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Abstract 
  
 Somatic copy-number alterations (SCNAs) play an important role in the 
development of cancer. In cancer genome analyses, accurate profiling of SCNAs is often 
deterred by the presence of noise in microarray and next-generation sequencing data. 
Here, we present the Tangent copy-number inference pipeline, which employs a novel 
normalization approach to reducing systematic noise in copy-number profiles. Tangent 
normalization first constructs a noise model using the weighted sum of noise profiles 
from a collection of normal samples that most closely matches the tumor noise profile. 
The estimated noise profile is then subtracted from the tumor signal to generate copy-
number data for the tumor. The performance of Tangent thus hinges on having adequate 
representation of noise profiles in the normal reference collection. Since there are often 
practical limitations to obtaining sufficient number of normal samples, here we also 
describe the Pseudo-Tangent pipeline, which is an adaptation of Tangent to generate 
signal-subtracted tumor profiles that can be used to augment the reference collection. We 
applied Tangent to single-nucleotide polymorphism (SNP) array data and whole-exome 
sequencing data in The Cancer Genome Atlas (TCGA). Tangent normalization offers 
significant reduction in noise and improvement in signal-to-noise ratio compared to 
conventional normalization approaches. In the case of limited normal samples, Pseudo-
Tangent also provides substantial reduction in systematic noise compared to Tangent 
alone and other conventional approaches. Tangent and Pseudo-Tangent are broadly 
applicable to multiple sequencing technologies for more accurate inference of SCNAs in 
the cancer genome. As part of TCGA, we have published the copy-number results for 
SNP array data of over 10,000 tumor-normal pairs that were analyzed with the Tangent 
pipeline. We have also made Tangent and Pseudo-Tangent publicly available for 
downloads and implementation.  
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Glossary 
 
BAM  Binary Alignment Map 
CBS  Circular binary segmentation  
CESC  Cervical squamous cell carcinoma and endocervical adenocarcinoma  
CGH  Comparative genomic hybridization  
CNV  Copy-number variation; copy-number variant  
DNA  Deoxyribonucleic acid  
GATK  Genome analysis toolkit  
GBM  Glioblastoma multiforme  
GC   Guanine-cytosine 
GDC  Genomic Data Commons 
GISTIC  Genomic Identification of Significant Targets in Cancer 
IGV  Integrative Genomics Viewer 
KIRC  Kidney renal clear cell carcinoma 
LAML  Acute myeloid leukemia 
LGG  Brain lower grade glioma  
LUSC  Lung squamous cell carcinoma  
NGS  Next-generation sequencing  
PCF  Piecewise constant fitting 
PCR  Polymerase chain reaction 
PRAD  Prostate adenocarcinoma 
READ  Rectum adenocarcinoma  
SCNA  Somatic copy-number alteration 
SNP  Single nucleotide polymorphism  
SNR  Signal-to-noise ratio 
STAD  Stomach adenocarcinoma  
SVD  Singular value decomposition 
TCGA  The Cancer Genome Atlas 
UCEC  Uterine corpus endometrial carcinoma  
WES  Whole-exome sequencing 
WGS  Whole-genome sequencing 
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Introduction 
 

 Cancer is often a result of the accumulation of somatic alterations in the genome. 

These alterations most commonly include point mutations, copy-number alterations, and 

structural rearrangements (Weir et al. 2004). Somatic copy-number alterations (SCNAs) 

in particular can have significant impact in driving the development of cancer by 

activating oncogenes or inactivating tumor suppressor genes (Beroukhim et al. 2010; Zack 

et al. 2013). In 2006, the National Cancer Institute and the National Human Genome 

Research Institute launched The Cancer Genome Atlas (TCGA) to comprehensively 

characterize the genomic and molecular profiles of cancer (McLendon et al. 2008; 

Weinstein et al. 2013). As part of TCGA, tumor samples from more than 11,000 cancer 

patients across 33 cancer types were collected and processed with single nucleotide 

polymorphism (SNP) arrays and whole-exome sequencing (WES) technologies. The 

advancement in high-resolution microarrays and next-generation sequencing (NGS) has 

been quintessential in supporting the vision of profiling these cancer genomes to 

accelerate the discovery of novel cancer driver genes (Korn et al. 2008; McLendon et al. 

2008; Weinstein et al. 2013; Zack et al. 2013). 

 Currently, the standard approaches in characterizing somatic copy-number 

profiles centers around comparing the DNA content at various loci across the genome in 

tumor samples to that in normal samples. For example, in the use of array comparative 

genomic hybridization (CGH) or SNP arrays, the DNA content at each locus is derived 

from the signal intensities of the DNA probes that target these genomic loci (LaFramboise 

2009). Similarly, in next-generation sequencing, the DNA content at each locus is 

determined by the coverage levels of loci across the genome (Yoon et al. 2009). The 
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detection of SCNAs is then accomplished by determining the ratios of DNA content in 

tumor samples to that in normal samples at the corresponding genomic loci. These ratios 

become a way of normalizing the different affinities of array probes or sequencing 

primers at each locus. For the purpose of this comparison and normalization, the normal 

samples used is typically a matched normal sample from the same patient or a computed 

average among a collection of normal samples. 

