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Abstract  

Chromothripsis is detectable in 20-30% of newly diagnosed multiple myeloma (NDMM) 

patients and is emerging as a new independent adverse prognostic factor. In this study, 

we interrogate 752 NDMM patients using whole genome sequencing (WGS) to study the 

relationship of copy number (CN) signatures to chromothripsis and show they are highly 

associated. CN signatures are highly predictive of the presence of chromothripsis 

(AUC=0.90) and can be used to identify its adverse prognostic impact. The ability of CN 

signatures to predict the presence of chromothripsis was confirmed in a validation series 

of WGS comprised of 235 hematological cancers (AUC=0.97) and an independent series 

of 34 NDMM (AUC=0.87). We show that CN signatures can also be derived from whole 

exome data (WES) and using 677 cases from the same series of NDMM, we were able 

to predict both the presence of chromothripsis (AUC=0.82) and its adverse prognostic 

impact. CN signatures constitute a flexible tool to identify the presence of chromothripsis 

and is applicable to WES and WGS data. 
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Introduction 

Chromothripsis, a catastrophic chromosomal shattering event associated with 

random rejoining, is emerging as strong and independent prognostic factor across 

multiple malignancies1-7. Reliable detection of chromothripsis requires whole genome 

sequencing (WGS) and the integration of both structural variants (SVs) and copy number 

(CN) data1,2,4,8. 

Recently, we reported a comprehensive study of structural variation (SV) in a 

series of 752 newly diagnosed multiple myeloma (NDMM) from the CoMMpass trial for 

which long-insert low-coverage WGS was available (NCT01454297)9. Using the latest 

criteria for chromothripsis1-5 and manual curation, we reported a 24% prevalence of 

chromothripsis, making multiple myeloma (MM) the hematological cancer with the highest 

documented prevalence of chromothripsis1,5,10,11. In MM, chromothripsis has different 

features to that seen in solid cancers. Although the biological impact is likely similar 

across various malignancies, in MM and in other hematological malignancies, the 

structural complexity of each chromothripsis event is typically lower than seen in the solid 

cancers1,4,5. Specifically, the total focal CN gains within the regions of chromothripsis is 

lower than in solid organ cancer and in MM there is a lack of enrichment for double-

minutes and other more catastrophic events such as typhonas1,8. 

CN signatures have been reported in ovarian cancer as a potential BRCAness 

surrogate12. This important marker, denoting both prognosis and treatment-

responsiveness, is detectable only by combining multiple WGS features12,13. Similarly, 

given the genome-wide distribution and complexity of chromothripsis in MM, we 

hypothesized that a comprehensive signature analysis approach using CN may provide 
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an accurate estimation of chromothripsis in MM, without requiring specific SV 

assessment. Using the CoMMpass trial low-coverage long-insert WGS (n=752) and an 

additional validation set of WGS from NDMM (n=34) and other hematological 

malignancies (n=235), we demonstrate the accuracy and reproducibility of CN signatures 

for the detection of chromothripsis. In the CoMMpass dataset we show that CN signatures 

independently associate with shorter progression free (PFS) and overall survival (OS). 

Finally, to accelerate the clinical translation of testing for chromothripsis where WGS data 

is not available, we extended the analysis to whole exome sequencing (WES), where we 

confirm the ability of CN signatures to predict the presence of chromothripsis and show it 

is associated with adverse clinical outcomes. 

 

Results 

Experimental data and design 

Genome-wide somatic CN profiles were generated from 752 NDMM patients with 

low-coverage long-insert WGS (median 4-8x) from the CoMMpass study (NCT01454297; 

IA13; Supplementary Table 1)14,15. The final SV catalog was generated by combining 

the two SV calling algorithms, DELLY16 and Manta17 with CN data, followed by a series 

of quality filters (see Methods)9. According to the most recently published criteria1-5, at 

least one chromothripsis event was observed in 24% of the entire series9. Patients with 

chromothripsis events were characterized by poor clinical outcomes, with chromothripsis 

being associated with multiple unfavorable clinical and genomic prognostic factors 
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including translocations involving MAF, MAFB and MMSET, increased APOBEC 

mutational activity, del17p13 and TP53 mutations9. 

 

De novo CN signature extraction in multiple myeloma. 

CN signature analysis takes the genome-wide CN gains and losses (Figure 1a), 

and measures 6 fundamental CN features: (i) number of breakpoints per 10 Mb, (ii) 

absolute CN of segments, (iii) difference in CN between adjacent segments, (iv) number 

of breakpoints per chromosome arm, (v) lengths of oscillating CN segment chains, and 

(vi) the size of segments (Figure 1b)12. The optimal number of categories in each CN 

feature was established using a mixed effect model with the mclust R package (Figure 

1c-d). The consequence of taking this approach is that different malignancies and types 

of sequencing data may result in varying numbers of CN categories and thresholds 

defining these categories (see Methods)12. 

To take account of the biology of MM, we introduced a few modifications to the 

original CN features described by Macintyre et. al.12: (i) given the known poor quality 

mapping and copy number complexity related to class switch recombination and VDJ 

rearrangements, the regions corresponding to IgH, IgL and IgK were removed; (ii) 

considering both the low-coverage long-insert WGS limitation for calling subclonal copy 

number events and the less complex MM karyotype compared to solid cancers, fixed 

criteria for copy number status were introduced (see Methods, and Supplementary Data 

1 for full analytical R code). 
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Analyzing the CoMMpass long-insert low-coverage WGS; 28 CN categories were 

defined (Figure 1d; Supplementary Table 2). In comparison to the CN features 

described in ovarian cancer, in MM we observe lower total CN (median; 2, maximum; 9, 

compared with total CN exceeding 30 in a proportion of ovarian cancer)12. We also note 

shorter lengths of oscillating CN, and a low contribution from very large aberrant 

segments (in comparison to the dominant contribution from segments >30Mb in ovarian 

CN signature #1)12. Overall, these differences are in line with the lower genetic complexity 

of MM compared to ovarian cancer18. 

 Running the hierarchical Dirichlet process (hdp), 5 CN signatures were extracted 

in MM (Figure 2; Supplementary Table 3). CN-SIG1, CN-SIG2 and CN-SIG3 have high 

contributions from CN categories representing low numbers of breakpoints per 10Mb and 

breakpoints per chromosome arm. These signatures have small absolute differences 

between adjacent CN segments and short lengths of oscillating copy number. Each 

signature varies in the distribution of segment size and in the relative contribution of each 

CN category; CN-SIG1 has minimal jumps between adjacent segments and a higher 

contribution from larger segment sizes, mostly single chromosomal gains and trisomies. 

