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Materials and Methods 

shRNA library transfection and cheater screens 

Our experimental strategy was to introduce a complex, genetic small inhibitory (hairpin) 

RNA (shRNA)-knockdown library into ESCs, allow these cells to differentiate, and then 

reprogram them. The reprogrammed cells were then subjected to a second round of stem 

cell expansion, differentiation and reprogramming.  This procedure resulted in the 

evolution of (or selection for) mutant cells that superseded wild-type cells in growth, 

differentiation and reprogramming, thereby generating candidate socially incompetent 

“cheater” cells during development (Fig. 1A).   

 

To effectively utilize the shRNA library as a genetic screen, we had to overcome two 

significant hurdles.  First, to allow the positive selection process to take its course we had 

to make sure that the number of library integrants would be significantly reduced in the 

course of the first round due to genetic drift and yet not fully disappear. To determine the 

ideal ratio between shRNA library and cells to be transduced, we performed Monte Carlo 

simulations of the screen, taking into account cell density, differentiation rate, shRNA-

virus transduction and silencing rate, and reprogramming efficiency (fig. S2). Second, we 

had to make sure that we obtained essentially full differentiation at the EB stage, since 

any significant carryover of undifferentiated cells would compromise our ability to screen 

at this step. To this end, we employed an array of empirical optimization and 

differentiation steps and identified optimal screening conditions that allowed 99% 

differentiation and minimal carryover (fig. S2). 

 

With this system in hand, we performed the whole genome screen. We transduced the 

shRNA library, which consisted of 1.5 x 105 individual shRNAs against 8,895 mouse 

genes, into 106 pluripotent stem cells (PF159-2 cell line) containing an Oct4EGFP 

(octamer-binding protein 3-enhanced green fluorescence protein) reporter cassette (Fig. 

1A). We induced the PF159-2 cells to differentiate using the optimized EB differentiation 

protocol and then sorted and collected the differentiated cells (those that had lost 

expression of the transcription factor Oct4 and thus showed little or no EGFP 
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fluorescence). The PF159-2 cells also carried a reprogramming unit consisting of the 

Yamanaka factors, Oct4, Sox2, Klf4 and c-Myc, under the control of a tetracycline (Tet)-

inducible promoter (14). After inducing expression of the reprogramming factors with 

doxycycline, we sorted cells based on Oct4 (EGFP) expression, collecting EGFP+ (i.e., 

fully reprogrammed) cells, which were then subjected to a second round of differentiation 

and reprogramming (fig. S3). At this point, we collected an aliquot of cells for extraction 

of genomic DNA and allowed the remaining cells to differentiate. It is important to note 

that all steps were conducted without any drug selection; thus, clones that carried 

particular shRNAs could be enriched and escape loss due to genetic drift. At the end of 

the “natural” selection process and at all intermediate steps, we collected genomic DNA 

and isolated, subcloned, and sequenced shRNA-specific DNA fragments. We confirmed 

overall enrichment for individual clones by performing quantitative polymerase chain 

reaction (PCR) of genomic DNA extracts from reprogrammed cells after round 1 (R1) for 

two clones that we identified as being enriched (shE030030I06Rik [I06Rik] and shp53). 

We found a significant increase in the abundance of these particular shRNA fragments, 

demonstrating that our population-based selection process worked as predicted (fig. 

S4B). 

 

Specifically, the Mission Lentiplex Mouse Pooled shRNA Library (Sigma, SHPM01) 

was transfected into Oct4-GFP mouse iPSCs (PF159-2, OKSM Oct4-GFP iPSCs) at a 

multiplicity of infection (MOI) of 10, according to the manufacturer's instructions.  Cells 

were expanded, differentiated as EBs at a density of 1 x 105 cells per 10 ml of 

differentiation medium supplemented with 10 µM InSolution JAK inhibitor (Calbiochem, 

cat. 420097) in non-adherent culture plates.  After 8 days, EBs were plated on 60 cm2 

gelatin-coated cell culture dishes at a density of 1 x 106 cells per dish and cultured for an 

additional 8 days.  Differentiated Oct4-GFP-negative cells were sorted with a FACSAria 

Cell Sorter (Becton Dickinson) and expanded briefly in differentiation medium.  

