “pyrimidine metabolism” 

and “nucleotide metabolism” pathways from (A) (Student’s t-test, *p<.05, n=3).  (C) 

Metabolites from Fig. 1H mapped out onto the de novo pyrimidine synthesis pathway. 

Graphs on the left side of the figure correspond to 15N labeled glutamine, and on the right 

side to 13C labeled glutamine.  Some metabolites are missing either a 13C or 15N graph; 

not every metabolite was able to be measured in both panels (Student’s t-test, *p<.05, 

n=3).  (D) Gene set enrichment analysis of the pyrimidine synthesis gene set on 

microarray data from MEFs (FDR q-value <.05). (E) Relative metabolite levels of 13C 

glucose-labeled glycolysis intermediates (Student’s t-test, *p<.05, n=3). (F) MEFs were 

grown in the presence of full glucose or no added glucose. Data shown as means + SD.  

Supplementary Fig. S3.  

(A) MEFs were incubated with 25µM leflunomide and growth was measured over time.  

(B) MEFs were treated with 100µM leflunomide and growth was measured over time 

(one-way ANOVA, *p<.001, n=3).  (C-E) Cells treated with dose titrations of DHODH 

inhibitors as indicated to determine the GI50s (Student’s t-test, *p-values as reported on 

the figure, n=3). (F) Cells treated with 100µM leflunomide and DRAQ7.  Live cell 
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imaging over time (intervals of 6 hours) was used to determine accumulation of cell death 

(two-way ANOVA between PTEN WT and mut, *p<.01). (G) MCCL-278 and MCCL-

357 growth rates.  (H) Myc-CaP and CaP8 growth rates.  (I) Immunoblot of pAKT. (J) 

Immunoblot of pAKT in nuclear fractions.  Data shown as means + SD. 

Supplementary Fig. S4.  

(A) Cells treated with 25µM leflunomide in combination with 0, 312.5, or 625µM 

orotate. Confluence of cells after 5 days was measured (Student’s t-test, *p<.05, n=3). 

Note that here as well as in Fig 2H-I a large amount of DMSO was used in each condition 

to match the amount of orotate needed, narrowing the growth differential we normally 

observe between leflunomide treated and untreated cells in the PTEN mutant setting.  (B) 

Cells treated with 100µM leflunomide in combination with 0, 3.125, or 6.25mM uridine. 

Confluence of cells after 5 days was measured (Student’s t-test, *p<.05, n=3). (C) Cells 

treated with 25µM leflunomide in combination with 0, 6.25, or 12.5mM uridine. 

Confluence of cells after 5 days was measured (Student’s t-test, *p<.05, n=3). (D) Cells 

were transfected with siRNA against DHODH; cell viability was measured using annexin 

V and 7AAD.  0.5ug/mL actinomycin D was a positive control for cell death (Student’s t-

test, *p<.05, n=3).  Right panel: immunoblot of DHODH after knockdown with one of 2 

DHODH siRNAs or with control siRNA.  (E) Immunoblot of DHODH.  (F) Immunoblot 

of pAKT before and after treatment with 50µM A771726.  (G) Immunoblot of pCAD 

before and after treatment with 100µM leflunomide death. (H) Immunoblot of pCAD in 

mouse breast cancer cell lines. (I) GI50 of rad001 with or without the presence of 

leflunomide (Student’s t-test, p>.05, ns not significant, n=3). (J) GI50 of leflunomide 

with or without the presence of rad001 (Student’s t-test, *p-values as reported on the 
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figure, ns not significant, n=3). (K) Immunoblot of pS6 before and after treatment with 

1nM rad001. (L-M) Cells treated with dose titrations of 5-fluorouracil or mercaptopurine, 

respectively, to determine GI50s (Student’s t-test, p>.05, n=3).  (N) Cells grown in media 

containing full glutamine (4mM) or no added glutamine. Data shown as means + SD. 

Supplementary Fig. S5.  

(A) Immunoblot of PTEN of the four patient-derived glioblastomas in Fig. 3A. (B) 

MDA-MB 468 xenografts which were never treated and allowed to grow for seven weeks 

were then treated with 100mg/kg leflunomide for 7 days. Tumor size was measured by 

assessing luminescence, quantified by photons/second/cm2/steradian (n=2).  (C) 

Xenografts of MCCL-278 (Myc, Pik3ca HR) and MCCL-357 (Myc, Pten-/-) cell lines.  