 Such copy-number analyses are often confounded by at least three sources of 

noise. First, stochastic variations may result in random deviations between the measured 

DNA content and true DNA content. We can overcome random noise by averaging 

measurements across adjacent loci or by sequencing to a greater average depth. A 

common solution of averaging such measurements is to apply segmentation algorithms 

such as Circular Binary Segmentation (CBS) or Piecewise Constant Fitting (PCF) after a 

gross copy-number ratio is determined at each locus (Nilsen et al. 2012; Venkatraman & 

Olshen 2007). Second, false positives may result from germline copy-number variations 

(CNVs) being misinterpreted as SCNAs. We can overcome these false positives by using 

a blacklist of common germline CNVs or by comparing tumor and normal samples 

collected from the same patient. Third, systematic noise may result from various factors 

in experimental conditions that occur during the generation of sequencing data, which 

can affect probe affinities and coverage at particular loci.  

 Despite significant advancement made in sequencing technologies and 

computational analysis tools to tackle the issue of noise in copy-number data, filtering 

out systematic noise in high-resolution microarray and NGS data remains a huge 

challenge. In the past ten years, a variety of copy-number analysis pipelines such as 

Control-FREEC, ExomeCNV, VarScan2, and CNVkit have been published in literature 

(Boeva et al. 2012; Koboldt et al. 2017; Rieber et al. 2017; Sathirapongsasuti et al. 2011; 
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Talevich et al. 2016; Zare et al. 2017). However, many of these pipelines apply similar 

approaches in reducing systematic noise, which can be classified into the use of matched 

case-control samples, the use of a computed average from a collection of normal samples, 

or correction of bias in guanine-cytosine (GC) content (Zhao et al. 2013). While the noise 

in matched normal samples can often approximate their corresponding tumors’ noise 

profiles, normal samples may not always be available either from practical limitations in 

clinical settings or from bench research that only utilizes isolated cancer cell lines. Even 

the normal tissues that are obtained may also be contaminated with tumor cells. 

Furthermore, when normal samples are readily available, they may undergo different 

processing conditions during the sequencing process from their corresponding tumors 

and therefore may exhibit different noise profiles (Grizzle et al. 2011). In the average 

normal approach, the computed average normal may be inadequately representing the 

various contributions of normal samples to the tumor noise profile. While GC correction 

may be helpful in reducing a large portion of noise in copy-number data, it certainly does 

not target all potential sources of systematic noise. Other sources of systematic noise 

include mappability variations across the genome, experimental variations during PCR 

amplification, cross-hybridization, and steps in sample and library preparation. 

Therefore, the presently available copy-number tools do not adequately address these 

gaps in copy-number analysis. 

 Here, we present Tangent, a copy-number inference pipeline that aims to address 

these gaps in copy-number analysis by applying a novel methodology that constructs 

noise profiles from a subset of normal samples to target all potential sources of systematic 

noise. The normal samples used in Tangent ideally will have undergone identical 

experimental processing conditions as the tumor samples, but may not necessarily have 

to be from the same patients as the tumors. Given the previously highlighted challenges 
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in obtaining matched normal samples, a potential bottleneck of Tangent is thus the ability 

to obtain sufficient normal samples to form a large and diverse collection that adequately 

represents tumor noise profile. To address this bottleneck, we present Pseudo-Tangent as 

an extended approach of Tangent that converts tumor copy-number profiles into pseudo-

normal copy-number profiles by subtracting inferred SCNAs to augment the reference 

normal collection in the pipeline.  
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Methods 
 

Overview of the Tangent pipeline 

 The Tangent pipeline can be applied to both high-resolution microarray data and 

WES data for somatic copy-number analyses. This pipeline was the basis for the analyses 

of all Affymetrix SNP Array 6.0 data in TCGA. To run Tangent on SNP array data, we 

used raw probe-level intensity data in the form of .CEL files as input. These .CEL files are 

also available on the Genomic Data Commons (GDC) portal 

<https://portal.gdc.cancer.gov/legacy-archive/> as TCGA Level 1 Data 

(Supplementary Figure S1; Grossman et al. 2016). The Tangent pipeline for processing 

these Affymetrix SNP Array 6.0 data consists of six primary modules:  

1. Generation of probeset intensities: The Affymetrix SNP Array 6.0 contain 906,600 

SNPs that are associated with single nucleotide polymorphisms and 946,000 copy-

number markers at other locations 

<http://tools.thermofisher.com/content/sfs/brochures/cn_snp_variation_technote

.pdf>. Each genomic locus and SNP allele is represented by multiple probes on these 

arrays, which are collectively termed a probeset. The Affymetrix GeneChip 

Command Console Software generate probe-level intensities at each targeted locus 

and represent the intensity data in the form of .CEL files. We use SNPFileCreator, a 

Java implementation of the dChip signal intensity determination algorithm to 

normalize and merge intensity values for each probeset (Li & Wong 2001a, 2001b). 

Probe intensities across a sample are first scaled to achieve a median brightness value 

of 1000 and are subsequently subjected to quantile normalization. The normalized 

probe intensities of each sample are then mapped to a reference sample using model-
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based expression indices. Median polish is applied to each probeset across samples 

to produce one value per probeset for each sample. We applied SNPFileCreator to all 

arrays in a batch, as defined by the joint PCR amplification step. The output of 

SNPFileCreator is available on the GDC portal as TCGA Level 2 Data (Supplementary 

Figure S1; Grossman et al. 2016). 

