
Supplementary Figure legends 

   

Supplementary Figure S1. Genome wide shRNA screen. A, Screen schematic. 

The OpenBiosystems GIPZ lentiviral shRNA library was divided into six pools, each 

encompassing 9600 different shRNA constructs. Viral particles generated from each 

pool were used to infect MCF7 cells with 1000 cells per shRNA construct being 

infected. The MCF7 cell population was divided into olaparib and drug vehicle treated 

cohorts and exposed to olaparib or vehicle for 14 days. After this time, genomic DNA 

was extracted from surviving cell populations and the frequency of each shRNA in 

each cell population was measured by massively parallel sequencing. The 

comparison of shRNA frequencies in the vehicle and olaparib treated cohorts 

enabled the identification of shRNAs modulating the response to olaparib. B, 14 day 

clonogenic dose response survival curve for MCF7 cells exposed to olaparib. C, 

FACS plots of GFP frequency in the MCF7 cells infected with GIPZ pools 1-6 at day 

0 and 7 and 14 days during the screen. 

 

Supplementary Figure S2. ATAD5 is a genetic determinant of olaparib 

response. A, 14 day olaparib clonogenic dose response survival curve for MCF7 

cells transfected with control non-targeting siRNA (siCONTROL), siRNA targeting 

ATAD5 (either a SMARTPool of four siRNA species (“siATAD5 pool”) or individual 

siRNA species (“siATAD5_1” and “siATAD5_2”) or siRNA targeting BRCA2. 

siBRCA2 and siATAD5 transfected cells were significantly more sensitive to olaparib 

(in each case p<0.05 ANOVA). Error bars represent standard error of the mean 

(SEM) from three independent experiments. B, Western blot of ATAD5 levels from 

MCF7 cells transfected with siRNAs targeting ATAD5. ACTIN expression is shown 

as a loading control. C, Bar chart illustrating the frequency of MCF7 cells with >5 

nuclear RAD51 foci after exposure to ionizing radiation. MCF7 cells were transfected 

as in (A). Silencing of ATAD5 caused a significant reduction in the frequency of cells 

with >5 nuclear RAD51 foci (p<0.05, Student’s t-test). Error bars represent the SEM 

from three independent experiments. D, Representative confocal microscopy images 

of nuclear RAD51 (red) foci in MCF7 cells transfected with control siRNA (NTC) or 

siRNA targeting ATAD5 or BRCA2 and then exposed to ionizing radiation (IR). Blue 

(DAPI) staining indicates nuclear material. 

 

Supplementary Figure S3. A working model of PARP1/2 inhibitor-induced DNA 

repair. A working model of the DNA damage response (DDR) to PARP1/2 inhibition 

is shown (left). Genes with a known role in replication fork stability and repair and 
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identified in the shRNA screen as modulating PARP1/2 inhibitor sensitivity are also 

shown (right). Genes previously identified as PARP1/2 inhibitor sensitivity genes are 

marked as *. PARP1/2 inhibitor sensitivity genes not identified in the screen are also 

shown in black type. Although a number of models exist to explain the mechanism of 

response to PARP1/2 inhibitors, the consensus view is that PARP1 inhibition leads to 

stalling of replication forks and then subsequent restart, as follows: A, inhibited 

PARP1 (diamond) forms a DNA lesion. As cells enter S phase, replication forks 

(direction of the replication fork is shown in green) eventually encounter and are 

stalled by this DNA lesion (B). Repair of the replication fork occurs via homologous 

recombination (HR - C, D, E). DNA at the replication fork is first resected (C) forming 

single stranded (ss) DNA species. BRCA2 localises RAD51 to the site of damage 

where it is loaded onto ssDNA (D). Strand invasion (E), mediated by RAD51 then 

occurs, followed by DNA synthesis (dashed lines). Resolution of the structure 

generated by strand invasion and subsequent DNA synthesis results in the 

reformation of the replication fork (E). The process described above requires the co-

ordinated activity of a series of proteins and processes. For example, as HR requires 

the use of the sister chromatid to provide a DNA template for DNA repair (E), it 

seems possible that proteins involved in sister chromatid cohesion (cohesins such as 

SMC3 etc.) are critical to this process. Similarly, the recruitment and accessibility of 

DNA repair factors to the site of DNA damage might also be mediated by proteins 

such as the SMARC family, that modulate chromatin structure at replication forks. 

The repair of DNA lesions that cause replication fork arrest (B) is known to be 

mediated by the Fanconi’s Anaemia family of proteins and is also controlled by the 

function of BRCA1 and its associated proteins. In particular, BRCA1 has a critical 

role in inducing DNA resection prior to DNA repair (C), an event that determines the 

selection of HR as the mechanism of DNA repair rather than Non-Homologous End 

Joining (NHEJ). DNA strand invasion (E) is mediated by proteins such as RAD51, 

RAD52 etc. in addition to a host of accessory proteins. See also Supplementary 

Table 3.  