Thereafter, reprogramming was induced by addition of 1 µg/ml doxycycline in mES cell 

medium for 14 days. Oct4-GFP-positive iPSCs were sorted, plated on irradiated mouse 

embryo fibroblasts (MEFs) and, after expanding briefly, were subjected to a second 

round of differentiation and reprogramming under the same conditions (fig. S3).  DNA 
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was collected 2 days after transfection and after each round of differentiation and 

reprogramming (R1 and R2).  Enriched clones were identified by PCR amplification of 

the shRNA pool using GoTaq Green (Promega) and the primers LAP1 (5' -TAC AAA 

ATA CGT GAC GTA GAA- 3') and LAP2 (5'-TTT GTT TTT GTA ATT CTT TA-3'), 

which are specific to the pLKO.1 vector and flank the shRNA integration site. The PCR 

cycling conditions used were as follows: initial denaturation at 94°C for 3 minutes 

followed by 40 cycles at 94°C for 15 seconds, 44°C for 30 seconds, 72°C for 30 seconds 

and a final elongation at 72°C for 30 seconds. The PCR product was purified with a PCR 

Purification Kit (Qiagen) and cloned into the pGEM-T Easy vector (Promega), according 

to the respective manufacturers' protocols.  The corresponding shRNAs were identified 

by sequencing individual clones using the M13 Reverse (-27) primer (5'-GGA AAC 

AGC TAT GAC CAT G-3’). 

 

Cell Culture 

Irradiated DR4 mouse embryonic fibroblasts (MEFs, GlobalStem) were cultured in 

Dulbecco's Modified Eagle Medium (DMEM; Invitrogen, 11965) supplemented with 

10% fetal bovine serum (FBS; Gemini) and 100 nM MEM Non-Essential Amino Acids 

(Invitrogen). We obtained R1 mouse embyronic stem cells (ESCs; ATCC No. SCRC-

103) from Andras Nagy (Mount Sinai Hospital, Lunenfeld, Canada), and PF159 iPSCs 

(14) from Konrad Hochedlinger (Harvard Stem Cell Institute, Boston, MA). Mouse ESCs 

and iPSCs were co-cultured with irradiated MEFs or in culture dishes coated with 0.1% 

gelatin (Sigma) in DMEM + GlutaMax I (Invitrogen 10569) supplemented with 10% 

fetal bovine serum (Gemini), 100 nM MEM Non-Essential Amino Acids (Invitrogen), 2 

mM L-glutamine (Invitrogen), 100 µM 2-mercaptoethanol (Fluka) and 1000 U/ml Lif 

(Millipore).  Puromycin (Invitrogen) was added at a concentration of 1 µg/ml if 

applicable. To induce differentiation by embryoid body formation, mouse ESCs and 

iPSCs were cultured in mES medium without Lif. 293FT (Invitrogen) cells were cultured 

in DMEM + GlutaMax I (Invitrogen, 10569) supplemented with 10% fetal bovine serum 

(Gemini), 2 mM L-glutamine (Invitrogen), 100 nM MEM Non-Essential Amino Acids 

(Invitrogen), and 500 µg/ml geneticin (Invitrogen). 
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Validation of candidate shRNA enrichment after one round of differentiation and 

reprogramming 

To verify the enrichment of cells carrying the pLKO.1-shI06Rik and pLKO.1-shp53, we 

isolated DNA from cells after the first round of differentiation and reprogramming using 

the DNeasy Tissue Kit (Qiagen) following the protocol for DNA isolation from cultured 

cells. The DNA was eluted with 100 µl H2O. The template DNA was amplified with a 

final concentration of 10 µM of oligos MAD605: pLKO1-F (5'-CAT TCG ATT AGT 

GAA CGG ATC TCG-3') and MAD615: pLKO1-R (5'-ACG GAC GTG AAG AAT 

GTG CGA GAC-3') in a PCR reaction using GoTaq Green with an initial denaturation at 

94°C for 3 min, followed by 20 cyles of 30 sec at 94°C, 30 sec at 55°C, 1 min at 72°C 

and a final elongation of 7 minutes at 72°C. The PCR product was purified with the 

Qiagen PCR Purification Kit following the manufacturer's instructions.  