2. Calibration of probesets to infer copy-number: In this module, probeset intensities are 

mapped to copy-number levels on a batch-by-batch basis, assuming a linear 

relationship between signal intensity and copy-number. This probeset calibration 

step is determined by two parameters: the background signal intensity and a scale 

factor that specifies the change in intensity resulting from each added copy of DNA. 

For SNP loci, Birdseed is used to calibrate probesets for each allele, using intensity 

data collected from normal samples, allele-specific background, and scale parameters 

(Korn et al. 2008). The resulting copy-numbers for the two alleles are summed to 

obtain total copy-number estimates. For CNV loci, we apply a copy-number inference 

step where the copy-number markers are calibrated on a two-step modeling approach 

based on SNP Array 6.0 data of an X-dosage experiment. This experiment was 

performed on 46 samples from five cell lines with 1 known CNVs on the X-

chromosome. We first calibrate each probeset on chromosome X by applying linear 

regression to the experimental data to fit the parameters !"# and !"$	of the following 

model (i): 

(i)       &" = !"# + !"$	)"  

 whereby	&"  represents the intensity of probeset *,	)"  represents the copy-number 

level at probeset *, and !"# and !"$	correspond to the background signal intensity and 

the scale factor that specifies the change in intensity resulting from each added copy 
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of DNA, respectively. We extend the resulting calibration for the probesets on 

chromosome X to the calibration for all probesets across the genome by modeling the 

background signal intensity and the scale factor as functions of local sequence features 

and median intensity across samples, as summarized in model (ii) below:  

(ii)  !"+ = ,+# + ,+$-)" + ,+./0"
(234) + ,+6/0"

(728) + ,+9&": + ,+;	(&":).         

 for < ∈ {0, 1}. The variable -)" represents the GC content of probeset *, /0"
(234)	and 

/0"
(728) represent the lengths of the Sty and Nsp fragments of probeset * respectively, 

and &":  represents the probeset median intensity across the samples. The linear 

dependence on GC content and fragment lengths and quadratic dependence on 

median intensity provides a good fit to our X-dosage array data. In the second step, 

we apply linear regression again to find the parameters ,+C	 for < ∈ {0, 1}  and D ∈

{0, 1, 2, 3, 4, 5}  that best fit model (ii). The parameters ,+C 1 are independent of the 

probeset and, for < = 1  or < = 2 , this regression is performed collectively on the 

complete set of X-chromosome data, {!"+, -)", /0"
234 , /0"

728 , &":}" ∈ IJ where IJ  is the 

collection of indices for the probesets on chromosome X. Each of the parameters for 

both models (i) and (ii) described above is computed once based on the results of the 

X-dosage experiment. Model (ii) is then used to predict the background and scale 

factor across the genome for each new batch of SNP Array 6.0 data. While GC content 

and fragment lengths do not vary with the batch, the median intensity must be 

computed separately for each batch. The output files of this module are also available 

on the GDC portal as TCGA Level 2 Data (Supplementary Figure S1; Grossman et al. 

2016). 
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3. Reduction of biological noise from germline variations: We remove probesets of 

regions that most likely contain germline CNVs, which are regions exhibiting 

extensive copy-number variations across the panel of normal samples 

(Supplementary Table 1). 

4. Reduction of systematic noise using Tangent normalization: This module is described 

in detail in the following section. The standard reference plane used here was 

constructed using 3,146 TCGA SNP Array 6.0 normal blood samples that passed 

certain levels of quality control. 

5. Reduction of random noise through segmentation: We apply the CBS algorithm to 

minimize the presence of random noise in the data (Seshan & Olshen 2019; 

Venkatraman & Olshen 2007). This module outputs segmented copy-number data in 

the form of .seg files. The output files are available on the GDC portal as TCGA Level 

3 Data (Supplementary Figure S1; Grossman et al. 2016). 

6. GISTIC 2.0: As part of the analyses, we also identify genes that are amplified or 

deleted more than expected by chance in the cohort using GISTIC 2.0 (Mermel et al. 

2011). The results of this module are available on the GDC portal as TCGA Level 3 

Data (Supplementary Figure S1; Grossman et al. 2016). 

 To run Tangent on NGS data, we use TCGA WES BAM files as input. We first 

apply the Genome Analysis Toolkit (GATK) 3 DepthOfCoverage tool on these BAM files 

to assess coverage information across the genome (Depristo et al. 2011). 

DepthOfCoverage processes BAM files to produce a .sample_interval_summary file that 

contains average coverage values for various genomic loci representing the hybrid 

capture targets, also termed intervals. Using these coverage data files as input, we run 

Tangent normalization (detailed in the section below) to reduce systematic noise, 

followed by CBS to reduce random noise in the data (Seshan & Olshen 2019; 
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Venkatraman & Olshen 2007). The flow charts for each type of input data are presented 

in Supplementary Figure S1A-B.  

