
Supplementary Methods 

Creation of DNA repair substrates The I-SCEI gene was inserted into the lentiviral vector, 
HRSVeGFPwN (BAMH1-ECOR1 GFP fragment was removed). Lentiviral particles were 
produced in 293T cells with co-transfection with pMDG (coding for VSV-G envelope protein), 
RRE (packaging) and REV (packaging) plasmids in the presence of calcium chloride. Viral 
supernatants were concentrated and stored at -80C. For ZN finger nuclease (ZFN) targeted 
integration of DNA repair substrates, PZDonor-AAVS puromycin and pZDonor that contain 
homologous regions to the AAVS1 locus on chromosome 19 was used as the backbone 
vector for targeted integration (1). PZD-GFP-Puro was generated by PCR cloning the 
GFP:ZEO fragment (full length GFP and zeocin resistance) from pSELECT-GFPzeo-mcs 
(Invivogen) into the ECOR1-NOT1 site of pZDonor-AAVS puromycin. PZD-DR1-Puro was 
created by PCR cloning the DR1 (GFP interrupted by the I-SCEI site) from DR-GFP into the 
BAMH1/NCO1 site of pSelect-blasti-mcs.  The DR1 fragment with the hEF1/HTLV promoter 
and SV40pAN tail from pSelect-blasti-mcs was then cloned into the AGE1/ECOR1 site of 
PZDonor-AAVS1-Puromycin. PZD-DR2-Blast was created by cloning the 3’ GFP sequence 
from DR-GFP into pSelect-blasti-mcs.  The DR2 fragment with the hEF1/HTLV promoter and 
SV40pAN tail from pSelect-blasti-mcs was cloned into the XHO1/XBA1 site of PZDonor. The 

blasticidin resistance gene with the CMV enh/promoter and Glo pAn tail of pSelect-blasti-
mcs (2460-990) was cloned into the NOT1/XHO1 site of PZDonor. PZD-DR1/DR2-Puro was 
created by PCR cloning the DR1 and the DR2 from DR-GFP into the BAMH1/NCO1 site of 
pSelect-blasti-mcs ahead of the the hEF1/HTLV promoter and behind a SV40pAN tail. The 
DR1 and DR2 fragments with promoter and SV40pAN were cloned in tandem into the MCS 
of PZDonor-AAVS1-Puromycin (DR1 into the AGE1/ECOR1 site and DR2 into the 
ECORV/NOT1 site).  

Cell Culture Leukemic cell lines were cultured at 37C (5% CO2) in Dutch-modified, RPMI 
1640 medium, supplemented with 10% fetal calf serum, 4mM glutamine and 1% 
penicillin/streptomycin HEK293 was cultured in DMEM supplemented with 10% fetal calf 
serum, 4mM glutamine and 1% penicillin/streptomycin (all purchased from Sigma-Aldrich 
Co. Ltd. Poole, UK). For primary cell cultures, bone marrow aspirates were taken from AML 
patients. Mononuclear cells were extracted using Hypaque-Ficoll (Sigma) gradients and 
cultured at 1 x 106 cells/ml in RPMI 1640, supplemented with 20% (v/v) fetal calf serum, 4 
mM glutamine, 1% penicillin/streptomycin, 10 ng/ml Il-3, 10 ng/ml IL-6 and 20 ng/ml stem 
cell factor (SCF). Log phase growth was determined using FACS based cell cycle analysis. 
DNA was extracted from cell lines and from primary cells using the QIAamp DNA Blood Mini 
Kit (Qiagen).  

GFP assays Cells were washed and re-suspended in PBS. To determine GFP 
recombination events, cells were analysed on a Becton-Dickinson FacsCanto using green 
(FL1) and orange (FL2) filters. Cells were gated to separate debris, dead and doublet cells. 
Percentage of recombined GFP positive cells was made relative to transfection of a PZD-
GFP-Puro expressing plasmid. 