 

The purified DNA was diluted 1:10 and 2 µl of this dilution were used in a second PCR 

reaction using oligos MAD605: pLKO1-F and MAD606: shI06Rik-R (5'-GTT AAC 

CAA TAT GAA TGC TCT GCC G-3') to amplify shI06Rik or oligos MAD548: LAP1 

and MAD610: shTrp53-R (5'-ATG ATG GTA AGG ATA GGT CGG CCG-3') to 

amplify shp53. The PCR conditions were as before with a final concentration of 20 µM 

of each oligo, an initial denaturation of 94°C for 3 min, followed by 30 cycles of 3 sec at 

94°C, 30 sec at 55°C, 1 min at 72°C, and a final elongation of 7 minutes at 72°C. 10 µl of 

each PCR product were analyzed on a 2.5% agarose gel. 

 

Vectors 

All pLKO.1-based vectors were obtained from Sigma: pLKO.1 (SHC001), pLKO.1-RFP-

Puro (SHC012), pLKO.1-shNTC (Non Targeting Control; SHC002), pLKO.1-shp53 

(TRCN00000 12359), pLKO.1-shTop1 (TRCN00000 11886), pLKO.1-shOlfr1387 

(TRCN0000 187868), pLKO.1-shOlfr305 (TRCN0000 202976), pLKO.1-shDbc1 

(TRCN00000 11934), pLKO.1-shCasp8 (TRCN00000 12246), pLKO.1-shMpp3 

(TRCN00000 24296), pLKO.1-shCalr (TRCN000000 8462), pLKO.1-E030030I06Rik 

(TRCN00000 23009). All pGIPZ -based vectors were obtained from Open Biosystems 
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via the CBASS Core at Baylor College of Medicine: pGIPZ (V2LXX), pGIPZ-shp53 

(V2LHS87039), pGIPZ-shTop1 (V2LMM9340), pGIPZ-shPtafr (V2LMM91150), 

pGIPZ-shE030030I06Rik (V2LMM3386) and pGIPZ-shBmf (V2LMM4417). Plasmid 

DNA was isolated with the Qiagen Plasmid Maxi Kit following the manufacturer's 

protocol and resuspended in Buffer EB (Qiagen). 

 

Establishment of ESCs with stable integration of pLKO.1-shRNA or pGIPZ-shRNA 

Lentivirus production was accomplished with the Trans-Lentiviral shRNA Packaging Kit 

with Calcium Phosphate (Open Biosystems) following the manusfacturer's instructions. 

Briefly, 293FT cells were plated at a density of 1.2 x 106 per 10 cm2 and transfected with 

6 µg of shRNA-containing plasmid. 24 hours later, the medium was changed to mouse 

ES cell medium. After 24 hours, the virus-containing medium was filtered through a 0.44 

µm filter. Polybrene was added to reach a final concentration of 8 µg/ml, and 1.5 ml of 

this filtrate were added to each well of R1 ESCs.  The ESCs were plated 4-6 hours earlier 

in 1.5 ml mES medium, containing twice the concentration of Lif at a density of 1 x 106 

per 10 cm2 on irradiated DR4 MEFs. Selection of cells with integrated pLKO.1- or 

pGIPZ-shRNA was started after 24 hours, in the presence of 1 µg/ml Puromycin for 10 

days.  

 

Blastocyst injection of mouse ESCs 

Mouse ESCs with stable integration of the pLKO.1- or pGIPZ-based vectors were 

cultured separately, then washed twice with PBS, trypsinized for 5 minutes at 37°C, 

neutralized with mES medium and collected by centrifugation at 150 g for 5 minutes. 