CN-SIG2 has higher total CN (i.e. multiple chromosomal gains and tetrasomies) and a 

higher contribution from small segments without jumps between adjacent segments; and 

CN-SIG3 is enriched for low absolute CN (i.e. deletions) with usually isolated events (rare 

oscillating events or multiple events on the same arm/chromosome) (Figure 2). In 

contrast, CN-SIG4 and CN-SIG5 were characterized by higher numbers of breakpoints 

per 10Mb and per chromosome arm, longer lengths of oscillating CN, and a higher 

contribution from small segments of CN change. While, CN-SIG4 has contribution from 
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each of the 3 categories reflecting longer oscillation lengths, CN-SIG5 was characterized 

by a higher contribution from jumps in CN between adjacent segments, and by a higher 

contribution from high absolute CN (Figure 2). 

 

CN signatures are strongly predictive of chromothripsis in multiple myeloma 

 Given the complex CN features noted in CN-SIG4 and CN-SIG5 (Figure 2), we 

examined the association of these signatures with known MM genomic features9,14,19-22. 

Both signatures were correlated with features of high-risk MM (Figure 3a), including 

translocations involving MAF/MAFB (p=0.0005), APOBEC mutational activity (i.e. 

mutational signatures23,24; p<0.0001), biallelic TP53 inactivation (p<0.0001), and 1q21 

gain/amplification (p<0.0001; Figure 3b-e). There was a negative association with 

t(11;14)(CCDN1;IGH) (p<0.0001; Supplementary Figure 1a), consistent with the relative 

genomic stability known to be associated with a large proportion of this molecular 

subgroup of MM14,19. We show that CN-SIG4 and CN-SIG5 are highly correlated with the 

presence of complex structural chromosomal rearrangements (Figure 3a), including the 

subgroup of chromoplexy (p<0.0001; Figure 3f), and rearrangements defined as 

“complex- not otherwise specified” (complex-NOS; p<0.0001; Supplementary Figure 

1b; Methods). Interestingly, the largest significant difference was noted with 

chromothripsis; with a median contribution of CN-SIG4/5 of 0.33 being seen in those 

cases with chromothripsis [inter-quartile range (IQR) 0.20-0.48] compared with 0.05 in 

those without (IQR 0.02-0.13) (p<0.0001; Figure 3g). 

 These data suggest that CN signature analysis has the potential to accurately 

predict the presence of chromothripsis from WGS data derived from MM patients (Figure 
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4a-b). Evaluation of prediction accuracy of CN signatures by receiver operating curve 

(ROC) analysis with 10-fold cross validation confirmed this hypothesis, showing that CN 

signatures are highly predictive of chromothripsis; producing an average area-under-the-

curve (AUC) of 0.90 (Figure 4c; Supplementary Table 4; for the full analytical R code, 

see Supplementary Data 2). 

 

CN signatures are strongly predictive of chromothripsis in hematological malignancies 

Given the low documented prevalence and low complexity of chromothripsis in 

hematological cancers1,10,11, we validated our prediction model using an extended dataset 

of 269 full coverage WGS from previously published hematological cancer samples, 

including data from the Pan-Cancer Analysis of Whole Genomes (PCAWG) study (n=269) 

5,25,26. This included 34 NDMM, 92 chronic lymphocytic leukemia, 29 chronic myeloid 

leukemia, 104 B-cell lymphoma and 10 acute myeloid leukemia (7 de novo, 3 therapy-

related) (Supplementary Table 5; Methods). Overall, the number of categories extracted 

in this series of WGS was smaller compared to the CoMMpass cohort (26 vs 28), likely 

reflecting the less impaired cytogenetic profile of non-MM hematological cancers4. 

Following the same computational approach reported in Supplementary Data 1 and 2, 

de novo extraction on the entire validation cohort identified 4 CN-signatures which were 

highly similar to those described in the CoMMpass WGS (Supplementary Figure 2; 

Supplementary Tables 6-7). Across the cohort of non-MM hematological malignancies, 

(n=235), the resultant ROC analysis had an average AUC of 0.97 for predicting 

chromothripsis (Figure 4d, using 5-fold cross validation due to the smaller sample size), 

while an AUC of 0.87 was observed when testing only in NDMM (n=34) (Figure 4e). 
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These data demonstrate the reproducibility of chromothripsis prediction from CN 

signatures, in both a separate set of hematological cancer WGS, and an independent set 

of NDMM samples. 

 

CN signatures are strongly predictive of clinical outcomes in multiple myeloma 

Survival analysis on the CoMMpass data demonstrates that the presence of 

chromothripsis predicts for a shorter PFS and OS compared with those without9; median 

PFS of 32.2 months (95% confidence interval [CI] 25.2-48.3m) in those harboring 

chromothripsis compared with 41.1m (95%CI 37.8-47.2m) in those without (p=0.00011; 

Supplementary Figure 3a), and median OS of 53.3m with chromothripsis but not 

reached [NR] in those without (p<0.0001; Supplementary Figure 3b). Survival 

probability according to the CN-signature predictive model mirrored survival according to 

chromothripsis, with a median PFS of 29.7m (95%CI 25.2m- NR) in those demonstrating 

a high CN-signature prediction score (CN_pred) compared with 41.8m (95%CI 38.0-

48.1m) in those with a low score (p=0.0017; Figure 5a; Supplementary Table 4; 

Methods). Median OS in those with high CN_pred score was also significantly shorter at 

53.1m compared with NR in those with a low score (p<0.0001; Figure 5b). 

To select most important features from highly correlated genomic risk factors 

(Figure 3a) we performed a backwards stepwise cox regression including ISS, age, 

ECOG status, biallelic TP53 inactivation, t(4;14)(FGFR3;IGH), 1q21 gain/amplification, 

increased APOBEC mutational activity and MAF/MAFB translocations. Based on this 

approach the final model contained ISS, age, ECOG, APOBEC mutational activity, 1q21 

gain/amplification, and the CN_pred score. The model is consistent with previous 
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published data indicating that APOBEC mutational activity is one of the strongest adverse 

prognostic factors in MM20,22,27, and that 1q21 gain/amplification is associated with early 

relapse28. The CN_pred score showed a significant association with shorter PFS and OS 

after controlling for other variables in the model, producing a hazard ratio (HR) of 1.61 

(95% CI 1.13-2.29, p=0.0083, Figure 5c), and 2.22 (95% CI 1.50-3.30, p<0.001, Figure 

5d), respectively. 

 

CN signatures compared with other CN-based tools  

We next compared the prediction of the presence of chromothripsis by CN 

signatures with other CN-based algorithms recently used in MM to identify high-risk 

disease: a loss-of-heterozygosity index (LOH_index)14,29 and the genomic scar score 

(GSS)27,30 (see Methods). Results from each of these CN assessment approaches 

showed a right-skewed distribution across the CoMMpass 752 NDMM, [LOH_index; 

median 2, (range 0-27), Supplementary Figure 4a, and GSS; median 7, (range 0-39), 

Supplementary Figure 4b], with the GSS distribution closely resembling that of 

previously published data in NDMM27. 