Synchronisation and Cell cycle analysis Log phase cells were synchronized by 
suspension in RPMI complemented with 0.5% FCS for 72h. To determine quiescence and 
re-entry into cell cycle after addition of 10% FCS, aliquots of 2 X 105 cells were taken and 
centrifuged at 400 g for 10 min. The supernatant was aspirated and then 70% (v/v) ethanol 
(at -20° C) was added to the cells and gently vortexed. The cell suspension was again 
centrifuged at 400xg for 10 min. The supernatant was aspirated and then 1 ml of staining 
solution (PBS plus 5 ng FITC, 40 µg propidium iodide, 500 µg RNAse) was added. Samples 
were analyzed using the FACScan flow cytometer (Becton Dickinson, Franklin Lakes, NJ).  

Real time PCR RNA was extracted from cell lines and primary cells in the presence of 
TRIzol reagent (Invitrogen, Paisley, UK) and the RNeasy Micro Kit (Qiagen). RNA was 



reverse transcribed using the SuperScript® VILO™ cDNA Synthesis Kit (Invitrogen) as per 
the manufacturer’s instructions. Real time PCR was performed using the FastStart Universal 
Probe Master mix and probes (Universal probe library probe #30 for RAD51, Universal probe 
library probe #72 for FLT3) (Roche Diagnostics). Each sample was run in triplicate to control 
for real-time PCR (qPCR) variations on the StepOnePlus Real-Time PCR (Applied 
Biosystems). cDNA relative target abundance (fold change) was normalized against the 
house-keeping genes GAPDH, Tubulin and B2M.  

Single nucleotide polymorphism analysis (SNP-A) Detailed methods have been 
previously described (2).  

Mutation analysis A total of 96 amplicons was sequenced encompassing using Roche 454 
parallel sequencing for mutational ‘hotspots’ in NPM1 exon 11, FLT3-ITD/TKD, ASXL1 – 
exon 12, IDH1 – exon 4 (R132), IDH2 – exon 4 (R140) and 5 (R172), MPL – exon 10, JAK2 
– exon 12 and 14, BRAF – exon 11 and 15, cCBL – exons 7, 8 and 9, nRAS – exon 2 and 3, 
kRAS – exon 2 and 3 and KIT – exon 17. The complete coding regions were sequenced for 
DNMT3a, RUNX1, CEBPα, TP53 and EZH2.  PCR conditions and detailed analyses 
methods have been previously described6.  

Sister chromatid exchange 20M BrDU was added to 5 x 105 cells/ml log phase primary 

AML or cell lines for 40h. 100g/ml of colcemid was then added for a further 90min, before 

the cells were re-suspended in 0.075M KCL for 15min at 37C. Cells were then fixed by 
three slow vortexing 3:1 (v/v) methanol:acetic acid and centrifugation cycles. 2 drops of the 
cell suspension in fixative was then dropped on cold/wet microscope slides and then dried 

overnight at RT. The slides were then covered with 20g/ml Hoechst 33 258 stain for 30min, 
washed in water and then incubated in 2 x SSC under ultra violet light for 2h. The slides 

were washed again in SSC, incubated in 2 X SSC at 60C for 20min, before staining in 1.5% 
Giemsa for 5min. Slides were visualised using a Leica epi-fluorescent microscope, and 
images were captured using a CCD camera and Leica LAS AF software. At least 50 
metaphase spreads were observed per test. Mean ± standard error of the mean (SEM) were 
determined in 3 separate experiments. 

Immunofluorescence Immunofluorescence studies were performed as described6. Anti-

RAD51 (Santa-Cruz) or anti-phospho-H2AX (Millipore) was used in this study. Slides were 
then visualized at room temperature using a Leica epi-fluorescent microscope, and images 
were captured using a CCD camera and Leica LAS AF software. Two slides were prepared 

for each experiment. Positive cells for phospho-H2AX and RAD51 foci were defined as cells 
with more than 5 foci after subtracting percentage of cells with more than 5 foci from 
untreated cells. Percentage of cells with greater than 5 foci in untreated cells ranged from 1-
3%. Mean ± standard error of the mean (SEM) were determined in 3 separate experiments. 