Cells were resuspended in 1 ml mES medium. A total of 10 cells (five of each cell line, as 

indicated) were injected per blastocyst by the Mouse Embryo Manipulation Service 

(MEMS) at Baylor College of Medicine. The blastocysts were implanted into 

pseudopregnant females and allowed to develop until embryonic day 14.5. At this time 

point, the embryos were dissected and germ cells isolated from the genital ridge (29). 

DNA was isolated as described above. The embryo was minced and DNA was extracted 

from 3 samples per embryo. DNA was eluted in 100 µl H2O. For isolation of genomic 

DNA from germ cells, salmon sperm DNA was added as carrier and DNA was eluted in 



 
 

7 
 

50 µl of H2O. 2 µl of embryo or 5 µl of germ cell DNA solution were subsequently used 

in a PCR reaction to identify the ratio of mutant cells to mock cells in a 50 µl PCR 

reaction using GoTaq Green (Promega). The relative contributions of pGIPZ and pGIPZ-

shRNA were detected with oligos MAD546: X76 Forward (5'-ACG TCG AGG TGC 

CCG AAG GA-3') and MAD547: M100 Reverse (5'-AAG CAG CGT ATC CAC ATA 

GCG T-3') at a concentration of 10 µM each under following conditions: 3 minutes at 

94°C, followed by 35 (for embryo) or 40 (for germ cells) cycles of 15 sec at 94°C, 30 sec 

at 56°C, 30 sec at 72°C and a final elongation at 72°C for 7 min. The relative 

contributions of pLKO.1 and pLKO.1-shRNA were detected with oligos MAD548: LAP1 

(5'-TAC AAA ATA CGT GAC GTA GAA-3') and MAD549: LAP2 (5'-TTT GTT TTT 

GTA ATT CTT TA-3') at a final concentration of 20 µM under the following conditions: 

3 minutes at 94°C, followed by 35 (embryo) or 40 (germ cells) cycles of 15 sec at 94°C, 

30 sec at 44°C, 30 sec at 72°C, and a final elongation at 72°C for 7 min. 10 µl of each 

PCR product were analyzed on a 2.5% agarose gel containing ethidium bromide. The 

band intensities per lane (pGIPZ versus pGIPZ-shRNA or pLKO.1 versus pLKO.1-

shRNA) were determined by band densitometric analysis using the ChemiImager 4000 

software, as previously described (30). The percentage of the band representing the 

shRNA-containing PCR product (originating from the mutant cells) was calculated as the 

percentage of the sum of the intensities of both PCR products (shRNA signal plus signal 

originating from cells containing the empty vector). When PCR products were too close 

in size, PCR products were purified, cloned into the pCR.2-Topo vector using the Topo-

TA Kit (following the manufacturer's protocol), then 20 individual clones were picked 

and plasmid DNA isolated with the Qiagen Plasmid Mini Kit following the 

manufacturer’s instructions. The respective pGIPZ vector was identified by sequencing 

with the M13 Forward (-20) primer (5'-GTA AAA CGA CGG CCA GTG-3'). 

 

Determination of mutant cell contribution in the undifferentiated ES cell state. 

We mixed pGIPZ control or pGIPZ-shRNA (and thus GFP-labeled) mutant cells with 

pLKO.1-RFP labeled mock cells at 1:4, 1:1, or 4:1 ratios, as indicated. 1 x 106 cells per 

10 cm2 were plated and grown under standard ES cell conditions (e.g., feeding 24 hours 

and splitting every 48 hours). Flow cytometric analysis (LSRII Fortessa, BD Biosciences) 
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was performed on days 0 (the day the cells were mixed), 2, 4, 7 and 14 to determine the 

contribution of GFP-labeled mutant cells and RFP-labeled Mock cells. Cells without 

fluorescent protein expression (R1) were used to determine the population of cells that 

does not fall into the GFP- or RFP-positive population. The contribution of GFP-positive 

cells was determined as a percentage of the sum of RFP- and GFP- positive cells on each 

day versus day 0 relative to the mutant control cell line containing the GFP coding vector 

without shRNA.  Graphs represent mean +/- standard error.  Immunofluorescence images 

were taken with a fluorescence microscope (Leica) at a magnification of 20x.  