Each of the LOH_index and the GSS demonstrated a lower average AUC for 

predicting the presence of chromothripsis in MM WGS (0.69 and 0.78 respectively, 

Supplementary Figure 4c-d). The difference in chromothripsis prediction between CN 

signatures and the LOH_index is quantitated as a statistically significant difference of 0.21 

in AUC [based on bootstrap analysis, standard deviation(SD)=0.006, p<0.0001, 

Supplementary Figure 4e] while the difference in prediction between CN signatures and 
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the GSS is quantitated as a statistically significant difference of 0.13 in AUC (based on 

bootstrap analysis, SD=0.005, p<0.0001, Supplementary Figure 4f). 

In order to compare the effect of these different CN models on PFS and OS in 

multivariate analysis, the CN-signature prediction data was used as linear variable, which 

after correction for the previously included risk factors was associated with shorter PFS 

(HR=1.87, 95%CI 1.16-3.01, p=0.0106; Supplementary Figure 5a) and OS (HR=3.1, 

95%CI 1.84-5.4, p<0.001, Supplementary Figure 5b). Performing multivariate analysis 

for PFS with correction for the same risk factors showed that neither the LOH_index (PFS 

HR=1.03, 95% CI 0.99-1.08, p=0.19; Supplementary Figure 5c) nor the GSS (PFS 

HR=1.02, 95% CI 1.0-1.04, p=0.12; Supplementary Figure 5e) retain a significant 

association. Each model has a slightly increased HR for OS in multivariate analysis; 

(LOH_index HR=1.1, 95% CI 1.02-1.1, p=0.008, Supplementary Figure 5d; GSS 

HR=1.0, 95% CI 1.02-1.1, p=0.001, Supplementary Figure 5f). Overall, CN-signatures 

perform significantly better at predicting poor outcomes in comparison with either the 

LOH_index or the GSS, suggesting that a more accurate prediction of chromothripsis is 

a better tool for identifying prognosis using CN-based information. 

 

CN signatures predict chromothripsis and clinical outcomes in whole exome sequencing 

data 

Any prognostic assessment for MM would ideally be applicable in non-WGS 

assays, as WGS is currently both expensive and computationally intensive, making its 

clinical application outside of a research setting difficult. We performed de novo signature 

extraction using WES data from 677 NDMM CoMMpass samples, all of which also had 
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WGS. The presence of these data enabled us to compare results in WES with the gold-

standard method for chromothripsis-detection on WGS. The CN feature profile extracted 

from WES data was highly analogous to that obtained from WGS data (cosine 

similarity=0.99 for corresponding matrix columns), with a smaller contribution from the 

oscillation CN categories due to the lower data resolution overall, and in particular of focal 

and small lesions (Supplementary Figure 6a). De novo extraction using hdp produced 

5 exome-based CN signatures (eCN), similar in their CN feature distribution to the 

signatures defined in WGS (Supplementary Figures 6b-c; Supplementary Tables 7-

8). ROC analysis based on 10-fold validation produced an average AUC of 0.82 for 

predicting chromothripsis (Supplementary Figure 7; Supplementary Table 4). 

The exome CN signature-based chromothripsis prediction score (eCN_pred) was 

associated with a significantly shorter PFS; median 26.0m (95%CI 18.0-48.3m) in those 

with a high eCN_pred score compared with 41.1m (95%CI 36.7-50.0m) in those with a 

low score, (p=0.0031; Figure 6a). OS was also significantly shorter; median 52.3m with 

a high eCN_pred score but NR in those with a low score, (p<0.0001; Figure 6b). 

In the exome data, backwards stepwise regression demonstrated that the best 

model for predicting survival was that comprising age, ISS, APOBEC-activity and the 

eCN_pred score. Multivariate analysis again produced a significant and independent 

association of eCN_pred with a shorter PFS (HR=1.66, 95%CI 1.16-2.37, p=0.0055; 

Figure 6c), and shorter OS (HR=2.19, 95%CI 1.46-3.29, p<0.001; Figure 6d) 

recapitulating both the results obtained from WGS CN signature based chromothripsis 

prediction (Figure 5), and those obtained by manual data curation9. 
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Discussion 

 We recently carried out a comprehensive analysis of the landscape of SVs in MM, 

showing their critical role in disease pathogenesis and confirming the importance of WGS 

for deciphering the genomic complexity of these events 9,19,31. We demonstrated a high 

prevalence of complex structural events such as chromothripsis in MM (24%) which is 

comparable to that detected in other malignancies; recent data across 38 cancer types 

from the PCAWG consortium described high-confidence calls for chromothripsis events 

occurring in 29% of all samples, and above 50% in several cancer types (melanoma, 

sarcoma, lung adenocarcinoma)1. Given the adverse prognostic association of 

chromothripsis with PFS and OS in MM and other malignancies7,9,32,33, that is 

independent of other known prognostic variables, it follows that the integration of complex 

SV data has the potential to improve the current prognostic scoring systems. 

Current approaches for identifying these complex SVs require expense and time 

commitment because of the need for either the manual curation of WGS data or the use 

of computational tools requiring both CN and SV data to predict chromothripsis1,8,9,34. In 

order to circumvent these issues, we investigated CN signature approach for predicting 

the presence of chromothripsis. This approach was initially developed in ovarian cancer 

as a potential surrogate for predicting BRCA deficiency12. We have extended this 

approach for use in MM and show that a CN signature analysis of NDMM provides an 

accurate prediction of the presence of chromothripsis that outperforms other CN 

assessment algorithms27,29. The survival probability identified using a CN signature-

based prediction of chromothripsis closely mimics PFS and OS curves observed with the 

presence / absence of chromothripsis9. Using a validation set of WGS containing multiple 
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hematological malignancies, we provide proof-of-principle that CN signature analysis can 

predict for chromothripsis across different hematological cancer types and can, therefore, 

be used as surrogate for these variants to further address the role of chromothripsis in 

these blood cancers. 

The primary objective was to test whether WGS-based CN signatures can reliably 

predict chromothripsis and its poor impact on clinical outcomes. Another critical aspect of 

this study was to expand our investigations using non-WGS (i.e. exome-based) data. In 

WES data, multivariate analysis revealed a significant association between CN signatures 

and shorter PFS and OS. Indeed, the clinical impact of CN signatures was similar in WGS 

and WES data. This is important from a translational perspective because it provides an 

easier pathway towards clinical application in the standard of care setting of NDMM 

patients.  

In conclusion, CN signature analysis can accelerate our ongoing quest to 

accurately define high-risk MM, and to translate WGS-based prognostication into the 

clinic. 
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Methods 

Samples 

All the raw data used in this study are publicly available. Somatic CN profiles for 

the definition of CN signatures in MM were generated from 752 NDMM patients with low-

coverage long-insert WGS (median 4-8x) from the CoMMpass study. The CoMMpass 

study is a prospective observational clinical trial (NCT01454297) with comprehensive 

genomic and transcriptomic characterization of NDMM patients, funded and managed by 

the Multiple Myeloma Research Foundation (MMRF)35. The study is ongoing, with data 

released regularly for research use via the MMRF research gateway, 

https://research.themmrf.org. In this study, we used Interim Analysis (IA) 13. 