 

Supplementary Figure S4. Inhibition of CDK12 sensitises serous ovarian 

cancer cells to olaparib and cisplatin. A, 14 day olaparib survival curves of PEO14 

cells infected with shRNA expression constructs for CDK12, BRCA1 or NTC (non- 

targeting control). Error bars represent the SEM from three independent 

experiments. Each CDK12 shRNA significantly sensitised cells to olaparib (p<0.05, 

ANOVA). B, Western blot of protein lysates from the cells shown in (A). ACTIN 

expression is included as a loading control. C, 14 day olaparib survival curves of 
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CAOV3 cells transfected with either CDK12 cDNA or empty vector plasmids. Error 

bars represent the SEM from three independent experiments. CDK12 cDNA 

significantly rescued the sensitising effects of olaparib in comparison to empty 

plasmid (p<0.05, ANOVA). D, 14 day paclitaxel clonogenic survival curves of OV90 

cells expressing shNTC or shCDK12 expression constructs. Error bars represent the 

SEM from three independent experiments. E, 14 day cisplatin survival curves of 

OV90 cells infected with shRNA expression constructs for CDK12 or NTC (non-

targeting control). Error bars represent the SEM from three independent 

experiments. Each CDK12 shRNA significantly sensitised cells to cisplatin (p<0.05, 

ANOVA). F, 14 day cisplatin survival curves as in (E) for PEO14 cells. Error bars 

represent the SEM from three independent experiments. Each CDK12 shRNA 

significantly sensitised cells to cisplatin (p<0.05, ANOVA). 

 

 

Supplementary Figure S5. CDK12 silencing and the impact on expression of 

DNA repair proteins. A, Bar chart illustrating CDK12 gene silencing causes BRCA1 

suppression in OV90 cells expressing different CDK12 shRNAs. RT-PCR was used 

to estimate BRCA1, RAD51, FANCD2, FANCI and ATR mRNA expression. Error 

bars represent SEM from three independent measurements (*p<0.05, **p<0.001, 

***p<0.0001, Student’s t-test). B, Western blot of ATR expression using whole cell 

lysates also analysed in Fig 4B. Western blot shown in top panel of Fig 5E was 

probed for ATR expression. ACTIN expression from Fig 5E is included as a loading 

control. C, Western blot of 53BP expression in OV90 cells transfected with 

CONTROL, CDK12 or 53BP1 siRNAs. ACTININ expression is included as a loading 

control. 

 

Supplementary Figure S6. Targeting of CCNK sensitises serous ovarian cancer 

cells to olaparib and cisplatin. A, 14 day olaparib clonogenic survival curves of 

OV90 cells transfected with a control non-targeting siRNA (siControl) or siRNAs 

targeting either CDK12, CCNK or BRCA1. Error bars represent the SEM from three 

independent experiments. CDK12 and CCNK siRNA silenced OV90 cells sensitized 

to olaparib (p<0.05, ANOVA). B, 14 day cisplatin clonogenic survival curves of OV90 

cells transfected as in (A) Error bars represent the SEM from three independent 

experiments. CDK12 and CCNK siRNA silenced OV90 cells sensitized to cisplatin 

(p<0.05, ANOVA).  
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Supplementary Figure S7. OV90 cells expressing either control shRNA (shNTC) or 

CDK12 shRNA (shCDK12) were xenografted into immunocompromised mice. Once 

xenografts had established, mice were treated either with olaparib or with the drug 

vehicle for 42 days as described in the Materials and Methods. Mouse body weight in 

each cohort is shown. 
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Supplementary Table legends 

 

Supplementary Table S1 

Antibody reagent list used in study 

 

Supplementary Table S2 

shRNA constructs with Olaparib Drug Effect Z scores <-1.96. 

 

Supplementary Table S3 

shRNA constructs with Olaparib Drug Effect Z scores >1.96. 

 

Supplementary Table S4.  

DNA repair involvement of PARP inhibitor sensitisation genes found in the screen. 

PMID numbers refer to pubmed entries. 

 

Supplementary Table S5.   

Tumor-specific CDK12 mutations described in publically available sequencing data 

(1).  

 

 

Supplementary Materials and Methods 

 

Genome-wide shRNA screen  

For the Genome-wide screen shRNA sequences were recovered from the genomic 

DNA by PCR amplification using Amplitaq Gold polymerase with the following 

primers:  

p5+mir30: AATGATACGGCGACCACCGACTAAAGTAGCCCCTTGAATTC  

p7+Loop: CAAGCAGAAGACGGCATACGATAGTGAAGCCACAGATGTA 

 

PCR products from multiple identical parallel reactions (sufficient to amplify DNA 

from 1000 cells per shRNA construct in each viral pool) were subsequently pooled, 

concentrated and then sequenced on an Illumina GAIIx platform according to the 

manufacturer’s instructions.  