 

Tangent Normalization 

 A key assumption in Tangent normalization is that the distribution of log-

transformed systematic noise follows a similar additive pattern in tumor samples as in 

normal samples. We made this assumption based on previous internal data that the 

observed noise in copy-number data is mostly multiplicative. Hence, in Tangent 

normalization, we can compute estimated noise profiles for tumors based on normal 

samples, and then subtract these estimated noise profiles from the input tumor copy-

number data to minimize the presence of systematic noise. More specifically, we can 

model the space of log2 copy-ratios as: 

      K	⨁	KM 

 where the noise space, K , is a lower-dimensional subspace spanned by the 

coverage profiles of a collection of normal samples, as described in detail below, and its 

orthogonal complement, KM , is considered the signal space. Each tumor, NO  can be 

uniquely represented as: 

     NO = PQ*RS NO + 	R*TPUD(NO) 

 where PQ*RS NO  is the noise profile of the tumor NO  and is determined by the 

projection of NO  to K, and signal(NO ) is a vector in KM . The K subspace is individually 

calculated for each tumor, and noise( NO ) can be computed through the use of 

pseudoinverse, as described below. Signal(NO) is the residual of the difference between 
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NO	and noise(NO ), and is considered as the Tangent-normalized coverage profile of the 

tumor NO. 

 In detail, for * ∈ {1, 2, 3, … , PW}, where PW is the number of normal samples, the * th 

normal sample is represented as a vector X"  of log2 copy-ratio intensities in genomic 

order, with each coordinate corresponding to one of the non-CNV probes. The noise 

space, K , is defined as the ( PW - 1)-dimensional plane containing the vectors 

{X$, X., X6, … , X7}. Note that PW − 1 ≪ [, where [ equals the dimension of the ambient 

log2 copy-ratio coordinate space or equivalently, the number of markers not excluded as 

poor quality or potential CNVs. For \ ∈ {1, 2, 3, … , P]}, where P] is the number of tumor 

samples, the \th tumor sample is represented as vector NO under a similar concept as X". To 

construct each unique normal profile such that it most closely matches the tumor noise 

profile, we first identify the point in K that is closest to NO using a Euclidean metric, i.e. 

the projection of NO on K. We can compute ^(NO)	using standard linear algebra. A rigid 

transformation of Euclidean marker space prior to normalization does not change the 

resulting normalization of NO. An appropriate translation of the Euclidean space ensures 

that K passes through the origin and forms a vector subspace of the Euclidean space, in 

which the normal vectors now reflect the deviation from the typical normal, which is 

what we consider as the noise in NO. We can define the noise profile for each tumor sample 

as a linear combination of (PW- 1) translated normal vectors after projection to K: 

     ^(NO) = X ∗	X8" ∗ 	NO  

where K is an array of columns corresponding to (PW- 1) normal samples that span K, 

and X8" is the pseudo inverse of K. The resulting normalization of NO is then set to the 

residual, NO − ^(NO), which is the resulting Tangent-normalized tumor copy-number data. 
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 Another assumption of Tangent normalization is that the normal samples 

provided to define the reference subspace do not contain SCNAs. In reality however, this 

may not actually be the case as normal samples obtained under clinical or experimental 

conditions may contain tumor cells and therefore may exhibit SCNAs. To address this 

potential issue, we designate a normal ceiling parameter for Tangent as the threshold by 

which normal samples are considered to be suspect normals, i.e. samples that contain 

tumor cells or SCNAs. We first calculate disruption scores for each normal sample, where 

a disruption score is defined as the mean absolute moving average of log2 copy-ratios 

across the genome. The normal ceiling parameter is thus a disruption score threshold 

such that samples whose disruption scores fall within the tail of the distribution are 

excluded from the constructed noise model in Tangent. In our experience, we find 0.073 

to be a fair conservative threshold for TCGA SNP Array 6.0 data, and the range of 0.18 to 

0.60 to be reasonable for TCGA WES data, taking into account that this value may vary 

based on the sequencing quality of normal samples. 

 Tangent normalization currently only includes the X chromosome and not the Y 

chromosome. Normalization of the X chromosome may be potentially complicated by 

two factors: (1) the distance from a tumor to a normal on the X chromosome should reflect 

the true difference in noise, rather than false positives from differences in sex; (2) since 

^(NO) may be a weighted average of copy-ratios from both male and female samples in 

our reference plane, the normalization of NO	could affect the apparent copy-number of the 

X chromosome. To address these potential issues, our reference plane includes a 

theoretical normal with copy-number precisely two throughout the autosomes and one 

throughout the X chromosome. The presence of this theoretical normal ensures that 

Tangent normalization can adjust the copy-number of X for any sample, regardless of the 
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input sex, to a mean level of ~2 copies. Doing so allows the detection of focal SCNAs 

within the X chromosome but ignores changes on a whole-chromosome level. To recover 

whole-chromosome SCNAs on the X chromosome, one could potentially run Tangent 

normalization using gender-matched normal samples, the results of which are not 

presented here.  

 We also encountered computational challenges from the large number of reference 

normal samples (~3,000 samples) as the projection matrix relies on the computation of 

the pseudoinverse of an [	×	PW matrix (~1.5e6 × 3000). To address this issue, we mimic 

Gram-Schmidt orthogonalization, but on a blockwise level, by decomposing the reference 

plane into orthogonal blocks such that the projection, ^(NO), can be computed on a block-

by-block basis with only one block in memory at a time. Each block consists of 

approximately 250 normal samples from multiple sequencing batches to reflect diversity 

in the reference plane. The orthogonalization process replaces the * th block of normal data 

by its Tangent normalization against blocks 1 through (* − 1). When a new batch is 

processed, an additional block is added using the normal samples from the batch at hand, 

which are themselves first normalized against the reference normal samples.  