The validation dataset of hematological cancer WGS was compiled from several 

sources. Data from the Pan-Cancer Analysis of Whole Genomes (PCAWG) study5,25,26 

was accessed via the data portal http://dcc.icgc.org/pcawg/, comprising 92 chronic 

lymphocytic leukemia, 29 chronic myeloid leukemia, 104 B-cell lymphoma and 7 acute 

myeloid leukemia. An additional 3 therapy-related AML were included, with the WGS data 

available from European Genome-phenome (EGA) under the accession code 

EGAD00001005028. Together, these samples formed the non-MM validation WGS set 

(n=235). The MM validation dataset (n=34) comprised 28 NDMM, 4 monoclonal 

gammopathy of uncertain significance (MGUS), 2 smoldering MM (SMM) and 1 plasma 

cell leukemia (PCL). It was compiled from 3 studies which can be accessed from 

European Genome-phenome (EGA) and the database of Genotypes and Phenotypes 

(dbGAP) with accession codes EGAD00001003309, EGAS00001004467 and 

phs000348.v2.p1. 
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 WES from 677 NDMM patients were accessed from the CoMMpass study as 

above, with each patient having concurrent WGS available for comparison. 

 

 

CNV signature analysis 

Genome-wide somatic copy number (CN) profiles were generated from 752 

NDMM patients with long-insert low-coverage WGS available from the CoMMpass study. 

Paired-end reads were aligned to the human reference genome (HRCh37) using the 

Burrows Wheeler Aligner, BWA (v0.7.8) and CN variation and loss-of-heterozygosity 

events were identified using tCoNuT (https://github.com/tgen/tCoNuT), with verification 

performing using controlFREEC14,15. We minimized the inclusion of artefacts by removing 

all CN changes smaller than 50kB and excluding the regions corresponding to IgH, IgL 

and IgK, as well as the X chromosome from analysis. 

The optimal number of categories in each of the 6 CN features detailed in Figure 

1 were established using a mixed effect model with the mclust R package, producing a 

CN category matrix with defined limits for each feature (Supplementary Table 2). Given 

the lower complexity of MM CN changes compared to the original CN signature definition 

in ovarian cancer12, fixed criteria for copy number status were introduced (#1 = bi-allelic 

deletion; #2 = monoallelic deletion; #3 = diploid; #4 = single gain; 5# = two or more gains, 

Supplementary Data 1). De novo CN signature extraction was performed from this 

matrix via the hierarchical Dirichlet process (hdp, https://github.com/nicolaroberts/hdp). 

The extracted CN signatures were then correlated with publicly available clinical data and 

manually curated SV data as detailed below to allow the calculation of prediction metrics. 
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The accuracy of chromothripsis prediction from CN signatures was assessed by the area-

under-the-curve (AUC) from receiver operating characteristic (ROC) curves via 10-fold 

cross validation, using all extracted CN signatures as input. The sensitivity and specificity 

of chromothripsis prediction from varying levels of probability (i.e. AUC) were compared, 

(Supplementary Table 4), with a prediction level ≥ 0.6 defining a high CN_pred (WGS) 

and eCN_pred (WES) score. This score provided the highest Ievel of sensitivity for 

chromothripsis prediction while still keeping the specificity level at / above 95% for both 

WGS- and WES-based prediction. 

Somatic variant calling was performed using DELLY (v0.7.6)16 and Manta 

(v.1.5.0)17. The final catalogue of high-confidence SVs was obtained by integrating 

DELLY and Manta calls with copy number data and applying a series of quality filters9. 

Briefly, all SVs called and passed by both callers were included and SVs called by a single 

caller were only included in specific circumstances: (i) SVs supporting copy-number 

junctions, (ii) reciprocal translocations, and (iii) translocations involving an 

immunoglobulin locus (i.e., IGH, IGK, or IGL). 

SV single and complex events definition was according to the most recent 

consensus criteria1-5. Chromothripsis was defined by more than 10 interconnected SV 

breakpoint pairs associated with oscillating CN across one or more chromosomes; 

definition included: (i) clustering of breakpoints, (ii) randomness of DNA fragment joins, 

and (iii) randomness of DNA fragment order across one or more chromosomes. 

Chromoplexy was defined by interconnected SV breakpoints across >2 chromosomes 

associated with CN loss. Templated insertions were defined as a concatenation of 

translocations usually associated with focal CN gain; if >2 chromosomes were involved 
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these events were classified as complex. Patterns of 3 or more interconnected breakpoint 

pairs that did not fall into the above categories were classified as “complex”, not otherwise 

specified9. 

The majority of the clinical association data was obtained directly from the 

CoMMpass data portal (https://research.themmrf.org). The definition of high APOBEC 

activity was obtained from single-base substitution (SBS) signature analysis; a mutational 

signature fitting approach using the R package mmsig, 

(https://github.com/evenrus/mmsig) was applied to single nucleotide variant calls from 

WES data25,26. High APOBEC mutational activity was defined by an absolute contribution 

of APOBEC-associated signatures (SBS2 and SBS13) in the top decile, among patients 

with evidence of APOBEC activity9,26. 

CN variation data from the validation dataset of hematological cancers was utilized 

for de novo CN signature extraction (hCN-SIG, Supplementary Table 6) without 

reference to the CoMMpass WGS-derived CN signatures. Fixed criteria for copy number 

status were introduced as detailed above. The presence of chromothripsis was confirmed 

by manual inspection of SV and CN data. The accuracy of chromothripsis prediction from 

was assessed by AUC from ROC curves using all extracted hCN signatures as input. 5-

fold cross validation was used for the non-MM cohort prediction, which was then used as 

the training model for testing the prediction from the MM validation cohort.  

CN variation and loss-of-heterozygosity events from the CoMMpass WES 

sequencing data was assessed using FACETS (Fraction and Allele specific Copy number 

Estimate from Tumor/normal Sequencing, https://github.com/mskcc/facets)36. Fixed 

criteria for copy number status were introduced as detailed above, then de novo CN 
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signature extraction, and clinical / genomic correlation were all performed without 

reference to the WGS-derived CN signatures. 

 

Comparison with alternate CN assessment approaches 

 The LOH_index and the GSS were calculated from allele-specific CN files, with the 

methods being applicable to either WGS or WES data. The LOH_index was calculated 

using the R package signature.tools.lib29,37 (https://github.com/Nik-Zainal-

Group/signature.tools.lib), while the GSS was calculated using the R package scarHRD30 

(https://github.com/sztup/scarHRD). The scarHRD output is 3 separate CN features (loss-

of-heterozygosity, telomeric allelic imbalance, and number of large-scale transitions) 

which are summed to produce a final score. 

