
Supplementary Figure Legends and Figures 

Supplementary Figure S1. Generation of GEMM-derived cell lines. 

A, Scheme for making cell lines. GEMMs with genotypes Kras+/LSL-G12DTp53L/L and 

Kras+/LSL-G12DTp53L/LLkb1L/L were treated with Adeno-Cre nasally at 6 weeks of age. 

After lung tumors developed, the tumor nodules were dissected, minced into small pieces, 

and plated in 100-mm cell culture dishes. Cells were passaged at least 5 times before their 

use in shRNA screening, compound screening, and metabolite profiling.  

B, Genotyping. The genetic constitution of the GEMM-derived cell lines with the 

indicated genotype was confirmed by PCR using water and genomic DNA from a 

Kras+/LSL-G12DTp53L/LLkb1L/L mouse tail as controls. Genotype, primer set, and primer 

sequence are listed.  

C, Western blot analyses of LKB1 expression in Lkb1-wt (634, 855, and 857) and Lkb1-

null (t2, t4, and t5) cell lines.  

D, Immunofluorescence staining. Lkb1-wt (634, 855, and 857), Lkb1-null (t2, t4, and t5), 

A549, and NIH3T3 cells were plated into multiple chamber slides and then fixed for 

indirect immunofluorescence staining with anti-pancytokeratin and DAPI. Representative 

merged images of pancytokeratin (red) and DAPI (blue) in the indicated cells are shown.  

E, Growth curves. Lkb1-wt (634, 855, and 857) and Lkb1-null (t2, t4, and t5) cells were 

plated into 96-well plates at 2000 cells/well in 100 μl medium. Viable cells were 

measured every 12 hours using Promega’s CellTiter-Glo Assay. The data represent mean 

± SD for 4 replicates. Double time (hour) was calculated as [Duration of culture (hour) 

/log2(Readout2/Readout1)].  

F, Lkb1-null cells have lower cellular ATP levels  



Left panel, Exponentially growing Lkb1-wt (634, 855, and 857) and Lkb1-null cells (t2, 

t4, and t5) cells were collected by trypsinization and then plated into 96-well plates at 

4000 cells/well in 100 μl medium. After 2 hour incubation, the cells were assayed using 

Promega’s CellTiter-Glo kit for luminescence intensity. The data represent mean ± SD 

for 3 repeats. Right panel, Graph of ATP levels in the same cell lysates used for Figure 

2E, with normalization as indicated. The data represent mean ± SD for 6 replicates. 

 

Supplementary Figure S2.  

A, QPCR and Western blot analyses of DTYMK expression in 634 cells upon indicated 

shDtymks transduction.  

B, Western blot analyses of LKB1 expression in Lkb1-wt (634, 855, and 857) and Lkb1-

null (t2, t4, and t5) cell lines upon shDtymk-1 or shDtymk-3 transduction for 3 days.  

 

Supplementary Figure S3.  

A, Lkb1-wt 634 and Lkb1-null t4 cells transduced with shGFP, shDtymk-1 or shDtymk-3 

and then cultured with or without additional 100 μM dTTP in medium for 4 days. Cells 

were lysed for Western blot of DTYMK expression.  

B, Lkb1-wt 634 and Lkb1-null t4 cells were plated into 96 well plates with 4000 

cells/well in 100 μL medium for overnight culturing then incubated with 0.25 μCi 3H-

dTTP (Perkin Elmer, NET221H250UC) for 6 h and used 0.25 μCi 3H-deoxythymidine 

(Perkin Elmer, NET221H250UC) as positive and0.25 μCi 3H-dTTP/non-cells (medium 

alone) as negative controls. Cells were washed with PBS, trypsinized, and DNA was 

captured with a cell harvester on glass fiber filters Filtermat A (Perkin Elmer, # 1450-



421), which was then placed into a liquid scintillation counting container for counting on 

a scintillation beta-counter. The data represent mean ± SD for 6 replicates.  

 

Supplementary Figure S4.  

Lkb1-wt (634, 855, and 857) and Lkb1-null (t2, t4, and t5) cell lines (A) and human 

LKB1-wt (H358 and Calu-1) and LKB1-deficient H2122 and A549) NSCLC cell lines (B) 

were treated with CHEK1 inhibitors, AZD7762 and CHIR124, for the indicated dose and 

time, and then lysed for Western blot analysis of γH2AX.  