 

Determination of mutant cell contribution under differentiation conditions. 

ESCs were mixed as described in the previous section at a concentration of 5 x 105 cells 

per 10 ml of differentiation medium and allowed to form embryoid bodies in non-

adherent culture plates for 3 or 6 days. Flow cytometric analysis (LSRII Forteassa, BD 

Biosciences) was performed on D0 (day cells were mixed), D3 and D6 to determine the 

contribution of GFP-labeled mutant cells and RFP-labeled cells. Cells without fluorescent 

protein expression grown under the same conditions were used to determine the 

population of cells that does not fall into the GFP- or RFP-positive population. Cells were 

analyzed as described in the previous paragraph.  

 

Teratoma formation assay 

To induce differentiation via teratoma formation, 1 x 106 cells of each cell population 

were injected into the hind leg quadriceps of immunocompromised Fox Chase SCID 

beige mice (The Jackson Laboratories). Teratomas were dissected after 24 days. A small 

piece of each tumor was used to confirm the genotype by PCR. Half of the remaining 

tissue was embedded in optimal cutting temperature (OCT) medium (Sakura Finetek, Inc) 

and 40 µm sections were analyzed by confocal microscopy. The other half of the tumor 

tissue was fixed in 10% formalin overnight, transferred to 70% ethanol and embedded in 

paraffin. Paraffin sections were analyzed by HE staining to verify the presence of cell 

types and structures of all three germ layers. Paraffin embedding and HE staining were 

performed by the Histology Core at Baylor College of Medicine. 
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RNA isolation, microarray, GO and GSEA analyses 

 Total RNA from 5 x 106 cells was isolated using the RNeasy Mini Kit (Qiagen) 

following the manufacturer's standard protocol for RNA isolation from cultured animal 

cells, including the on-column DNAse digest. RNA was eluted in 50 µl RNase-free H2O. 

Microarray hybridization was done by the Microarray Core at Baylor College of 

Medicine (Houston, TX) using Affymetrix Mouse 430 Arrays. The data were normalized 

by RMA quantile normalization with the ArrayStar software (DNASTAR, version 2.1) 

and MA plots were generated with the ggbio R Package software.  

 

GO Analysis was done with the GOstat online tool (http://gostat.wehi.edu.au). GSEA 

analysis was accomplished with the GSEA tool offered by the Broad Institute 

(http://www.broadinstitute.org/gsea/index.jsp). The GCT files were created with the 

Expression file creator and GSEA analyzed with Diff-of-Medians setting.  

 

cDNA synthesis, Real-Time (RT-)PCR and standard PCR analyses 

cDNA was synthesized with the Improm II Reverse Transcription System (Promega) 

with oligo(dT)15 primers in the presence of 4.8 mM MgCl2 using 1 µg RNA as template 

in a final volume of 20 µl. The cDNA was diluted 1:5 in H2O. Real-Time PCR was 

performed using the Taqman Assays FAM-Top1 (Mm004937491, Invitrogen) or FAM-

p53 (Mm017312901, Invitrogen) and Taqman 2x Universal PCR Mastermix (Applied 

Biosystems) as described by the manufacturer in a final volume of 25 µl. Gapdh was 

detected as a reference in the same reaction with the Taqman Vic-Gapdh Assay 

(4352339E, Invitrogen), using 5 µl cDNA of a 1:5 dilution as a template and amplified 

with the CFX96 Real-Time PCR System (Biorad) with 40 cycles of 95°C for 15 sec and 

60°C for 1 min after an initial denaturation at 95°C for 10 min. The ΔΔCT method (31) 

was used to calculate the expression level of each gene. Graphs present the mean +/- 

standard deviation of three reactions per gene. Detection of Oct4 or Gapdh expression 

after differentiation was accomplished with GoTaq Green (Promega) in a final volume of 

50 µl in the presence of 10 µM of each oligo (Oct4-F [5' - GGC GTT CTCT TTGG AAA 

GGT GTT C - 3'] and Oct4-R [5' - CTC GAA CCA CAT CCT TCT CT - 3'] or Gapdh-F 

[5'-ACC ACA GTC CAT GCC ATC AC-3'] and Gapdh-R [5'-TCC ACC ACC CTG 
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TTG CTG TA-3']) and 5 µl cDNA (diluted 1:5) under the following conditions: 3 

minutes at 94°C, followed by 27 cycles (Oct4) or 22 cycles (Gapdh) of 30 sec at 94°C, 30 

sec at 55°C, 30 sec at 72°C, and a final elongation at 72°C for 7 min. 10 µl of each PCR 

product were analyzed on a 1.5 % agarose gel containing ethidium bromide.  