 

Pseudo-Tangent 

 The Pseudo-Tangent pipeline is depicted in the flowchart in Supplementary 

Figure S1C. The first step of Pseudo-Tangent is running Tangent normalization on tumors 

using a small collection of normal samples that define the reference subspace. This step 

outputs a tentative copy-number profile for each tumor. We then subtract these tentative 

profiles from their original log-transformed tumor profiles to create a corresponding 

pseudo-normal copy-number profile for each tumor. These pseudo-normal profiles can 
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be used to define the reference subspace in the next step of Pseudo-Tangent. Specifically, 

the tumors are partitioned into P  approximately equal subsets, and Tangent 

normalization is run on each separate subset with a reference subspace that is defined by 

pseudo-normal profiles in the complement of that subset. The partition parameter n is 

inversely related to the cardinality of each subset. We designate this partition parameter 

as the Nsplit parameter in the pipeline. Finally, similar to the original Tangent pipeline, 

the Pseudo-Tangent-normalized data is segmented using CBS to generate segmented 

copy-number profiles in the form of log2 copy-ratios (Seshan & Olshen 2019; 

Venkatraman & Olshen 2007). 

 A possible concern for Pseudo-Tangent is the potential to overfit when too many 

pseudo-normal profiles are provided, and thus resulting in false negatives during the 

detection of SCNAs. We provide an optional step in the Pseudo-Tangent pipeline to 

perform truncated singular value decomposition (tSVD) on the entire collection of 

pseudo-normal profiles prior to the partition step. The parameter Evects in the pipeline 

defines the number of SVD components for the decomposition of the pseudo-normal 

reference subspace. This step limits the dimensionality of the pseudo-normal reference 

subspace by setting the number of eigenvectors used to describe the noise distribution in 

the pseudo-normal profiles. 

 

Other normalization approaches for performance comparison 

 We compared the performance of Tangent with several other conventional 

normalization approaches: (1) matched normal; (2) five nearest normals; (3) average 

normal; and (4) GC correction. In these comparison analyses, we opted to exclude the sex 

chromosomes such that differences in their handling of the sex chromosomes would not 
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affect the comparisons. For similar reasons, we excluded CNV probes that map to known 

germline copy-number polymorphisms or other regions where, due to errors in the 

experimental platform, data across normals vary widely (Supplementary Table 1). 

 The matched normal approach involves using a normal sample that is obtained 

from the same patient as the tumor. In this approach, we subtract the log2 copy-ratios of 

each matched normal from the corresponding tumor. For tumors with more than one 

matched normal, such as the case of a normal peripheral blood sample and a normal 

tissue sample, the matched blood sample is preferred over the tissue sample. The five 

nearest normals approach involves identifying five normals that are closest to the tumor 

based on Euclidean distance (Beroukhim et al. 2007). We then subtract the mean log2 

copy-ratios of the five nearest normals from the tumor. In the average normal approach, 

we first generate a standard average normal by averaging the coverage at each targeted 

interval across the entire collection of normal samples. We then subtract the log2 copy-

ratios of this computed average normal from each tumor. The approach of correcting for 

GC bias is performed based on the GC content normalization algorithm in HMMcopy 

(Ha et al. 2012; Lai et al. 2016). We then apply Tangent, the matched normal approach, or 

the average normal approach as previously described to the GC-corrected tumor and 

normal data. 

 We compare the performance of these normalization approaches in detecting 

SCNAs based on preservation of signal intensity, reduction in noise levels, improvement 

in signal-to-noise ratio (SNR), and level of hypersegmentation. When applicable, we also 

directly visualize gross log2 copy-ratios in Integrative Genomics Viewer (IGV) (Robinson 

et al. 2011; Thorvaldsdóttir et al. 2012). We define signal as the standard deviation of 

median signal intensities among all chromosomal arms, and noise as the median absolute 

difference between log2 copy-ratios of adjacent intervals or probes. The level of 
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hypersegmentation is estimated by the number of segments per sample after CBS 

segmentation on post-normalization data. We presume that greater noise in normalized 

copy-number data is reflected by increased fluctuations in true copy-number values, and 

thus after processing by a segmentation algorithm will result in larger number of 

segments per sample. In other words, we consider the performance of a normalization 

approach to be more superior if the average number of segments per sample is lower. 

 

Tangent analysis on HCC1143 replicates data  

 We first studied the pattern of systematic noise that is present within and across 

batches in microarray data by processing HCC1143-BL cell lines on 118 arrays spanning 

110 batches and HCC1143 tumor cell lines on 138 arrays across 128 batches. HCC1143 is 

a commercially available breast tumor cell line, whereas HCC1143-BL are immortalized 

non-cancerous peripheral blood lymphocytes originally obtained from the same patient, 

which we used as normal replicates in this study. We applied CBS segmentation on pre-

normalized copy-number data and Tangent-normalized data for both the normal and 

tumor cell lines (Seshan & Olshen 2019; Venkatraman & Olshen 2007). We then visualized 

the segmented log2 copy-ratios on IGV as shown in Figure 1A and Supplementary Figure 

S2 (Robinson et al. 2011; Thorvaldsdóttir et al. 2012). 