Western Blotting Antibodies to RAD51, p21 (CDK1A) Histone H2A and tubulin (Santa Cruz 
technology, Danvers, MA), FLT3 (GeneTex), phospho-FLT3 (Cell signalling Tech), STAT5 
(phospho Y694), AKT (phospho S473), CTiP and MRE11 (Abcam, Cambridge, UK) were 
used. Cell lysates (1 X 106 cells) were prepared from primary AML cells and MDS/AML cell 
lines and were resolved by SDS-PAGE (4-12% gradient gels, Invitrogen, UK). Proteins were 
subsequently transferred to nitrocellulose membranes using electro-blotting apparatus 
(Invitrogen, UK). The membrane was blocked in 5% milk powder for 1 hr prior to overnight 
incubation at 4°C with primary antibody (1:1000 dilution). Unbound antibody was removed 
by washing blots in PBS/0.1%BSA/0.1%tween 20 (TST) for 3 X 10 min washes. The 
membrane was then incubated with secondary antibody (HRP conjugated) for 1 hr at room 
temperature, and then washed again  four times in TST. Detection of proteins was 
determined using ECL Plus reagents (Amersham Pharmacia, Amersham, UK) according to 
the manufacturer’s instructions. 



Determination of intracellular reactive oxygen species (ROS) ROS detection was 
measured using the Total ROS detection kit (Enzo Life Sciences, PA) according to the 

manufacturer’s instructions. Addition of 200M pyocyanin or 5mM N-acetyl-L-cysteine (NAC) 
to the cell culture 30 min prior acted as the positive and negative control respectively. 
Analysis was performed on a Becton-Dickinson FacsCanto using green (FL1) filters. Cells 
were gated to separate debris, dead and doublet cells. 
 

Loss of heterozygosity analysis To determine LOH and CN-LOH at the TK locus, primers 
to exon 4 (Forward: 5’ HEX- GGT AGC AGG TGG TCA CGA CAG T)(Reverse: TAC AAA 
CTG CCC CTC GTC GAT) and exon 7 (Forward: GTC GAG GTG ATT GGG GGA 
GCA)(Reverse: 5’ FAM-GGG CTG CAT TGC AGA ATC TGC) were made. An internal 

control, -globin was also amplified using primers (Forward: 5’ HEX-GGTTG GCCAA 
TCTAC TCCCA GG)(Reverse: CAACT TCATC CACGT TCACC).  TFT resistant colonies 
derived from empty vector, WT FLT3 or FLT3-ITD transfected TK6 cells were subjected to 
Multiplex PCR with low cycles (2) and fragment analysis on an ABI-prism (Beckman-
Coulter).  The peak area ratio of mutant TK alleles was measured relative to an internal co-

amplified -globin control. The ratio would predict the type of LOH observed, where a single 
halved peak indicates hemizygous LOH, whilst a single doubled peak area indicates CN-
LOH. The absence of LOH would be observed as two single peaks at the TK locus. Primers 
for microsatellite analysis at the TK locus are provided below. 

 

Microsatellite Locus Forward Reverse 

D17S799 (P ARM) 6’FAM-ATTGCCAGCCGTCAGTT GACCAGCATATCATTATAGACAAGC 

D17S1299 NED-TAGCACTTGAGCACACATGG GTGCATTATGGGGACCATTA 

D17S855 VIC-GGATGGCCTTTTAGAAAGTGG ACACAGACTGTGCCTACTGCC 

D17S1588 6’FAM-CCTGGTCTAGGAAGAGTGTCA GTGTAAGCATCTGTGTATACTAC 

D17S807 NED-TCCACCTGTAGACCTGGTAAA AGTGCTGCGTCTTACAACCT 

D17S789 VIC-ACTCCAAATCAAGTTTGTACTGAGA CTGCATACGAAGGGTGGTAGGAC 

D17S785 VIC-ATCCCTGGAGAGTGAAAATG AAGGGCAACCTGAAAACTAA 

D17S802 NED-GCCACCTGCCCCTCAA CTGCCAGCAGAGGCCA 

D17S784 6’FAM-GAGTCTCCTAAATGCTGGGG AGCTCCTGCACAGTTCTTAATTA 

 

Primers for microsatellite analysis on chromosome 17 (Q arm unless stated) 
 

 

Statistical analyses Two-tailed Student’s t-tests were conducted to compare viability 

analysis, SCE assays and RAD51/phospho-H2AX foci in cell lines and primary AML. 
Analyses were calculated using Graphpad™.  
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