 

Supplementary Figure S5.  

A, Immunohistochemical analyses assessing γH2AZ was performed as previously 

described (1). Brown, positive γH2AZ staining; blue, nuclear counterstaining. 3-4 mice 

per genotype and 3-4 views per mice were recorded.  

B, The indicated tumor nodules were homogenized with RIPA buffer and then were 

subjected to Western blot analysis with the indicated antibodies. 

C, Phospho-CHEK1 (Ser345) levels were quantitatively assessed in cells from mouse 

Lkb1-wt and Lkb1-null tumors using reverse phase protein arrays. The box and error bars 

represent the interquartile range and range, respectively.  

 

Supplementary Figure S6.  

A, QPCR and Western blot analyses of DTYMK expression in LKB1-wt Calu-1 NSCLC 

cells upon indicated shDtymks transduction for 4 days.  



B, CHEK1 protein levels were quantitatively assessed in resected tumors from NSCLC 

patients (N=27) bearing KRAS mutation using reverse phase protein arrays (2). The box 

and error bars represent the interquartile range and range, respectively.  

 

Supplementary Figure S7.  

A schematic model is proposed based on our current data. As compared to Lkb1-wt cells, 

Lkb1-null cells have lower DTYMK expression, leading to a relatively high ratio of 

dUTP/dTTP and uracil misincorporation into DNA that activates checkpoint. Moderately 

depletion of DTYMK induces DNA damage and activates checkpoint in both Lkb1-wt 

and Lkb1-null cells. The expression of RPA32 in Lkb1-wt cells is increased upon more 

DNA damage, suggesting a feedback enhancement of DNA repair in Lkb1-wt cells. 

Further depletion of DTYMK will decrease the DTYMK below the threshold in Lkb1-

null cells, resulting in thymine-less death of the cells.  

 

Supplementary Figure S8.  

QPCR analyses of Dtymk (A) and Chek1 (B) transcript levels in Lkb1-wt (634, 855, and 

857) and Lkb1-null (t2, t4, and t5) cell lines.  

 

Supplementary Figure S9.  

A, QPCR analysis of TK1 expression in 634 cells upon the indicated shTK1 transduction 

for 3 days.  

B, Lkb1-wt (634 and 855) and Lkb1-null (t2 and t4) cells were transduced with shGFP, 

shTK1-3, and shTK1-4 for 2 days and then plated into 96-well plates at 2000 cells/well in 



100 μl medium with 3 μg/ml puromycin (puro). Viable cells were measured daily using 

Promega’s CellTiter-Glo Assay. The data represent mean ± SD for 3 replicates.  

 

Supplementary Figure S10.  

A, Gene expression levels of DTYMK in normal lung vs. lung adenocarcinoma from the 

Oncomine Cancer Microarray database (http://www.oncomine.org).  

B, Kaplan-Meier survival curves for three different human lung cancer datasets, which 

compare the overall survival between tumors with high levels (red) or low levels (blue) of 

DTYMK gene expression. Survival curves for high and low expression groups were 

dichotomized at the optimal cutpoint and plotted using PrognoScan tool. 

(http://gibk21.bse.kyutech.ac.jp/PrognoScan/index.html).  

 

 

  



Supplemental Experimental Procedures  

Cell line and cell culture  

Generation of GEMM-derived cell lines. Genetically engineered mouse model (GEMM) 

harboring a conditional LSL-G12D Kras allele (Kras+/LSL-G12D), a conditional Trp53-

deficient allele (Trp53L/L), and with or without a conditional Lkb1-deficient allele (LkblL/L) 

were generated by breeding (3). At the age of 6 weeks, the Kras+/LSL-G12DTrp53L/L and 

Kras+/LSL-G12DTrp53L/LLkblL/L mice were treated with Adenovirus-Cre through inhalation 

to cause recombination, leading to activation of Kras-G12D (Kras+/G12D) and deletion of 

p53 (Trp53del/del) and Lkb1 (Lkb1del/del) (3). Six to nine weeks after Adenovirus-Cre 

administration, the mice were sacrificed and lung tumor nodules were harvested, finely 

minced, and cultured in 100 mm dishes with RPMI 1640/10% FBS/1% pen-strep/2mM 

L-Glutamine. After 5 passages, frozen stocks of these short-term cultures were prepared, 

and the lines characterized by genotyping and Western blot analysis.  