 

Tangent analysis on TCGA microarray data  

 In the analysis of TCGA SNP array data (the results of which are shown in Figure 

2), we applied Tangent on 497 TCGA glioblastoma multiforme (GBM) tumors and 451 

matched normal samples processed under similar experimental conditions as these 

tumors. We used 0.073 as the normal ceiling threshold, and constructed the reference 

plane using the reduced set of 451 matched normal samples instead of the collection of 
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over 3,000 normal samples as was used in the Tangent analysis of Affymetrix SNP Array 

6.0 data for TCGA (see previous section). This reduced set of normal samples is to enable 

fair comparisons with other normalization approaches. We compared the performance 

of Tangent on this SNP array dataset to the matched normal approach and the five nearest 

normals approach, as described above. 

 We also evaluated the effect of size of reference plane on the performance of 

Tangent. We applied Tangent normalization on the same set of 497 GBM tumors using 

reference planes that were constructed from 0 (i.e. no use of Tangent) to 3,146 TCGA 

normal samples spread across 13 microarray batches. The median number of normal 

samples per batch was 255, with a range of 102 to 281 samples per batch. This collection 

of normal samples were normal blood leukocyte samples obtained from patients of 

various cancer types. 

 Finally, we investigated whether the normal samples that made up the reference 

plane should be processed under the same experimental conditions as the tumors. To 

achieve this goal, we studied the performance of Tangent using two reference planes: one 

was constructed from normal samples in the same array batches as the tumors, and the 

other was from normal samples across batches that may not necessarily be the same as 

the tumors. We compared the ratio of noise in post-normalization data to noise in pre-

normalization data for performance analysis. 

 
Tangent analysis on TCGA whole-exome data across cancer types 

 In the analysis of TCGA WES data (the results of which are shown in Figure 3), we 

applied Tangent on 252 TCGA WES samples across four distinct cancer types, i.e. 

stomach adenocarcinoma (STAD), lung squamous cell carcinoma (LUSC), lower grade 

glioma (LGG), and prostate adenocarcinoma (PRAD). The samples were made up of 123 
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tumors and 129 matched normal samples, including 123 normal blood and 6 normal 

tissue samples. The number of samples used in each of the four cancer types are detailed 

in Supplementary Table 2.  We selected these samples and cancer types based on the 

availability of samples present on the same array plate in their SNP array counterparts 

and the representation across multiple TCGA sequencing centers. In this analysis, we 

used 0.23 as the normal ceiling threshold, and defined the reference subspace using the 

reduced set of 129 normal samples to enable fair comparisons with other normalization 

approaches. We compared the performance of Tangent normalization on this dataset 

with the matched normal approach, the average normal approach, and GC correction, as 

described above. 

 We also applied Tangent normalization on these 123 tumors using reference 

planes of various sizes. These reference planes were constructed from 10 to 1000 matched 

and non-matched normal samples in TCGA across ten different cancer types: cervical 

squamous cell carcinoma and endocervical adenocarcinoma (CESC), GBM, kidney renal 

clear cell carcinoma (KIRC), acute myeloid leukemia (LAML), LGG, LUSC, PRAD, 

rectum adenocarcinoma (READ), STAD, and uterine corpus endometrial carcinoma 

(UCEC). Each of the ten cancer types contributed equal number of samples to each 

reference plane that was constructed. The samples were also sequenced in five distinct 

sequencing centers to ensure diversity in noise profiles. 

 

Pseudo-Tangent analysis on TCGA whole-exome CESC data 

 We introduced Pseudo-Tangent as an adaptation of Tangent to compensate for 

insufficient number of normal samples during the normalization step of copy-number 

profiling. In the Pseudo-Tangent analysis of TCGA WES data (results of which are shown 
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in Figure 4), we applied Pseudo-Tangent to 305 TCGA CESC primary tumor samples that 

were sequenced with whole-exome sequencing. We imposed an artificial constraint of 

only providing five matched normal samples for this analysis. The first step of Pseudo-

Tangent was running regular Tangent normalization on these tumors using the five 

matched normal samples to define the reference subspace. With the tentative tumor copy-

number profiles that were generated from the first step, we then created 305 signal-

subtracted copy-number profiles, which we called pseudo-normal profiles. Using Nsplit 

of 3, we divided the tumors into three subsets, and applied Tangent on each subset using 

reference pseudo-normals in two other complementary subsets to generate the final 

tumor copy-number profiles. 

 To evaluate the performance of Pseudo-Tangent, we decided to compare the 

results of Pseudo-Tangent to gold-standard absolute allelic copy-number profiles that 

had been previously generated as an internal dataset at the Broad Institute (Taylor et al. 

2018). This dataset was generated by applying the regular Tangent pipeline followed by 

the ABSOLUTE algorithm to Affymetrix SNP Array 6.0 data for these 305 CESC tumors 

and 3,146 matched and non-matched normal samples in TCGA (Carter et al. 2012). Note 

that the ABSOLUTE algorithm also uses mutation calls from corresponding WES data for 

these samples to optimize its tumor purity estimates in the generation of allelic copy-

number and assessment of aneuploidy. Here, we employed a new definition of noise for 

this data, which was different from how we defined noise in the regular Tangent analysis 

as described previously. In our Pseudo-Tangent analysis, we measure noise as the 

average distance of the final copy-number profile for each segment and its nearest gold-

standard absolute total copy-number for that particular segment. We specifically 

compared the performance of Pseudo-Tangent with the performance of regular Tangent 
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using only five matched normal samples as reference normals, which was also the first 

step for the Pseudo-Tangent pipeline. 

