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1) Datasets of ovarian and breast carcinoma  

TCGA ovarian and prostate cancer cohorts  

In-house cohort 

Primary tumors and cell lines from public repositories  

Paired-end WGS from EGAS00001000155 and WES from ERP000703 and ERP000704 
were aligned using BWA 0.7.0a software with 1 mismatch in seed alignment (of size 22) (1). 

SKOV3 cell line 

2) SNP array processing  

In-house DNA samples were hybridized on Cytoscan® HD arrays (Affymetrix, Santa Clara, 
CA, USA) and normalized using ChAS software (2). SNP arrays from GEO and TCGA were 
normalized using Genome Studio (3) or Genotyping Console (2).  

The number of interstitial gains in the tumor genomic profile was calculated after filtering 
micro-alterations (<50 SNPs in size) and following a step-wise procedure according to the 
alteration size. Alteration was considered as interstitial gain if copy number state of the 
alteration was higher than identical copy number states from the both sides of alteration. 
Starting from the smallest segments between two consecutive breakpoints the interstitial 
gains were counted and then smoothed. Following this step-wise smoothing “gain in gain” 
structure was mined as two gains.  

When separating highly altered tumors with regular gain structure, the lower boundary of 2 
Mb was necessary to ensure the separation of tumors with a regular gain pattern from 
tumors with numerous irregular small-scale amplifications.  

The number of Large-scale State Transitions (LSTs), characterizing a homologous 
recombination deficiency (HDR) were calculated as described in (4). Briefly, a LST was 
defined as a chromosomal breakpoint (change in copy number or major allele counts) 
between adjacent regions each of at least 10 megabases (Mb) obtained after smoothing and 
filtering small-scale (less than 3 Mb) copy number variation. The number of LSTs was 
counted for each tumor. Two ploidy-specific cut-offs (15 and 20 for near-diploid and near-
tetraploid genomes, respectively) were used to classify tumors as “LSThi” (number of LSTs ≥ 
cut-off, HRD) or “LSTlo” (number of LSTs < cut-off, no HRD). 

HRD (Homologous Recombination Deficiency) and N_TAI (Telomeric Allelic Imbalance) 
scores were calculated as described in (5,6). Briefly, the number of chromosome arms with 



LOH (for HRD) and AI (for TAI) affecting the chromosome arm partially from the telomeric 
side and exceeding 16 and 3 Mb respectively were calculated.  

For stable and consistent performance of HRD signatures in the context of TD-plus 
phenotype an extensive filtering of interstitial gains was performed: all interstitial gains 

<7Mb were filtered stepwise, starting from the smallest gains. Manual verification confirmed 
that the genomic segments contributing to the LST number indeed represent large-scale 
copy number alterations largely independent of interstitial gains. 

Frequency of LOH in ovarian cancer was evaluated based on HGS-OvCa TCGA cohort. 
Chromosome 17, where CDK12 is located (17q12), is almost exclusively observed in the 
LOH state (>90%).  

3) Sequencing CDK12 in tumor DNA and breakpoint validation 

4) Mate-pair WGS 

Mate-pair technique was applied with approximately 3000 bp average distance between 
mates and with an average of 40X physical whole genome coverage. More than 85% of 
reads were mapped. Between mate distance was 3±1kb with a long and heavy tail up to 
10kb. 

5) WGS processing 

Mate-pair in-house WGS 

Alignment was performed using Bfast+BWA 0.7.0a tools with 1 mismatch in seed alignment 
(of size 22) and mismatches up to 4% of read length; the alignment with the best score was 
reported (1,7). 

All manipulations with the sequencing data were performed using Samtools (8), BedTools (9) 
and Picard tools (10). Manual inspection of sequencing data was effectuated using IGV 
(Integrative Genomic Viewer) (11). 