293ft, Calu-1, H358, H2122, and A549 were obtained from the American Type Culture 

Collection and cultured in 1640/10% FBS/1% pen-strep/2mM L-Glutamine. 293ft was 

grown in DMEM/10% FBS/1% pen/strep/2mM L-Glutamine, and the remaining lines 

were grown in RPMI 1640/10% FBS/1% pen-strep/2mM L-Glutamine. All cells were 

cultured at 37oC in a humidified incubator with 5% CO2.  

 

Large-scale pooled shRNA library screening and array-based validation (4)  

(1) Construction of pooled murine shRNA library and virus pool production 

The murine 40K pool of 40,021 shRNA plasmids, covering 8391 genes, from The RNAi 

Consortium was assembled by combining 11 normalized sub-pools of ~3600 shRNA 



plasmids each. Each sub-pool was used to transform ElectroMAX DH5α-E cells 

(Invitrogen) by electroporation and plated onto 5 2424 cm2 bioassay dishes (Nunc). 

DNA was purified from the plated transformants using a HiSpeed Plasmid Maxi Kit 

(Qiagen). These sub-pools were then combined to create the 40K shRNA pool. 2 μg of 

this pool was used to transform ElectroMax DH5α-E cells and plated onto 40 2424 cm2 

bioassay dishes. DNA was purified from the plated transformants and used for virus 

production. A complete list of shRNAs along with unique TRCN identifiers is publicly 

available (http://www.broadinstitute.org/rnai/public/).  

Production of lentivirus from the murine 40K shRNA pool was performed as described 

previously (4). A single batch of ~1.5 L of virus was aliquoted and frozen at -80oC for all 

infections. 

(2) Large-scale virus infection and cell propagation 

Infections were performed as described (4) with the following modifications. To 

determine viral volume that would produce a Multiplicity of Infection (MOI) of 0.2-0.5 

for each cell line, cells were infected with a titration of 6 different volumes (0-400 μl) of 

virus and cultured in the presence or absence of puromycin. Each cell line was infected 

with the shRNA pool in triplicate as follows. 3.7107 of 634, 855, or 857 cells; 5.4x107 

of t5 cells; and 7.2x107 of t4 or t5 cells were resuspended in 24 ml of medium containing 

8 μg/ml polybrene and the appropriate volume of 40K library lentiviruses was added. 

This mixture was seeded into a 12-well plate at ~2 ml per well. A spin infection was 

performed by centrifugation at 930  g for 2 h at 30oC. Immediately after spinning, 

supernatants were gently aspirated off and fresh medium was added to the 12-well plates. 

After 20 h the 12 wells from each replicate were trypsinized, cells combined, and plated 



in 3 T225-flasks containing 60 ml of medium containing puromycin. The cell were 

passaged every 2-3 days by trypsinizing all flasks of a replicate, combining the cells, then 

seeding 2 T225 flasks with a total of 1.1x107 cells. The remaining cells were spun down 

and resuspended in 1 ml PBS and frozen at -20 degrees. This process was continued for 

at least 16 population doublings with the final collection frozen in 1 ml PBS at -20 

degrees, as above. Puromycin selection was maintained for the entire experiment. 

(3) Infection calculation   

20 h after large-scale infection, a small fraction of cells (1.5-3105) from each replicate 

were plated into each well of 6-well plates in the presence or absence of puromycin. 

Control wells with 100% uninfected cells were included to verify complete puromycin 

killing of uninfected cells. 96 h later, viable cells were counted. The infection rate was 

determined by the number of viable cells selected in puromycin divided by the number of 

viable cells without puromycin selection. Screening continued only when the infection 

rates were within the range of 20-50% in order to yield sufficient number cells to obtain 

an average infection rate of at least 200 cells/ shRNA. 