 

Alkaline phosphatase staining 

To detect colonies positive for alkaline phosphatase after reprogramming of differentiated 

OSMK-ES or OSMK-iPSCs, cells were washed with PBS, fixed with 2% 

paraformaldehyde (resuspended in PBS) for 20 minutes and washed twice with PBS. 

Alkaline phosphatase staining was done for 1 hour with the Alkaline Phosphatase 

Substrate Kit III (SK-5300, Vector Laboratories) following the manufacturer's 

instructions. Cells were washed six times with PBS. 

 

Cell count and MTT assay 

To analyze the proliferation of ES cell lines as indicated, cells were plated at a density of 

2 x 106 per 10 cm2 and the cells were counted with a ViCell analyzer (Millipore) after 2 

and 4 days in culture under standard ES cell conditions without split. Proliferation of 

each cell line was determined as the ratio of the values at day 4 and day 2 relative to the 

control cell line containing the empty vector. Data represent the mean +/- standard 

deviation of three samples. In addition, proliferation was determined with the CellTiter 

96 Non-Radioactive Cell Proliferation Assay (MTT) (Promega) following the 

manufacturer's protocol. 5 x 104 cells were plated per well of a 96-well plate and 8 wells 

were measured per cell line on day 2 and day 4. Proliferation of each cell line was 

determined as the ratio of the values at day 4 and day 2 relative to the control cell line 

containing the empty vector. Data represent the mean +/- standard deviation of 8 samples. 
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Supplementary Figures 

Fig. S1. 
 

 
 
Fig. S1. Parallels between mouse development in vivo and fruiting body formation in 
D. discoideum as basis for our in vitro screen. ESCs in culture resemble the blastocyst 
cells at E3.5 and individual D. discoideum cells; differentiation mimics the early epiblast 
in vivo or D. discoideum aggregates; and the reprogramming process parallels the 
development of germ cells in the mouse embryo or the fruiting body in D. discoideum. 
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Fig. S2 
 
 

 

 

 
Fig. S2. Optimization of screen conditions. (A) Monte Carlo simulation to predict loss 
of any given shRNA if no selective pressure were to apply. Cells transfected with any 
given shRNA would be lost after two rounds of differentiation and reprogramming, as 
shown in Fig. 1. (B) OSMK-iPS cells were differentiated by embryoid body formation in 
non-adherent culture plates at cell densities as indicated per 10 ml of differentiation 
medium. After 4 days, cells were allowed to adhere to gelatin-coated culture dishes at 
densities as indicated for an additional 7 days. We then extracted RNA and performed 
RT-PCR for pluripotency marker Oct4 and reference gene Gapdh to analyze 
differentiation efficiency. A cell density of 1x106 for embryoid body formation and 
plating was chosen for the screen, as marked by an asterisk.  (C) We compared the 
reprogramming efficiency of differentiated OSMK-ES and OSMK-iPS cells. 
Differentiation was induced as in panel A using 1x106 cells for EB formation. After 4 
days, 1x106 cells were plated per 10 cm dish and cultured for an additional 7 days in the 
absence of Lif.  5x103 SSEA-negative cells were sorted and plated in a 10 cm2 culture 
dish on irradiated MEFs. Reprogramming was induced with doxycycline for 18 days, and 
cells were stained for the presence of alkaline phosphatase (AP) to visualize those that 
were undifferentiated (blue colonies). 
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Fig. S3 
 
 

 
 
 
 