Abnormally mapped pairs were extracted using SVdetect tool (12). Copy number alterations 
profiles were obtained using Control-FREEC tool (13). Structural alterations were called by 
DELLY software (14). The intra-chromosomal alterations <30kb were not considered.  

Processing predicted structural alterations: Focusing on the characterization of the regular 
gains observed in the SNP-array profiles, structural alterations reported by WGS were 
stringently filtered. WGS Quality Alteration was defined based on the mapping quality and 
the number of mates covering the breakpoint. Only WGS Quality Alteration and/or SNP-array 
supported alterations were considered.  

In more details, structural alterations detected from WGS were crossed with breakpoints 
detected by SNP-arrays as follows: (i) Predicted structural alterations with Mapping Quality > 
39 (maximal 44) and being supported by >9 mate-pair reads (>39 for the cell line) were 
designated as WGS quality alterations. (ii) WGS quality alteration was considered to fit SNP-
array breakpoint, if the distance between the two was less than 500 kb (30, 50, 100, 500 kb 
distances were tested sequentially); the vast majority of breakpoints had corresponding WGS 
alteration at <50 kb distance. (iii) All SNP-array breakpoints without WGS quality alteration 
found within 500kb distance were attempted to be annotated by the WGS alterations 
regardless the quality and coverage of the latter. (iv) The resulting list of WGS alterations 
included SNP-array supported alterations and other quality alterations.  



As ~20% of WGS Quality alterations without any correspondence to the SNP-arrays were 
found to be in centromere/telomere and largely common for all three sequenced primary 
tumor samples, all alterations at less than 3Mb distance from centromere/telomere and 
alterations common for at least 2 cases were filtered out  

Detecting split-read sequence at the breakpoint junctions: All abnormally paired and 
unmapped reads were collected and re-aligned using BWA mem algorithm with seed of 20 
bp with 2 mismatches and reporting all the detected alignments (1). The read sequences 
mapped at the vicinity of the detected breakpoints were extracted. Reads with high quality 
and aligning to both breakpoint regions were selected. Microhomology sizes at the 
breakpoint junctions were extracted. 300 nucleotides were extracted from both sides of the 
breakpoint genomic coordinates. Homology was tested between two couples of DNA 
fragments using the Blat software and a minimal reported size of 30 bp. 

TCGA paired-end WGS data 

WGS paired-end data for 25 primary ovarian tumors available in the TCGA were pre-
processed to reduce the size of initial .bam file: abnormally mapped pairs (SVdetect tool 
(12)) were merged with 5% of randomly selected read pairs and filtered for low quality reads 
and mappings. The further processing was performed in a similar way as in-house WGS 
mate-pair data. DELLY-predicted (14) tandem duplications (TDs) were filtered according to 
the coverage (>10 paired-end reads) and mapping quality (>20). Alterations in telomeric and 
centromeric regions were filtered out. TDs positioned in <100bp vicinity in several tumors 
were filtered out. From 27 to 70% of SNP-array breakpoints per tumor were annotated with 
WGS alteration in these series (paired-end WGS technique is less sensitive in measuring 
large-scale structural alterations than mate-pair WGS). The sequences at the breakpoint 
junction were found for 186 TDs, 207 deletions and 179 translocations.  

Mutation call in WES (whole exome sequencing) for a causative gene 

Supposing the interstitial gains in SNP-array profiles to be a readout for TDs, we considered 
the abundance of small-scale gains (<1.5Mb) in the tumor genomic profiles. Based on the 
number of reported gains and after manual inspection of CN profiles, we chose 13 tumors 
(10 ovarian and 3 breast cancer cases) with top rate of interstitial gains for mutational 
analysis. In order to find pathogenic mutation(s) responsible for presumable tandem 
duplicator phenotype in these 13 cases the mutational analysis was performed. After piling 
up all single nucleotide variants (SNVs) and small insertions and deletions (indels), exonic 
unknown or rare variants were selected. Variation filtering criteria were softened in order to 
minimize the number of false negatives and further apply self-validation and common hits 
verification strategy.  