To compare chromothripsis-prediction from CN signatures with each of the 

LOH_index and the GSS, we first calculated with difference in average AUC between two 

methods estimated from 10-fold cross-validation. Then, standard deviation of the 

difference in AUCs was estimated by performing a bootstrap resampling. On each new 

bootstrap sample, we estimated difference in the average AUC between two methods 

using 10-fold cross-validation. This procedure was repeated 1000 times (Supplementary 

Data 3).  

 

Software and statistics 

Analysis was carried out in R version 3.6.1. The analytical workflow in R for the de 

novo extraction of CN signatures is provided in Supplementary Data 1, the code for 
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predicting chromothripsis from CN signatures is detailed in Supplementary Data 2 and 

the approach to comparing 2 methods for predicting chromothripsis is presented in 

Supplementary Data 3. Key software tools noted throughout the workflow (including 

mclust, hdp, survminer, pROC, mmsig, signature.tools.lib, and scarHRD) are publicly 

available. Unless otherwise specified, we used the Wilcoxon rank sum test to test for 

differences in continuous variables between two groups and Fisher’s exact test for 2x2 

tables of categorical variables.  

 

Data availability 

Sequencing files are available at the EGA and dbGaP archives under the following 

accession codes: 

• EGAD00001003309 and phs000348.v2.p1 WGS: 24 NDMM and 1 high risk 

smoldering multiple myeloma patient 

• phs000748.v1.p1: WES and low coverage/long insert WGS sequencing data 

from 752 NDMM patients  (CoMMpass trial; IA 13) 

• EGAS00001004467: WGS data from 3 MM, 1 SMM, 1 PCL and 4 MGUS 

patients 

• EGAD00001005028 WGS data from 3 therapy related AML patients.  

• Pan-Cancer Analysis of Whole Genomes (PCAWG) study5,25,26 was accessed 

via the data portal: https://dcc.icgc.org/ 
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Figure legends. 

 

Figure 1. A schema demonstrating the definition of copy-number (CN) features 

from multiple myeloma whole genome sequencing data. a) Input genome-wide copy 

number gain and loss data from 752 newly diagnosed multiple myeloma whole genomes. 

b) Measure copy number as classified by 6 key features. c) Define the optimum number 

of categories for each copy number feature by a mixed-effects model (mclust). d) Tally 

the number of CN variation for each of 28 CN categories to produce a matrix of key CN 

features. This comprises the input matrix for the hierarchical Dirichlet process (hdp) for 

de novo extraction of CN signatures. 

 

Figure 2. De novo extraction from whole genome sequencing data produces 5 

copy-number (CN) signatures in 752 newly diagnosed multiple myeloma. The 5 CN 

signatures extracted comprise varying contribution across the 28-CN-feature matrix. The 

2 chromothripsis-associated signatures are CN-SIG4 and CN-SIG5. (CN-SIG: copy-

number signature). 

 

Figure 3. Clinical data demonstrates the correlation of copy number (CN) 

signatures with high-risk multiple myeloma prognostic features and complex 

genomic change. a) A heatmap of MM mutational and structural features demonstrates 

that contribution from CN-SIG4 and CN-SIG5 cluster with features of high-risk MM. 

Presence of biallelic TP53 inactivation and chromosome 1q21 amplification (i.e. >3 

copies) are annotated in dark red; presence of chromothripsis in purple; all the other 
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genomic features are in bright red when present. b-g) There is a significantly higher 

median contribution from CN-SIG4 and/or CN-SIG5 on the samples having translocations 

involving (b) MAF/MAFB, (c) increased APOBEC mutational activity, (d) biallelic TP53 

inactivation, (e) 1q21 gain/amplification, (f) chromoplexy and (g) chromothripsis. Each 

boxplot shows the median and inter-quartile range (IQR) contribution of CN-SIG4 and 

CN-SIG5 across all patients, with whiskers extending to 1.5 * IQR. (Neg; lacking the 

feature; pos: containing the feature, WT: wild type).  

 

Figure 4. Copy number (CN) signatures in newly diagnosed multiple myeloma are 

strongly predictive of chromothripsis. a) An example of chromothripsis from the 

CoMMpass dataset (MMRF_1646_1_BM; chr: chromosome). The horizontal black line 

indicates total copy number; the dashed orange line minor copy number. Vertical lines 

represent SV breakpoints for deletion (red), inversion (blue), tandem-duplication (green) 

and translocations (black). b) the CN category profile from the same example patient 

(MMRF_1646_1_BM). c) Receiver operating curve (ROC) for the prediction of 

chromothripsis from CN signature analysis of CoMMpass whole genome sequencing 

(WGS) data (n=752). d) ROC for the prediction of chromothripsis from the validation set 

of other hematological cancers (n=235). For c-d: blue lines represent individual ROC 

(from 10-fold cross validation in c and 5-fold validation in d), red lines represent the mean 

of individual ROC, AUC: mean area-under-the-curve. e) ROC for the prediction of 

chromothripsis from the newly diagnosed multiple myeloma subset of the validation WGS 

(n=34).  
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Figure 5. Copy number (CN) signatures in newly diagnosed multiple myeloma are 

independently predictive of clinical outcomes. a) Progression-free survival (PFS) 

probability in the CoMMpass dataset according to high (blue) or low (red) CN-prediction 

score for chromothripsis (CN_pred). b) Overall survival (OS) probability in the CoMMpass 

dataset according to high (blue) or low (red) CN_pred. c) Multivariate analysis of the effect 

of CN_pred on PFS after correction for International Staging Score (ISS), age, Eastern 

Cooperative Oncology Group (ECOG) score, 1q21 gain/amplification, and APOBEC 

mutational activity. d) Multivariate analysis of the effect of CN_pred on OS after correction 

for the same factors.  