(4) Determination of shRNA representation by sequencing  

Harvested cells were resuspended in 1 ml PBS, and genomic DNA was isolated using the 

QIAamp Blood Mini kit (Qiagen). For PCR amplification of shRNA sequences, a 

minimum of 50 μg of genomic DNA was used as template for each replicate. Therefore, 

multiple PCR reactions were performed, each using 3 μg of genomic DNA per 50 μl 

reaction volume. The hairpin region was PCR amplified from the purified genomic DNA 

using the following conditions: 5 µl primary PCR primer mix, 4 µl dNTP mix, 1x Ex Taq 

buffer, 0.75 µl of Ex TaqDNA polymerase (TaKaRa), and 6 µg genomic DNA in a total 



reaction volume of 50 µl. Thermal cycler PCR conditions consisted of heating samples to 

95oC for 5 min; 15 cycles of 94 oC for 30 sec, 65 oC for 30 sec, and 72 oC for 20 sec; and 

72 oC for 5 min. PCR reactions were then pooled per sample. A secondary PCR step was 

performed containing 5uM of common barcoded 3’ primer, 8 µl dNTP mix, 1x Ex Taq 

buffer, 1.5 µl Ex TaqDNA polymerase, and 30uL of the primary PCR mix for a total 

volume of 90 µl. 10 µl of independent 5’ barcoded primers was then added into each 

reaction, after which the 100 µl total was is divided into two 50 µl final reactions. 

Thermal cycler conditions for secondary PCR were as follows: 95 oC for 5 min; 15 cycles 

of 94 oC for 30 sec, 58 oC for 30 sec, and 72 oC for 20 sec; and 72 oC for 5 min. Individual 

50uL reactions from the same 5’ barcoded primer were then re-pooled. Reactions were 

then run on a 2% agarose gel and intensity-normalized. Equal amounts of samples were 

then mixed and gel-purified using a 2% agarose gel. This master mix containing all 

individually barcoded samples was sequenced using a custom-sequencing primer on the 

Illumina HiSeq2000.  

(5) Illumina data Extraction and normalization  

Raw Illumina sequence reads were extracted for each shRNA in the murine 40k pool for 

each experimental sample. Raw reads were normalized across Illumina sequencing lanes 

by generating a value, shRNA reads/106 total reads, by dividing the individual shRNA 

raw reads/ the total reads for a sample * 106. This allowed comparison of data across 

several Illumina lanes, each with slightly different total raw reads. 

For every shRNA a Log2 Fold Change (Log2FC) value was calculated from the 

difference in the abundance in the late time point sample and the initial sample (4 days 

post infection).  



(6) Collapsing shRNA scores to gene rankings 

The GENE-E program (http://www.broadinstitute.org/cancer/software/GENE-E) (4) was 

used to collapse shRNA Log2FC values to gene rankings by 3 complementary methods. 

These methods included (1) ranking genes by their highest shRNA Log2FC score, (2) 

ranking genes based on the rank of the weighted second best score (ranked top shRNA25% 

weight + second best shRNA 75% weight) and (3) ranking genes using a KS statistic in a 

GSEA-like approach (RIGER) for scoring genes based on the p-value rank of the 

Normalized Enrichment Scores (NES) (4). The NES represents the bias of the set of 

shRNAs targeting each gene towards the phenotype of interest, for example depletion in 

one class of samples vs. a second class.  

To assess the significance of a gene score obtained by the second best or KS scoring 

methods described, p-values were computed based on 10,000 random samplings of 

shRNAs to create artificial genes with the same number of shRNAs as the gene of 

interest (correcting for different set sizes of shRNA targeting different genes). The p-

value reflects the number of times such an artificially constructed gene received a score 

as good as or better than the gene of interest. Therefore, the smaller the p-value the less 

likely such a gene score could have been obtained at random.  

On average, 58% of the shRNA suppress their target genes greater than 70% using qPCR 

measurements of endogenous transcript levels (The RNAi Consortium, unpublished data). 

Thus a simple average of shRNA scores is not ideal since not all shRNAs are effective. 

Since the single shRNA and second best shRNA methods depend only on the 1 to 2 

shRNAs of strongest effect, the influence of ineffective shRNAs on gene scores is 

minimized. The KS statistic however considers all shRNAs from each gene in producing 



a gene score. It is thus more sensitive to cases for example in which all five shRNAs 

score moderately for depletion. Since a higher false positive rate with the single shRNA 

ranking method is predicted due to off-target effects compared to the other methods, only 

the top 100 genes identified by this method were selected for further analysis, while the 

top 200 genes from each of the other two methods were selected. A union was taken of 

the genes identified by these three methods. 