 Given the potential issue with overfitting, we next investigated the effect of the 

dimensions of the pseudo-normal reference subspace on the performance of Pseudo-

Tangent. We performed tSVD of the pseudo-normal reference subspace to obtain 305 

eigenvectors with their corresponding eigenvalues. Then, we applied Pseudo-Tangent on 

the tumors using reduced pseudo-normal reference subspaces that were constructed 

from 10 to 305 (i.e. the entire pseudo-normal reference subspace) eigenvectors selected 

by the greatest eigenvalues. The performance of Pseudo-Tangent with these various 

reference subspace dimensions is evaluated by comparing the noise levels in Pseudo-

Tangent normalized data to those in data normalized with regular Tangent against five 

matched normal samples. We defined the ratio between the two datasets as the fraction 

of noise eliminated by Pseudo-Tangent.  
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Results 
 

Principles of Tangent Normalization  

 The ultimate goal of this work is to develop a copy-number analysis pipeline to 

detect SCNAs in the cancer genome for TCGA. A major barrier to accurate detection of 

SCNAs is the presence of noise in copy-number data. As highlighted previously, there 

are three major sources of noise: random noise, germline CNVs, and systematic noise (see 

Introduction). In our initial empirical studies of systematic noise using HCC1143 and 

HCC1143-BL cell lines, we found that systematic noise, unlike random noise, tended to 

produce more consistent patterns of variation in the data both within and across 

microarray batches. A comparison of log2 copy-ratios for the HCC1143-BL normal 

replicates revealed several distinct patterns of CNV, with each CNV pattern being 

evident in multiple cell line replicates processed across many batches (Figure 1A). 

Similarly, we observed false positive patterns of SCNAs recurring across the tumor cell 

line replicates that were processed in different batches (Supplementary Figure S2A). 

These false positives can theoretically be eliminated by normalizing the tumor data 

against matched normal samples that were profiled under identical experimental 

conditions. However, in practice it is almost impossible to identify the nuances of many 

of these experimental conditions, let alone measure them. Given the need of a more 

accurate control to reduce systematic biases, we developed the Tangent normalization 

method to build a subset of normal controls that can most accurately represent the tumor 

noise profile. 

 We postulate that systematic variations in signal intensity or coverage profiles are 

due to factors in experimental conditions. Therefore, normal samples that are processed 
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in the same batch or sequencing center as the tumors should have similar noise 

characteristics as their tumor counterparts. Tangent hypothesizes that a large collection 

of diploid normal samples should be sufficient to encompass a subspace, K, of the larger 

landscape of all possible variations in signal intensity or coverage profiles. As such, 

Tangent uses this collection of normal samples with presumed similar noise profiles as 

the tumors to construct the reference subspace K from the space that spans all linear 

combinations of normal profiles. For any copy-number profile NO of a tumor sample \, the 

point in subspace K that is most similar to NO should represent the normal sample that is 

processed under similar conditions as the tumor \. We can now identify SCNAs as the 

difference between NO	and the nearest point in subspace K (Figure 1B). In other words, we 

can project NO   onto the reference subspace K, and then estimate SCNAs from the residual 

difference between NO  and the projection of NO  (Figure 1C). Further details of Tangent 

normalization are described in the Methods section. 

 In addition to addressing systematic noise, our pipeline also included a blacklist 

of germline CNVs (Supplementary Table 1), and a CBS segmentation step to reduce 

random noise (Seshan & Olshen 2019; Venkatraman & Olshen 2007). We found a 

combination of the above approaches in the pipeline to be sufficient in reducing the 

majority of noise that is present in copy-number data. The overall copy-number analysis 

pipeline for Tangent is depicted in Supplementary Figure S1A-B. 

 
Tangent analysis on microarray data 

 We assessed the performance of Tangent in inferring copy-number profiles from 

microarray data by applying Tangent to a TCGA SNP array dataset of GBM tumors (see 

Methods). We compared the performance of Tangent to two other normalization 
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approaches: the matched normal approach and the five nearest normals approach 

(Beroukhim et al. 2007). 

 We found that the signal integrity in copy-number profiles was preserved for all 

three normalization approaches (Figure 2A). However, when compared to the other two 

approaches, only Tangent normalization consistently led to lower noise levels in the 

normalized data, thus exhibiting the highest signal-to-noise ratio. The improvement in 

noise levels for the five nearest normals approach was negligible, whereas the matched 

normal approach resulted in greater noise level post-normalization (Figure 2B-C). We 

also assessed the level of hypersegmentation in segmented normalized copy-number 

profiles, and found the mean number of segments for Tangent normalization to be 23% 

less than that of the five nearest normals approach (Supplementary Figure S3).  

 Next, we studied the effect of reference plane size on the performance of Tangent 

in noise reduction. We applied Tangent to the same set of GBM tumors but this time using 

reference planes of increasing sizes to a maximum of 3,146 normal samples. We found a 

steady reduction in median noise levels with increasing number of normal samples, but 

the improvement decreased asymptotically and offered negligible benefits after 

approximately four batches, which at a median of 255 samples per batch corresponded 

to approximately 1,000 normal samples (Figure 2D). 