 

Figure 6. Copy number (CN) signatures extracted from whole exome sequencing 

(WES) in newly diagnosed multiple myeloma are highly predictive of clinical 

outcomes. a) Progression-free survival (PFS) probability in the CoMMpass dataset 

according to high (blue) or low (red) exome CN-prediction score (eCN_pred) for 

chromothripsis. b) Overall survival (OS) probability in the CoMMpass dataset according 

to high (blue) or low (red) eCN_pred. c) Multivariate analysis of the effect of eCN_pred 

on PFS after correction for International Staging Score (ISS), age and APOBEC 

mutational activity. d) Multivariate analysis of the effect of eCN_pred on OS after 

correction for the same factors. 
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MMRF_1850_1_BM
MMRF_1574_1_BM
MMRF_1639_1_BM
MMRF_1431_1_BM
MMRF_1733_1_BM
MMRF_1054_1_BM
MMRF_1882_1_BM
MMRF_2752_1_BM
MMRF_2190_1_BM
MMRF_2207_1_BM
MMRF_2756_1_BM
MMRF_2729_1_BM
MMRF_2223_1_BM
MMRF_1654_1_BM
MMRF_1879_1_BM
MMRF_2499_1_BM
MMRF_2017_1_BM
MMRF_2750_1_BM
MMRF_1817_1_BM
MMRF_2754_1_BM
MMRF_2186_1_BM
MMRF_2480_1_BM
MMRF_2485_1_BM
MMRF_1838_1_BM
MMRF_2325_1_BM
MMRF_2005_1_BM
MMRF_2675_1_BM
MMRF_1999_1_BM
MMRF_2475_1_BM
MMRF_2631_1_BM
MMRF_2129_1_BM
MMRF_1835_1_BM
MMRF_2273_1_BM
MMRF_2677_1_BM
MMRF_1358_1_BM
MMRF_2688_1_BM
MMRF_2128_1_BM
MMRF_2138_1_BM
MMRF_1997_1_BM
MMRF_2703_1_BM
MMRF_1786_1_BM
MMRF_1531_1_BM
MMRF_2209_1_BM
MMRF_1284_1_BM
MMRF_1538_1_BM
MMRF_1880_1_BM
MMRF_2364_1_BM
MMRF_1486_1_BM
MMRF_2368_1_BM
MMRF_2047_1_BM
MMRF_1886_1_BM
MMRF_1814_1_BM
MMRF_2599_1_BM
MMRF_2592_1_BM
MMRF_1523_1_BM
MMRF_2548_1_BM
MMRF_1338_1_BM
MMRF_2459_1_BM
MMRF_1891_1_BM
MMRF_1349_1_BM
MMRF_2456_1_BM
MMRF_1995_1_BM
MMRF_1178_1_BM
MMRF_1916_1_BM
MMRF_1542_1_BM
MMRF_1917_1_BM
MMRF_2191_1_BM
MMRF_2293_1_BM
MMRF_1720_1_BM
MMRF_1842_1_BM
MMRF_1484_1_BM
MMRF_2570_1_BM
MMRF_2577_1_BM
MMRF_2728_1_BM
MMRF_1773_1_BM
MMRF_1434_1_BM
MMRF_1822_1_BM
MMRF_1462_1_BM
MMRF_2013_1_BM
MMRF_1722_1_BM
MMRF_2701_1_BM
MMRF_2666_1_BM
MMRF_1185_1_BM
MMRF_2639_1_BM
MMRF_1127_1_BM
MMRF_1589_1_BM
MMRF_2324_1_BM
MMRF_2384_1_BM
MMRF_1929_1_BM
MMRF_1325_1_BM
MMRF_1823_1_BM
MMRF_2352_1_BM
MMRF_1098_1_BM
MMRF_2497_1_BM
MMRF_1810_1_BM
MMRF_1365_1_BM
MMRF_2468_1_BM
MMRF_2511_1_BM
MMRF_1782_1_BM
MMRF_2144_1_BM
MMRF_1386_1_BM
MMRF_2505_1_BM
MMRF_1029_1_BM
MMRF_1090_1_BM
MMRF_1832_1_BM
MMRF_1461_1_BM
MMRF_2609_1_BM
MMRF_1716_1_BM
MMRF_1522_1_BM
MMRF_1645_1_BM
MMRF_1188_1_BM
MMRF_1710_1_BM
MMRF_2410_1_BM
MMRF_1738_1_BM
MMRF_2167_1_BM
MMRF_2152_1_BM
MMRF_2438_1_BM
MMRF_2567_1_BM
MMRF_1682_1_BM
MMRF_2696_1_BM
MMRF_2539_1_BM
MMRF_1667_1_BM
MMRF_2057_1_BM
MMRF_2063_1_BM
MMRF_2476_1_BM
MMRF_2506_1_BM
MMRF_1360_1_BM
MMRF_1309_1_BM
MMRF_1642_1_BM
MMRF_2524_1_BM
MMRF_1787_1_BM
MMRF_1395_1_BM
MMRF_1846_1_BM
MMRF_1049_1_BM
MMRF_1689_1_BM
MMRF_1447_1_BM
MMRF_2731_1_BM
MMRF_2472_1_BM
MMRF_1031_1_BM
MMRF_1037_1_BM
MMRF_1068_1_BM
MMRF_1659_1_BM
MMRF_2236_1_BM
MMRF_1525_1_BM
MMRF_1900_1_BM
MMRF_2446_1_BM
MMRF_2353_1_BM
MMRF_1511_1_BM
MMRF_1534_1_BM
MMRF_2412_1_BM
MMRF_2002_1_BM
MMRF_2541_1_BM
MMRF_2068_1_BM
MMRF_1873_1_BM
MMRF_2290_1_BM
MMRF_1641_1_BM
MMRF_1981_1_BM
MMRF_2422_1_BM
MMRF_1383_1_BM
MMRF_2549_1_BM
MMRF_1055_1_BM
MMRF_2150_1_BM
MMRF_1588_1_BM
MMRF_1648_1_BM
MMRF_2307_1_BM
MMRF_2738_1_BM
MMRF_1617_1_BM
MMRF_2289_1_BM
MMRF_2733_1_BM
MMRF_2226_1_BM
MMRF_1413_1_BM
MMRF_1906_1_BM
MMRF_1546_1_BM
MMRF_2678_1_BM
MMRF_2595_1_BM
MMRF_1092_1_BM
MMRF_2106_1_BM
MMRF_1425_1_BM
MMRF_2601_1_BM
MMRF_1777_1_BM
MMRF_2168_1_BM
MMRF_1489_1_BM
MMRF_1881_1_BM
MMRF_1633_1_BM
MMRF_1643_1_BM
MMRF_2445_1_BM
MMRF_1539_1_BM
MMRF_1610_1_BM