 

Sequence image analysis and base calling were performed using the Genome 

Analyser pipeline v1.5 (Illumina). Short reads were aligned to shRNA library using a 

bespoke software package, shALIGN (2). In alignment, we allowed up to two 



CDK12 and PARP inhibitor sensitivity                                                                                              6 

mismatches to the reference sequence. Statistical analysis of screen results was 

performed in R using a bespoke software package, shRNA-seq (2). Briefly, read 

counts per shRNA in each sample were log2 transformed and then the ratio of reads 

in olaparib treated vs. vehicle treated samples was calculated. Each log ratio was 

then normalised to the average shRNA abundance in each pool, to account for 

biases in shRNA abundance. Normalised log ratios were then re-scaled by the pool 

Median Absolute Deviation (MAD) to ensure comparable distributions between 

different pools. A similar approach was used to estimate the viability effect (VE) of 

each shRNA in the absence of olaparib. Here we compared shRNA frequency data 

from vehicle-treated samples with shRNA frequency in the original plasmid pool used 

to generate virus. Using linear regression, variation in the drug effect (DE) related to 

the VE was removed. The resultant DE log ratios were then quantile normalised to 

allow comparison between biological replica screens. DE scores for each shRNA 

were calculated and a Z-score threshold of >1.96 or <-1.96 was used to call hits. 

Genes were annotated using GO Terms and DAVID (3). Networks were identified 

and visualized using STRINGv9.1 (4). 

 

Cell-based assays  

Cell lines were transfected with SMARTpool siRNAs (Dharmacon), siRNA targeting 

CDK12, CCNK or siCONTROL A (Santa Cruz Biotech) using RNAiMax (Invitrogen) 

transfection reagent. Cell lines were infected with GIPZ shRNA constructs packaged 

as lentivirus and after 72hrs selected with 2μg/ml puromycin.  

 

Clonogenic survival assays were performed as previously described (8). Short-term 

survival assays were performed in 96-well plates. Cells were seeded in 96-well 

plates and drug was added after 24 hours. Cell viability was estimated after seven 

days using Cell-Titre Glo (Promega). Surviving fractions (SFs) were calculated and 

drug sensitivity curves plotted as previously described (8). 

 

Immunohistochemistry 

The quantification of nuclear RAD51 foci was performed as previously described (8). 

Briefly, 200,000 OV90 cells were plated onto cover slips (BD Biosciences, Oxford, 

UK).  16 hours later, cells were exposed to 8 Gy ionizing radiation. Five hours later, 

cells were fixed, permeabilized, then immunostained with primary antibody targeting 

RAD51 (Santa Cruz Biotech) and detected with a Texas red conjugated secondary 

antibody. DAPI staining was used to detect nuclei. Nuclear foci were visualized by 

confocal microscopy and a minimum of 100 fields of view were assessed. Each 
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experiment was repeated twice with the individual visualizing slides, blind to their 

identity. 

 

Survival analysis 

OS analysis was performed using stage-II–IV HGS-OVCa samples samples from the 

TCGA dataset (5). mRNA Z score data files were downloaded from the cBioPortal (6, 

7). Patients were categorized into those with high or low tumor CDK12 mRNA 

expression based on whether Z score expression were >1 (high) or <-1 (low). Based 

on these categories log rank analysis and Kaplan-Meier plots were produced using 

Prism Software (Graphpad). 

 

In vivo efficacy studies 

OV90 cells infected with either non-targeting shRNA (shNTC) or shCDK12 

expression constructs were diluted 2:1 in matrigel (BD Biosciences) and then 

injected into the bilateral flanks of 6–8 week old female athymic nude mice (seeding 

density = 2.5 x 106 cells per graft). Once tumors were palpable (>20 mm3), mice were 

randomised into one of four cohorts as described in the main text (10 animals per 

cohort, 40 animals in total). After randomisation, drug dosing was initiated. For 

olaparib, we administered a daily 50 mg/kg dose to each animal, for the duration of 

the study, using an intraperitoneal route of administration (8). Drugs were 

resuspended in a 2-hydroxypropyl-β-cyclodextrin (HBC) vehicle prior to 

administration (8) with control mice receiving vehicle alone. All in vivo modelling was 

carried out according to regulations set out in the UK Animals (Scientific Procedures) 

Act 1986 and in line with a UK Home Office approved project licence held by AA and 

approved by the local ethics board. 
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