(7) Array-based viral infection and cell proliferation assay  

For array-based viral infection and assessment of proliferation, 2.5 μl virus was mixed 

with 250 cells in 100 μl medium containing 8 μg/ml polybrene per well in 96-well plates. 

The plates were spun at 2250 rpm/37oC for 30 min. immediately after spinning, 

supernatants were gently aspirated off and 100 μl fresh medium was added to each well 

of the 96-well plates. After 2 days incubation, medium was gently aspirated off and 100 

μl fresh medium containing 3 μg/ml puromycin was added to each well of the 96-well 

plates. The plates were back to culture for additional 3 days and then the viable cells were 

monitored by alamarBlue (Invitrogen) assay according to manufacturer's instructions.  

 

Non-targeted flow-injection-analysis mass spectrometry for metabolomics  

Cells were plated into 6-well plates in RPMI 1640/10% dialyzed FBS/1% pen/strep and 

medium was changed daily. When the cells reached 80% confluence, they were washed 3 

times with warm washing buffer (75 mM ammonium carbonate, pH7.4), and plates were 

then immediately placed on dry ice. 500μl of extraction buffer (80% methanol, -80°C) 

was added to each well and the plates were kept on dry ice for 15 min. The supernatants 

were collected into 1.5ml eppendorf tubes, and another 500μl of cold extraction buffer 



was added to each well. After 15min incubation on dry ice, the supernatant and the cells 

were collected and pooled with the previously collected supernatant. The tubes were spun 

at 3750rpm/4oC for 30 min, and then supernatants were transferred into fresh tubes and 

saved at -80oC. All reactions were performed with 5 replicates.  

Prior to mass spectrometer injection, dried extracts were reconstituted in LCMS grade 

water. Non-targeted, flow-injection time-of-flight mass spectrometry was performed as 

described(5). Briefly, the mass spectrometry platform consists of an Agilent Series 1100 

LC pump coupled to an Agilent 6520 Series Quadrupole Time-of-flight mass 

spectrometer (Agilent, Santa Clara, CA) equipped with an electrospray source operated in 

negative and positive mode. The flow rate was 150 μl/min of mobile phase consisting of 

isopropanol/water (60:40, v/v) buffered with 5 mM ammonium carbonate at pH 8.5. 

Mass spectra were recorded from m/z 50 to 1000 with a frequency of 1.4 spectra/s for 

0.48 min using the highest resolving power (4 GHz HiRes). All steps of data processing 

and analysis were performed with Matlab R2010b (The Mathworks, Natick) using 

functions native to the Bioinformatics, Statistics, Database, and Parallel Computing 

toolboxes.  

 

Plasmid constructs and mutagenesis 

All pLKO.1-shRNAs used in the current study were purchased from Broad Institute. 

Wild type cDNAs encoding murine DTYMK (BC030178) were purchased from Thermo 

Scientific. shRNA-resistant cDNAs were made by mutagenesis PCR and subcloned into 

the BamH I and XhoI sites of pLenti6 vector (Invitrogen) to generate pLenti6-Dtymk-R1 

and pLenti6-Dtymk-R3. Dtymk-R1 was introduced by primer pair (forward) 5’-



TCGGtAAACTACTCAACTCGTATTTGG-3’ and (reverse) 5’-

CCAAATACGAGTTGAGTAGTTTACCGA-3’. Dtymk-R3 was introduced by primer 

pair (forward) 5’-AAACTGAGCTTGAAGACCATTCAGTGC-3’ and (reverse) 5’-

GCACTGAATGGTCTTCAAGCTCAGTTT-3’. All mutagenized plasmids were 

confirmed by sequencing.   

 

Lentiviral production of individual shRNAs and target cell transduction  

Lentiviral production and target cell transduction were performed according to previously 

description (6). Briefly, 293T cells were co-transfected with pLenti-vector, pCMV-

dR8.74psPAX2, and pMD2.G using TransIT-LT1 transfection reagent (Mirus). Thirty-six 

h after transfection, the supernatant was harvested and spun at 3000 rpm/4oC for 10 min, 

and then incubated with target cells in the presence of 8 μg/ml polybrene (Sigma) for 24 

h. Two days after infection, the cells were collected for further analysis as indicated in 

the presence of 3 μg/ml Puromycin for mouse lines and 6 3 μg/ml Puromycin for  human 

lines (Invitrogen).  