MMRF_2018_1_BM
MMRF_2723_1_BM
MMRF_1466_1_BM
MMRF_1665_1_BM
MMRF_2313_1_BM
MMRF_2245_1_BM
MMRF_1089_1_BM
MMRF_1622_1_BM
MMRF_2709_1_BM
MMRF_1991_1_BM
MMRF_1985_1_BM
MMRF_2518_1_BM
MMRF_1510_1_BM
MMRF_1771_1_BM
MMRF_1833_1_BM
MMRF_1543_1_BM
MMRF_1695_1_BM
MMRF_1344_1_BM
MMRF_2058_1_BM
MMRF_2665_1_BM
MMRF_2737_1_BM
MMRF_1677_1_BM
MMRF_2597_1_BM
MMRF_1867_1_BM
MMRF_2587_1_BM
MMRF_1668_1_BM
MMRF_1651_1_BM
MMRF_2301_1_BM
MMRF_1858_1_BM
MMRF_1331_1_BM
MMRF_2640_1_BM
MMRF_1792_1_BM
MMRF_1922_1_BM
MMRF_2082_1_BM
MMRF_1501_1_BM
MMRF_2197_1_BM
MMRF_1519_1_BM
MMRF_2213_1_BM
MMRF_2266_1_BM
MMRF_2464_1_BM
MMRF_2411_1_BM
MMRF_2698_1_BM
MMRF_1082_1_BM
MMRF_1283_1_BM
MMRF_1988_1_BM
MMRF_1758_1_BM
MMRF_2501_1_BM
MMRF_2306_1_BM
MMRF_2566_1_BM
MMRF_2314_1_BM
MMRF_2742_1_BM
MMRF_1167_1_BM
MMRF_2279_1_BM
MMRF_1698_1_BM
MMRF_2016_1_BM
MMRF_2716_1_BM
MMRF_2112_1_BM
MMRF_2140_1_BM
MMRF_2050_1_BM
MMRF_2708_1_BM
MMRF_1678_1_BM
MMRF_1713_1_BM
MMRF_1392_1_BM
MMRF_1895_1_BM
MMRF_1819_1_BM
MMRF_2583_1_BM
MMRF_2379_1_BM
MMRF_1932_1_BM
MMRF_2461_1_BM
MMRF_1888_1_BM
MMRF_1982_1_BM
MMRF_2093_1_BM
MMRF_2183_1_BM
MMRF_2344_1_BM
MMRF_2581_1_BM
MMRF_1323_1_BM
MMRF_1269_1_BM
MMRF_2232_1_BM
MMRF_1784_1_BM
MMRF_2180_1_BM
MMRF_2367_1_BM
MMRF_1573_1_BM
MMRF_2286_1_BM
MMRF_1608_1_BM
MMRF_1676_1_BM
MMRF_2660_1_BM
MMRF_1210_1_BM
MMRF_1640_1_BM
MMRF_1300_1_BM
MMRF_2498_1_BM
MMRF_2489_1_BM
MMRF_2740_1_BM
MMRF_1073_1_BM
MMRF_1690_1_BM
MMRF_1977_1_BM
MMRF_1672_1_BM
MMRF_1719_1_BM
MMRF_2329_1_BM
MMRF_1423_1_BM
MMRF_2111_1_BM
MMRF_1079_1_BM
MMRF_1978_1_BM
MMRF_1403_1_BM
MMRF_1890_1_BM
MMRF_2739_1_BM
MMRF_1491_1_BM
MMRF_2115_1_BM
MMRF_2291_1_BM
MMRF_2383_1_BM
MMRF_1293_1_BM
MMRF_2413_1_BM
MMRF_1721_1_BM
MMRF_1587_1_BM
MMRF_2676_1_BM
MMRF_1270_1_BM
MMRF_1359_1_BM
MMRF_2634_1_BM
MMRF_1855_1_BM
MMRF_1637_1_BM
MMRF_2538_1_BM
MMRF_1202_1_BM
MMRF_1830_1_BM
MMRF_2172_1_BM
MMRF_1169_1_BM
MMRF_1972_1_BM
MMRF_1108_1_BM
MMRF_1700_1_BM
MMRF_1579_1_BM
MMRF_2598_1_BM
MMRF_2694_1_BM
MMRF_1339_1_BM
MMRF_2083_1_BM
MMRF_1630_1_BM
MMRF_2681_1_BM
MMRF_2328_1_BM
MMRF_2671_1_BM
MMRF_1401_1_BM
MMRF_1628_1_BM
MMRF_1715_1_BM
MMRF_1535_1_BM
MMRF_1656_1_BM
MMRF_2302_1_BM
MMRF_2507_1_BM
MMRF_1774_1_BM
MMRF_2126_1_BM
MMRF_2515_1_BM
MMRF_1730_1_BM
MMRF_1847_1_BM
MMRF_1286_1_BM
MMRF_1957_1_BM
MMRF_1629_1_BM
MMRF_1750_1_BM
MMRF_2265_1_BM
MMRF_2122_1_BM
MMRF_2397_1_BM
MMRF_2331_1_BM
MMRF_2404_1_BM
MMRF_2174_1_BM
MMRF_1576_1_BM
MMRF_1618_1_BM
MMRF_1931_1_BM
MMRF_2270_1_BM
MMRF_1998_1_BM
MMRF_2568_1_BM
MMRF_2426_1_BM
MMRF_2373_1_BM
MMRF_2727_1_BM
MMRF_1485_1_BM
MMRF_2076_1_BM
MMRF_2198_1_BM
MMRF_1433_1_BM
MMRF_2407_1_BM
MMRF_2719_1_BM
MMRF_1016_1_BM
MMRF_1794_1_BM
MMRF_1318_1_BM
MMRF_2700_1_BM
MMRF_1803_1_BM
MMRF_2532_1_BM
MMRF_1783_1_BM
MMRF_2214_1_BM
MMRF_1613_1_BM
MMRF_2490_1_BM
MMRF_1841_1_BM
MMRF_2695_1_BM
MMRF_1533_1_BM
MMRF_2526_1_BM
MMRF_1148_1_BM
MMRF_1086_1_BM
MMRF_1502_1_BM
MMRF_1598_1_BM
MMRF_2400_1_BM
MMRF_1970_1_BM
MMRF_2714_1_BM
MMRF_1652_1_BM
MMRF_1408_1_BM
MMRF_1512_1_BM
MMRF_2238_1_BM
MMRF_1032_1_BM
MMRF_1033_1_BM
MMRF_2554_1_BM
MMRF_1831_1_BM
MMRF_2039_1_BM
MMRF_1624_1_BM
MMRF_2330_1_BM
MMRF_1876_1_BM
MMRF_2429_1_BM
MMRF_1795_1_BM
MMRF_2217_1_BM
MMRF_1839_1_BM
MMRF_1621_1_BM
MMRF_2378_1_BM
MMRF_2194_1_BM
MMRF_2250_1_BM
MMRF_2685_1_BM
MMRF_2722_1_BM
MMRF_1391_1_BM
MMRF_2689_1_BM
MMRF_2637_1_BM
MMRF_2706_1_BM
MMRF_2652_1_BM
MMRF_2563_1_BM
MMRF_2682_1_BM
MMRF_1364_1_BM
MMRF_1445_1_BM
MMRF_2091_1_BM
MMRF_2654_1_BM
MMRF_2055_1_BM
MMRF_2593_1_BM
MMRF_2038_1_BM
MMRF_1450_1_BM
MMRF_2453_1_BM
MMRF_2220_1_BM
MMRF_2562_1_BM
MMRF_1537_1_BM
MMRF_1994_1_BM
MMRF_2335_1_BM
MMRF_1388_1_BM