Mice were treated with 100mg/kg leflunomide or vehicle for four consecutive days each 

week and tumor volume was measured by calipers. Growth rate of the tumors was 

determined by calculating the slope of the tumor growth.  (Student’s t-test, *p<.01, n=8). 

Data shown as means + SEM.  

Supplementary Fig. S6.  

(A-B) Cells treated with leflunomide were labeled with a gamma-H2AX antibody.  Flow 

cytometry determined the mean fluorescence intensity (MFI) (Student’s t-test, *p-values 

on figures, n=3). (C) Quantification of percent cell area with EdU-staining from images 

in Fig. 4F, used to normalize foci to cell size (Student’s t-test, p>.05, ns not significant, 

n=6). (D) MEFs were treated with 100µM leflunomide or control for 48 hours, labeled 

with EdU for 45 minutes, and flow cytometry determined the MFI signal among cells 

positively stained for EdU (Student’s t-test, p>.05, n=3).  (E) MEFs were treated with 
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100µM leflunomide for times indicated, and labeled with EdU and TOPBP1.  

Representative confocal microscopy images. (F) Quantified EdU and TOPBP1 

colocalized foci (Student’s t-test, *p<.05, n=3). (G) Cells were treated with leflunomide 

with or without the presence of PI3K inhibitor gdc0491 and labeled with a gamma-H2AX 

antibody. Flow cytometry determined the mean fluorescence intensity (MFI) (Student’s t-

test, *p<.05, n=3). (H) Cells were treated with A771726 for times indicated and co-

stained with antibodies to RPA and gamma-H2AX.  Flow cytometry determined the 

percentage of cells positively-stained for gamma-H2AX and negatively-stained for RPA 

(n=4).  (I) pCHK1 immunoblot after MEFs were incubated with 200µM leflunomide for 

24 hours.  (J) Quantification of the percent of abnormal metaphases (Student’s t-test, 

*p<.01, number of cells scored per replicate n>100).  (K) Representative images of types 

of DNA damage accrued in MCCL-357 cells after treatment for 48 hours.  Pulverized 

chromosomes could not be quantified due to the very high number of fragments.  

Supplementary Fig. S7.  

Model of WT (left) and Pten-/- cells (right) before and after DHODH inhibition.  After 

glutamine enters Pten-/- cells, it is largely channeled into pyrimidine synthesis to help 

sustain the greater number of replication forks relative to WT cells.  DHODH inhibition 

blocks pyrimidine synthesis leading to stalled forks and RPA loading.  In the setting of 

PTEN deficiency, AKT phosphorylates CHK1 and TOPBP1, releasing TOPBP1 from 

chromatin and preventing checkpoint activation.  Cells continue to attempt division while 

DNA damage accumulates, leading to cell death. WT cells do not have the same 

dependency on glutamine flux into pyrimidine synthesis, high number of replication 
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forks, nor inherent checkpoint pathway defects, and therefore do not exhibit the same 

downstream consequences of DHODH inhibition.  
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Supplementary Methods 
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Supplemental Materials and Methods: 

 

Immunoblotting:  Samples were lysed in 2x Laemelli sample buffer with 

mercaptoethanol and were boiled before separation by SDS-PAGE on Tris-Glycine gels 

(Invitrogen EC60352).  Wet-transfer to PVDF (Fisher ipvh00010) was followed by 

blocking for 1 hour in 10% nonfat milk (Fisher M-0841) in TBST.  Membranes were 

incubated in primary antibody overnight at 4°C, and washed with TBST prior to addition 

of secondary antibody (Fisher 31432, 31460) for 1 hour at room temperature.  Blots were 

developed using ECL (Fisher 34080) and autoradiography film (Denville E3018).  

 



 
 

8 
 

Mouse Embryonic Fibroblasts: Embryos were harvested from pregnant Pten flox/flox 

mice 129S4-Ptentm1Hwu/J in C57BL/6J (from Jackson Laboratory) 15 days after setting up 

the cross.  Head, limbs, liver, and other highly vascularized regions of the embryo were 

removed. The remaining trunk was minced using a scalpel in .25% trypsin, and 

resuspended in trypsin using a 5mL pipet. After 10 minutes of incubation at 37°C and 5% 

CO2, cells were further resuspended in trypsin with a 1mL pipet to generate a single-cell 

suspension. Cells were spun down and resuspended in fresh media before plating onto 

10cm dishes. Cells were treated with an adenovirus with or without cre recombinase 

(1:1000 of Vector Biolabs #1300 and #1045, respectively) as well as 4µg/mL polybrene 

in order to enhance infection efficiency.  MEFs were studied passage 2 or later after 

infection to ensure proper Pten deletion (checked by western blot) as well as recovery 

from infection, and before passage 6 after infection while the MEFs were still viable.  