 

Cell proliferation assay  

Cells were plated into 96-well plates at 2000 cells per well in 100 μl, with addition of 

puromycin at 3 μg/ml for shRNA lentivirus infected cells, or with addition of variable 

doses of drug for drug treatment effects. Viable cells were measured daily or for a period 

of up to 3 days either by Promega CellTiter-Glo Luminescent Cell Viability Assay or by 

Dojino’s Cell Counting Kit-8 assay. All proliferation assays were performed in triplicate 

wells.  

 



RNA extraction, reverse transcription, and RT-quantitative PCR  

Total RNAs of cultured cells were extracted using Trizol (Invitrogen). To generate cDNA, 

1 μg total RNA was reverse transcribed (RT) using ImProm-II RT system (Promega) 

according to the manufacturer’s instructions. Real-time quantitative PCR (qPCR) reaction 

was performed in a final volume of 20μl containing 10μl 2x SYBR Green PCR master 

mix (Applied Biosystems), 1μl 10 μM forward primer, 1μl 10 μM reverse primer, and 

cDNA corresponding to 45 ng RNA using StepOnePlus Real-Time PCR System (Applied 

Biosystems) according to the manufacturer’s protocol. All reactions were performed in 

triplicate wells. All qPCR primers were designed using Primer3. The primers were as 

follows: mouse/human Dtymk/DTYMK: (forward) 5’-GTGCTGGAGGGTGTGGAC-3’, 

and (reverse) 5’-TTCAGAAGCTTGCCGATTTC-3’; mouse TK1: (forward) 5’-

CCAGATCGCCCAGTACAAGT-3’, and (reverse) 5’-

CAAGGACTCCTGGGTCACAT-3’; mouse β-actin: (forward) 5’-

CTAAGGCCAACCGTGAAAAG-3’, (reverse) 5’-GACCAGAGGCATACAGGGAC-3’; 

and human β-actin: (forward) 5’-CAAGAGATGGCCAGGGCTGCT-3’, and (reverse) 

5’-TCCTTCTGCATCCTGTCGGCA-3’. All qPCR reactions were performed in triplicate.  

 

Western blot and antibodies 

Upon reaching 80-90% confluence, cells in 6-well plates were lysed with 250 μl of 1X 

LDS Sample Buffer (Invitrogen) with a protease and phosphatase inhibitor cocktail 

(Thermo), sonicated, and then boiled for 5 min. Twenty microliters of each sample were 

resolved with SDS-PAGE (Invitrogen), and the samples were analyzed by 

immunoblotting with the indicated antibodies. Protein was visualized with horseradish 



peroxidase-conjugated secondary antibodies (Amersham Biosciences) and an enhanced 

Chemiluminescent substrate kit (Thermo). Anti-DTYMK was from ProteinTech; anti-

total- and phospho-CHEK1, anti-γH2AX, anti-RPA32, and anti-LKB1 were from Cell 

Signaling; anti-phospho RPA32 (S4/S8) was from Bethyl Laboratories, anti-RNR-R2 was 

from Santa Cruz; anti-BrdU was from BD Biosciences; and anti-β-actin was from Sigma.  

 

Labeling cells with 3H-dTTP (7)  

Lkb1-wt and Lkb1-null cells in 96-well plates were incubated with 0.25 μCi 3H-dTTP 

(Perkin Elmer) for 6 h and used 0.25 μCi 3H-deoxythymidine (Perkin Elmer) as positive 

and 0.25 μCi 3H-dTTP/non-cells (medium alone) as negative controls. DNA was captured 

with a cell harvester onto glass fiber (Perkin Elmer, # 1450-421), which was then placed 

into a liquid scintillation counting container for counting on a scintillation beta-counter.  

 

Pulse-labeling cells with IdU and immunofluorescence stain (8, 9) 

Lkb1-wt and Lkb1-null cells were plated into multiple chamber slides for overnight 

culturing and then incubated with 100 μM IdU (Sigma) for 20 min. The cells were fixed 

with 3.7~4% formaldehyde (Electron Microscopy Sciences), and DNA were denatured 

with 1.5N HCl. The cells were immunostained with mouse anti-BrdU (BD Biosciences) 

and then Alexa Fluor 594-conjugated anti-mouse IgG (Invitrogen).  
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