Pile-up and annotation of variation was performed using Samtools (8) and Annovar (15) 
without any filtering by default. For the WES in which we aimed at minimizing false negative 
calls, the following filters were applied: (i) coverage ≥10; (ii) alternative allele frequency >0.1; 
(iii) annotated SNPs were excluded if frequency of heterozygous allele was > 0.01; (iv) LOH 
at the gene locus detected from SNP-arrays. Further filtering was based on the comparison 
of all 13 samples: each SNP or genomic position/alteration common for at least 2 cases was 
excluded. The list of genes with detected deleterious mutations was crossed with the list of 
cancer associated genes and DNA repair pathways.  

For the mutational calls from WGS we aimed at maximal possible reduction of the germline 
variation, so all annotated known or homozygous SNPs were excluded. For each sample the 
genomic segments were annotated as TDs or not-TDs and mutation rate was compared with 
respect to the segment lengths. 



Analysis of somatic mutations rate in the TCGA WES and WGS 

Pile-up and annotation of variation was performed using Samtools (8) and Annovar (14) 
without any filtering by default. To exclude mapping and sequencing artifacts any identical 
mutations observed in at least two cases were excluded. (i) WES from the TCGA cohort. In 
order to find a gene (or genes) mutated in the tumors with high frequency of interstitial gains 
all piled-up variation was filtered by coverage (<10 excluded), alternative allele frequency 
(<0.4 excluded), LOH status concluded from SNP-arrays (not LOH regions excluded), only 
unknown or rare exonic variants were considered. (ii) WGS from the TCGA and in-house 
cohorts. In order to estimate a rate of somatic mutations in TDs based on WGS all the known 
variants were excluded from the piled-up variation. The TCGA WGS were filtered by 
coverage (<10 excluded) and alternative allele frequency (>0.4 excluded). 

6) TDs and genomic functional, structural and regulatory regions 

To address the spatial distribution of TDs along the genome all 4 CDK12 mutated tumors 
with available WGS were considered (3 in-house and 1 TCGA). The rainfall plot was built 
based on the centers of 1745 TDs from 4 tumors. The between center distance distribution 
was compared to the random using the permutation test. The spatial enrichment was tested 
based on the number of TDs detected along the genome. The peaks of TD frequency in 
WGS and in SNP array were compared.  

GC content was calculated within TDs in 4 CDK12 mutated WGS tumors (3 in-house and 1 
TCGA); the genomic regions with frequent appearance of TDs were compared to the regions 
with sparse TDs.  

Localization of TDs with respect to the chromatin structure and organization was explored 
using publically available profiles mainly from the ENCODE project, including replication time 
and CTCF binding sites (16-19). To test the chromatin structure and organization HeLa and 
MCF7 cell lines were considered (no ovarian cancer cell line profile in now available in the 
ENCODE). The enrichment of central parts of TDs was tested for the early and late 
replication time domains and compared with randomly sampled TDs. The distance from TD 
junctions to the binding sites of insulator protein considered and compared to randomly 
sampled TDs. 

To test location of TDs relative to the gene loci only mate-pair WGS tumors were considered. 
1366 TD breakpoint junctions in the 3 in-house CDK12 inactivated tumors were tested for 
enrichment in the gene loci. 

7) Analysis of gene expression 

Detection of expressed gene loci 

To estimate enrichment of TDs in the gene loci RefSeq genes and RNA-seq RPKM (reads 
per kilobase per million reads) values were used. Median RPKM was calculated for the 
TCGA ovarian cancer cohort. A gene was considered to be expressed if its median was in 
the top 80% of the reported values. 

Hybridization of in-house arrays 

RNA samples, available for 86 tumors, were hybridized on GeneChip® U133Plus 2.0 arrays 
(Affymetrix). Raw data were normalized by RMA algorithm and log2 transformed. Using 
clustering and PCA (principal component analysis) tumors with low grade and divergent 
histological subtypes were filtered out.   