Fig. S3. Sorting conditions of differentiated and reprogrammed OSMK-iPS cells. 
OSMK iPS cells were transfected with the Mission Control shRNA library and 
differentiated (top left). Oct4-GFP- cells (636,670) were sorted (top middle) and allowed 
to expand before reprogramming was induced with doxycycline (bottom, left). After 14 
days, Oct4-GFP+ cells (173,163) were sorted (bottom, middle), expanded and subjected 
to a second round of differentiation. As before, Oct4-GFP- cells (801,830) were sorted 
(top, right), expanded and reprogrammed. Again Oct4-GFP+ cells (3624) were sorted 
(bottom, right) and allowed to expand to identify the enriched shRNAs. 
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Fig. S4 

 

 

 

 
Fig. S4. Top cheater mutants from screen. (A) The frequency of appearance of shRNA 
targets in the first (R1), second (R2) or both rounds (R1+R2) of the screen identified by 
sequencing of cloned PCR fragments generated with shRNA-flanking primers.  Shown 
are all genes that were identified at least three times (or were manually selected among 
genes that were identified once or twice) and tested in in vivo experiments (see Fig. 2). 
(B) PCR validation of enrichment during round 1 using primers specific for shRNAs 
targeting shI06Rik, the most frequently identified candidate, and p53. (C) GO categories 
were assigned to all genes identified in the screen using the GOstat tool. 
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Fig. S5 

 

 

 
Fig. S5. Expression levels of Top1 and p53 in shTop1- and shp53-expressing mouse 
ES cells. (A) Expression of Top1 (left) or p53 (right) in cell lines carrying empty vector, 
non-targeting-control (NTC), shp53 or shTop1. Expression is normalized to Gapdh and 
relative to the level in cells containing the empty vector. Data represent the mean +/- 
standard deviation of 3 samples.  (B) Expression of Top1 in E14.5 embryos with 100% 
contribution of cells containing the shTop1 vector (n=5) relative to embryos with 100% 
contribution of cells containing the empty vector (n=3).    
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Fig. S6 
 
 

 
 
 
 
Fig. S6. Homogeneous populations of p53- and Top1-knockdown cells exhibited 
normal growth. (A) Number of cells at 4 days in culture relative to the number at 2 days. 
Cell number is normalized to cells containing empty vector. (B) MTT assay measuring 
living cells at OD560. Shown are the values after 4 days in culture relative to those at 2 
days. Values are normalized to cells containing the empty vector. All data represent the 
mean +/- standard deviation of 3 samples. 
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Fig. S7 

 

 

 

 
Fig. S7. Teratoma formation assay. GFP+ mutant or control (Ctrl) cells, alone (top 
panel) or mixed with an equal amount of RFP+ labeled mock cells (bottom panel) were 
injected into the hind leg of immunocompromised SCID mice. Tumors were extracted 
after 24 days. The mutant cells formed larger tumors than control cells. Scale bar =1 cm. 
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Fig. S8 

 

 

 
Fig. S8. Expression analysis of mutant and mock cells in co-culture. (A) Schematic 
illustration of experimental setup to study expression changes of cells in co-culture. 
Mutant cells were mixed with mock cells in a ratio of 1:4 and co-cultured. RNA was 
isolated after 4 days. As a control, mutant and mock cells were cultured separately for 4 
days and the isolated RNA was then mixed in a 1:4 ratio. RNA samples were hybridized 
to Affymetrix Mouse 230 microarrays. (B) Venn diagram showing >50% overlap of the 
Top 50 gene sets that were significantly enriched when shTop1 or shp53 cells were co-
cultured with mock cells as described in (A).   
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Fig. S9 

 

 

 
Fig. S9. Expression analysis of cheater mutants in co-culture. Gene Set Enrichment 
Analysis (GSEA) of all candidate cheater mutants identified in our in vitro screen  (A) or 
in the winner (top) and loser (bottom) gene sets found by Bondar and Medzhitov (23) 
after p53 knockout in hematopoietic cell competition (B) in shTop1- (left) or shp53-
knockdown cells (right) when co-cultured with mock cells for 4 days. 
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