 

Metabolic extraction: Metabolites were collected as previously described (1). Media 

was aspirated from plates, and 2.5mL 80% methanol (kept at -80°C) was added.  Plates 

were incubated at -80°C for 20 minutes, after which cells were scraped into tubes and 

centrifuged to pellet insoluble cellular material.  The soluble supernatant was saved.  2 

more extractions on the insoluble pellet were performed with 500uL 80% methanol, and 

all extractions were pooled.  Extractions were dried in a speed-vac and frozen at -80°C 

until analysis.  All steps of the extraction were kept cold on dry ice.  

 

Targeted Mass Spectrometry:  Samples were re-suspended using 20 µL HPLC grade 

water for mass spectrometry. 5-7 μL were injected and analyzed using a hybrid 5500 
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QTRAP triple quadrupole mass spectrometer (AB/SCIEX) coupled to a Prominence 

UFLC HPLC system (Shimadzu) via selected reaction monitoring (SRM) of a total of 

259 endogenous water soluble metabolites for steady-state analyses of samples. Some 

metabolites were targeted in both positive and negative ion mode for a total of 294 SRM 

transitions using positive/negative ion polarity switching. ESI voltage was +4900V in 

positive ion mode and –4500V in negative ion mode. The dwell time was 3 ms per SRM 

transition and the total cycle time was 1.55 seconds.  Approximately 10-14 data points 

were acquired per detected metabolite. Samples were delivered to the mass spectrometer 

via hydrophilic interaction chromatography (HILIC) using a 4.6 mm i.d x 10 cm Amide 

XBridge column (Waters) at 400 μL/min. Gradients were run starting from 85% buffer B 

(HPLC grade acetonitrile) to 42% B from 0-5 minutes; 42% B to 0% B from 5-16 

minutes; 0% B was held from 16-24 minutes; 0% B to 85% B from 24-25 minutes; 85% 

B was held for 7 minutes to re-equilibrate the column. Buffer A was comprised of 20 mM 

ammonium hydroxide/20 mM ammonium acetate (pH=9.0) in 95:5 water:acetonitrile. 

Peak areas from the total ion current for each metabolite SRM transition were integrated 

using MultiQuant v2.1 software (AB/SCIEX). ~150 SRM transitions were set up for 13C 

glutamine and 15N glutamine labeled metabolites in addition to unlabeled metabolites. 

Integrated Molecular Pathway Analysis (IMPaLA) was used to analyze metabolic 

pathways (2).  For cell-labeling experiments, the concentration of isotope-labeled 

metabolite = [labeled metabolite amount]/ [total metabolite amount] for each metabolite.   

 

Gene Set Enrichment Analysis: Microarray data from Pten WT and KO MEFs (4 each) 

were analyzed using the GSEA program by the Broad Institute (3,4). 
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Karyotyping: Chromosomal analysis was done by Dr. Murty Vundavalli at Columbia 

University as follows: Mouse PTEN-/- and PTEN WT cells were sub-cultured and the 

drug was added at the indicated concentrations 24h after sub-culturing. The cells were 

processed for metaphases preparations by standard protocols after 48h and 72h of drug 

exposure with the addition of colcemid for the last 2hr. A total of 100 metaphases were 

analyzed from replicate experiments to identify chromatid- and chromosome-type 

aberrations such as chromatid and chromosome breaks, multi-radial chromosomes, 

extensive breakage resulting in pulverization. Chromatid and chromosome breaks were 

considered as a single break, multi-radial chromosomes were considered as 3 breaks in 

assessing the frequency of abnormal metaphases and chromosome breaks. However, 

extensive breakage resulting in pulverization in rare metaphases was not considered in 

calculating the frequency of breaks. Experiment was repeated twice.  

 

Xenografts:  Mice were treated orally as is done clinically; leflunomide binds tightly to 

serum proteins and has a long half-life (about 2 weeks), precluding daily treatments for 

the duration of the experiment (5,6). Tumor size was measured by calipers (modified 

ellipsoid formula = ½(length*width2)) or luminescence (measured on day 0, 7, 14, and 

21), which was quantified as photons/second/cm2/steradian. Mice were from Jackson 

Laboratory and were 20-25g. 
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