Differential expression analysis of CDK12-inactivated tumors 

Data normalization: First, low expressed and low variance genes were filtered out; second, 
the data matrix with expression values was 10 times double centered and standardized in 
order to minimize biases; third, tumors with mesenchymal molecular subtype were excluded.  

Selection of the reference group of CDK12-intact tumors: Principal components (PC) were 
calculated using all the genes and non BRCA1/2 samples from the normalized data matrix 
and 5 nearest neighbors for each tumor with CDK12 TD-plus phenotype were selected in the 
subspace of the first 5 PCs. For 17 CDK12 TD-plus tumors 57 matched (reference) cases 
were selected. 

Differential analysis: T-test was applied to compare mean values in the group of tumors with 
CDK12 TD-plus phenotype versus (a) the reference group and (b) all cases without CDK12 
TD-plus phenotype (excluding mesenchymal subtype). Minimal significant P-value in the t-
test was set to 0.01 not corrected for multiple testing.  

Validation: Analysis of RNA-seq data of the same TCGA dataset was performed (p<0.01). In-
house Affymetrix expression data comprised 36 non-mesenchymal cases, including 3 
CDK12 mutated ones. Fold change and p-value was calculated for the genes found 
dysregulated in the TCGA analysis.  

Analysis of correlation and gene sizes: The genes correlated to CDK12 expression were 
selected based on the TCGA cohort (except mesenchymal subtype) as follows. First, the 
genes correlated to CDK12 at |r| > 0.5 were selected; then, PCA was applied to these genes. 
The genes correlated to PC1 with |r| > 0.6 were selected to be associated to the CDK12 
expression. A set of >300 genes were obtained for TCGA RNA-seq data and a set of <100 
genes were obtained for TCGA Affymetrix data. Enrichment of large genes was tested in 
these gene sets by the t-test.  

Copy number signal in expression: As ovarian cancers are largely driven by copy number 
alterations (22,23), copy number variation need to be considered as a confounding factor. 
The t-test was applied to compare mean relative copy numbers in the groups of comparison 
(CDK12 TD-plus phenotype versus the matched reference samples). 

8. Statistics  

Random sampling TDs and permutation test 

Centromeric and telomeric regions were excluded from the human genome and all the rest 
genomic positions were enumerated. Random sampling of N TDs of l1,…, lN sizes consisted 
in sampling of N genomic positions and designating TDs centered at these positions with the 
indicated sizes. The sizes l1,…, lN were taken to be equal to the actual sizes of TDs 
detected in the analysis of CDK12 mutated tumors. Random sampling was performed 500 
times and a feature distribution was obtained. 

  



Supplementary Tables (description) 

Table S1 Characteristics of mate-pare sequencing of 3 primary ovarian tumors and the 
SKOV3 cell line are shown (Table S1A). Structural alterations filtered and validated by SNP 
arrays are shown (Table S1B). 

Table S2. The list of alterations detected in MP2, MP3 and MP4 tumors with indication of the 
split-reads at the junctions and validation performed by PCR and Sanger sequencing are 
shown.  

Table S3. Summary for structural alterations detected from paired-end WGS for 25 TCGA 
ovarian tumors by DELLY software is shown. 

Table S4. The list of differentially expressed genes in CDK12-inactivated ovarian cancers. 

 

Supplementary Figures (description) 

1. CDK12 inactivation is associated with a high frequency of interstitial gains 

Figure S1. 3 deleterious CDK12 mutations (one splice mutation and 2 frameshift deletions) 
associated with LOH were found in tumors without reported mutation by re-analyzing WES 
and RNA-seq data. 

Figure S2. Two cases with CDK12 promoter methylation (TCGA-09-1667 and TCGA-30-
1866), which do not show the genomic pattern similar to the CDK12 mutated tumors and two 
genomic profiles from tumors with missense mutations in CDK12 (kinase domain) not 
displaying massive middle-scale gain pattern of alteration are shown. 