MMRF_1555_1_BM
MMRF_1451_1_BM
MMRF_1595_1_BM
MMRF_2604_1_BM
MMRF_2680_1_BM
MMRF_1801_1_BM
MMRF_2636_1_BM
MMRF_2012_1_BM
MMRF_2062_1_BM
MMRF_2151_1_BM
MMRF_1251_1_BM
MMRF_1432_1_BM
MMRF_2310_1_BM
MMRF_2751_1_BM
MMRF_1583_1_BM
MMRF_1377_1_BM
MMRF_1634_1_BM
MMRF_1796_1_BM
MMRF_2690_1_BM
MMRF_1560_1_BM
MMRF_2118_1_BM
MMRF_2655_1_BM
MMRF_1674_1_BM
MMRF_1446_1_BM
MMRF_1755_1_BM
MMRF_2176_1_BM
MMRF_2437_1_BM
MMRF_2669_1_BM
MMRF_2317_1_BM
MMRF_2543_1_BM
MMRF_1506_1_BM
MMRF_1963_1_BM
MMRF_2651_1_BM
MMRF_1540_1_BM
MMRF_2622_1_BM
MMRF_2757_1_BM
MMRF_1572_1_BM
MMRF_1694_1_BM
MMRF_1593_1_BM
MMRF_2269_1_BM
MMRF_2647_1_BM
MMRF_1389_1_BM
MMRF_1568_1_BM
MMRF_1048_1_BM
MMRF_1664_1_BM
MMRF_1453_1_BM
MMRF_2602_1_BM
MMRF_2124_1_BM
MMRF_2170_1_BM
MMRF_2745_1_BM
MMRF_1380_1_BM
MMRF_2436_1_BM
MMRF_2203_1_BM
MMRF_1499_1_BM
MMRF_1424_1_BM
MMRF_1670_1_BM
MMRF_1680_1_BM
MMRF_2336_1_BM
MMRF_2211_1_BM
MMRF_2425_1_BM
MMRF_2200_1_BM
MMRF_2449_1_BM
MMRF_2469_1_BM
MMRF_1596_1_BM
MMRF_2715_1_BM
MMRF_1216_1_BM
MMRF_2272_1_BM
MMRF_2659_1_BM
MMRF_1815_1_BM
MMRF_2015_1_BM
MMRF_2705_1_BM
MMRF_1816_1_BM
MMRF_2699_1_BM
MMRF_2455_1_BM
MMRF_1723_1_BM
MMRF_1744_1_BM
MMRF_1802_1_BM
MMRF_1960_1_BM
MMRF_2471_1_BM
MMRF_1342_1_BM
MMRF_1646_1_BM
MMRF_2204_1_BM
MMRF_1781_1_BM
MMRF_2503_1_BM
MMRF_2574_1_BM
MMRF_1361_1_BM
MMRF_1627_1_BM
MMRF_2608_1_BM
MMRF_2081_1_BM
MMRF_1915_1_BM
MMRF_2041_1_BM
MMRF_1766_1_BM
MMRF_2380_1_BM
MMRF_2546_1_BM
MMRF_2746_1_BM
MMRF_1164_1_BM
MMRF_1505_1_BM
MMRF_1967_1_BM
MMRF_1356_1_BM
MMRF_2097_1_BM
MMRF_2059_1_BM
MMRF_2061_1_BM
MMRF_2035_1_BM
MMRF_2394_1_BM
MMRF_2753_1_BM
MMRF_2284_1_BM
MMRF_2670_1_BM
MMRF_2281_1_BM
MMRF_2473_1_BM
MMRF_2679_1_BM
MMRF_2707_1_BM
MMRF_1231_1_BM
MMRF_1763_1_BM
MMRF_1602_1_BM
MMRF_1497_1_BM
MMRF_2605_1_BM
MMRF_2444_1_BM
MMRF_2457_1_BM
MMRF_1267_1_BM
MMRF_1725_1_BM
MMRF_1541_1_BM
MMRF_2024_1_BM
MMRF_2271_1_BM
MMRF_1454_1_BM
MMRF_1605_1_BM
MMRF_2113_1_BM
MMRF_2646_1_BM
MMRF_2195_1_BM
MMRF_1460_1_BM
MMRF_2519_1_BM
MMRF_1736_1_BM
MMRF_1837_1_BM
MMRF_2388_1_BM
MMRF_1908_1_BM
MMRF_2704_1_BM
MMRF_1327_1_BM
MMRF_1354_1_BM
MMRF_2224_1_BM
MMRF_2216_1_BM
MMRF_1250_1_BM
MMRF_2732_1_BM
MMRF_2596_1_BM
MMRF_2664_1_BM
MMRF_2606_1_BM
MMRF_2642_1_BM
MMRF_1328_1_BM
MMRF_2613_1_BM
MMRF_2026_1_BM
MMRF_2409_1_BM
MMRF_2643_1_BM
MMRF_1644_1_BM
MMRF_1845_1_BM
MMRF_2525_1_BM
MMRF_2056_1_BM
MMRF_2087_1_BM
MMRF_1683_1_BM
MMRF_2181_1_BM
MMRF_1780_1_BM
MMRF_2231_1_BM
MMRF_1045_1_BM
MMRF_2292_1_BM
MMRF_2090_1_BM
MMRF_2433_1_BM
MMRF_1580_1_BM
MMRF_1862_1_BM
MMRF_2326_1_BM
MMRF_1955_1_BM
MMRF_2297_1_BM
MMRF_1785_1_BM
MMRF_2516_1_BM
MMRF_2288_1_BM
MMRF_2630_1_BM
MMRF_2102_1_BM
MMRF_1825_1_BM
MMRF_2743_1_BM
MMRF_1393_1_BM
MMRF_2006_1_BM
MMRF_1274_1_BM
MMRF_1986_1_BM
MMRF_1859_1_BM
MMRF_1603_1_BM
MMRF_2488_1_BM
MMRF_1597_1_BM
MMRF_2522_1_BM
MMRF_1824_1_BM
MMRF_2222_1_BM
MMRF_2308_1_BM
MMRF_1586_1_BM
MMRF_1687_1_BM
MMRF_1324_1_BM
MMRF_1971_1_BM
MMRF_2730_1_BM
MMRF_1021_1_BM
MMRF_2159_1_BM
MMRF_1439_1_BM
MMRF_1740_1_BM
MMRF_1866_1_BM
MMRF_2173_1_BM
MMRF_2253_1_BM
MMRF_2477_1_BM
MMRF_2119_1_BM
MMRF_2132_1_BM
MMRF_2215_1_BM
MMRF_2229_1_BM
MMRF_1928_1_BM
MMRF_2107_1_BM
MMRF_1180_1_BM
MMRF_1871_1_BM
MMRF_1171_1_BM
MMRF_1761_1_BM
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cnv_sig_2

cnv_sig_4

cnv_sig_5

CT
CP
CM
TI
HD
MM
CD
QG
DH
AP
AM AM

yes
no

AP
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no

DH
double
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double
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TI
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CM
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