Figure S3. Mutations in CDK12 found in 4 tumors from the in-house cohort. 

2. Regular gains in CDK12 mutated ovarian tumors are due to tandem duplications 

Figure S4. Examples of chromosomic SNP-array profiles and WGS alterations displaying a 
high consistency are shown.  

Figure S5. Distribution of TD sizes and microhomology at the junctions are shown for the 3 
sequenced cases.  

3. CDK12-mutated ovarian tumors exhibit peculiar phenotype designated here as 
CDK12 TD-plus phenotype  

Figure S6. SNP array profiles of the primary tumor aePEO14 and derived cell line PEO14 
with the tandem duplicator phenotype described in (20) processed using GAP software (21) 
are shown.  

Figure S7. Analysis of PD3722a WGS data using Control-FREEC software (13) and IGV 
genome browser (11). 

Figure S8. Distributions of TDs and TD sizes in 25 WGS cases from the TCGA cohort are 
shown.  



Figure S9. The number of interstitial gains of (<1.5Mb) define a group of tumors with possibly 
TD phenotype: 13 tumors (10 ovarian and 3 breast cancer cases) with top rate of interstitial 
gains were selected for further mutational analysis. 

Figure S10. TD-plus phenotype in the TCGA breast and prostate cancer cohorts were 
analyzed. The breast tumor profile (TCGA-A2-A04U) resembling the CDK12-mutated ovarian 
tumors with the regular gain pattern is shown. However, mutation in CDK12 was not found. 
Five CDK12 mutations in 7 prostate tumors from the TCGA prostate adenocarcinoma cohort 
(PRAD) with TD-plus phenotype are listed. Two cases with reported mutations in CDK12 
were not suitable for SNP-array analysis due to low quality.    

4. Stochastic appearance of tandem duplications in CDK12 TD-plus tumors 

Figure S11. GC content in TDs (based on 4 WGS tumors with CDK12 inactivation) and 
mutation rates in TDs versus not affected segments (based on WGS TCGA-24-1466 case) 
are shown.  

Figure S12. Recurrence of TDs in the tumors with CDK12 TD-plus phenotype (based on 4 
WGS tumors with CDK12 inactivation).  

Figure S13. TDs genomic location with respect to the replication time and CTCF binding sites 
is shown (based on HeLa and MCF7 ENCODE profiles). 

Figure S14. Genomic location of TDs in CDK12 mutated tumors and the gene loci are 
shown. 

5. CDK12 TD-plus phenotype does not display genomic homologous recombination 
deficiency (HRD) hallmarks 

Figure S15. Three genomic signatures of HRD provide contradictory predictions about 
genomic HRD in the tumors with CDK12 TD-plus phenotype. 

Figure S16. Copy number genome profiles in tumors with CDK12 TD-plus phenotype and 
genomic HRD measured by LST signature.  

6. Comparative transcriptomic analysis of CDK12-inactivated ovarian tumors 

Figure S17. CDK12 mutated tumors were never found to cluster together with mesenchymal 
subtype. 

Figure S18. Specific molecular features of tumors with CDK12 TD plus phenotype, p-value 
distribution and summary of between platform and between cohorts validation of the 
differential analysis are shown. 

Figure S19. Set of genes correlated to CDK12 is enriched in large genes. 

Figure S20. Expression of ATM, CSTF3 and RPRD1A in a CDK12 context is shown. 

7. Microhomology end joining pattern as compared to CDK12 wild-type tumors 

Figure S21. Mate-pair WGS analysis was performed for the ovarian cancer cell line SKOV3 
with increased number of small interstitial gains <1Mb.  

Figure S22. The size of microhomology at the abnormal junctions in ovarian tumors were 
found to have overall similar features, whether they arose from large or small TDs; the 
results are concordant with those obtained previously (24). 
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