 Finally, we investigated the effect of reference plane composition on the 

performance of Tangent in noise reduction. Specifically, we asked the question of 

whether the normal samples provided should be processed in the same or different 

batches of arrays as the tumors. We found that in both cases—for normal samples within 

or across batches—the average amount of noise in Tangent-normalized data is lower than 

that pre-normalization. However, the degree of noise reduction is greater when the 
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reference plane was constructed from the entire set of normal samples across batches, as 

compared to the case of normal samples within the same batch as the tumors (Figure 2E). 

 

Tangent analysis on whole-exome sequencing data 

 In the case of whole-exome sequencing data, we evaluated the performance of 

Tangent by applying Tangent normalization to a TCGA WES dataset of 123 tumors across 

four tumor types (see Methods; Supplementary Table 2). We compared the performance 

of Tangent to two other normalization approaches: the matched normal approach and 

the average normal approach. We also combined each of the three approaches with 

correction for GC biases to understand whether GC correction provides significant 

improvements beyond Tangent normalization (Ha et al. 2012). 

 We found that Tangent outperformed these conventional normalization 

approaches. The amount of noise present in Tangent-normalized data was the lowest 

when compared to the matched normal and average normal approach (Figure 3A). 

Similarly, Tangent normalization also led to the highest signal-to-noise ratio (Figure 3B). 

When GC correction is applied, the correction reduced the amount of noise present in 

data that was normalized with the matched normal approach and the average normal 

approach. However, the improvement in noise levels by GC correction is negligible for 

Tangent normalization (Figure 3A). These trends remained when we assessed for signal-

to-noise ratio, suggesting that the benefit of correcting for GC biases in addition to 

Tangent normalization may be marginal (Figure 3B). 

 Next, we again studied the effect of reference plane size on the performance of 

Tangent in handling WES data. We applied Tangent to the same 123 tumors using 

reference planes constructed from up to 1,000 normal samples across ten cancer types 
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and sequenced in multiple distinct centers. We found a steady asymptotic decrease in 

median noise levels with increasing number of normal samples, and the performance  of 

Tangent plateaued at approximately 500 normal samples (Figure 3C-D). 

 

Pseudo-Tangent: an approach to compensate for insufficient normal 

data 

 The success of Tangent normalization hinges upon the presence of a sufficiently 

large and diverse collection of normal samples to define the reference subspace. 

However, due to various aforementioned reasons, in reality it is often challenging to 

sequence a large collection of normal samples to provide a wide landscape of noise 

profiles matching that of the tumor samples. To compensate for this issue, we developed 

Pseudo-Tangent as an adaptation of the Tangent pipeline to generate signal-subtracted 

tumor profiles, also known as pseudo-normal profiles, as a way of augmenting the 

reference subspace. Details of the Pseudo-Tangent pipeline are described in the Methods 

section (Supplementary Figure S1C). 

 In our analysis, we applied Pseudo-Tangent on 305 WES CESC primary tumors in 

TCGA, and created an artificial constraint of only using five matched normal samples. 

We benchmarked the performance of Pseudo-Tangent against gold-standard copy-

number data inferred from TCGA microarrays using regular Tangent normalization and 

the ABSOLUTE algorithm (Carter et al. 2012). Noise is defined as the difference between 

our results and the gold-standard dataset. We compared the level of noise in Pseudo-

Tangent-normalized data and Tangent-normalized data using only five normal samples 

to define the reference subspace. We found that the noise levels in all of the tumors were 
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lower after Pseudo-Tangent normalization than after Tangent normalization with only 

five matched normal samples (Figure 4A). 

 Next, due to concerns of overfitting resulting in loss of signal, we investigated 

whether reducing the dimensions of the pseudo-normal reference subspace could 

improve the performance of Pseudo-Tangent. To answer this question, we applied 

Pseudo-Tangent on the same set of WES CESC tumors but this time with varying number 

of eigenvectors that limit the dimensions of the pseudo-normal reference subspace. We 

discovered that there was an optimal number of eigenvectors one could use in defining 

the pseudo-normal reference subspace, and this number was highly dependent on the 

underlying tumor copy-number profile. In our dataset, we found the fraction of noise 

eliminated by Pseudo-Tangent to be the highest when the number of eigenvectors used 

was 150 (Figure 4B). Given that the eigenvectors selected were among those with the 

greatest eigenvalues, they captured approximately 98% of the variance of the entire 

pseudo-normal reference subspace. However, when we looked into individual tumor 

data, we found that the optimal number of eigenvectors varied across tumors. For 

instance, the optimal number of eigenvectors for tumors containing the greatest amount 

of noise in their copy-number data was closer to ten rather than 150 or other higher 

numbers (Figure 4C). This finding suggests that the optimal dimensionality of the 

pseudo-normal reference subspace may vary based on the underlying noise levels in the 

tumor copy-number data. 

 

Availability and implementation of Tangent 

 The Tangent pipeline is the basis for the copy-number analyses of all Affymetrix 

SNP Array 6.0 data in TCGA. The results of these copy-number analyses are available as 



 

 31 

CNV data in the GDC Data Portal <https://portal.gdc.cancer.gov/repository> 

(Grossman et al. 2016). Tangent normalization is the foundation for copy-number 

normalization in the GATK4 CNV Discovery workflow that is offered by the Broad 

Institute (McKenna et al. 2010). We have also made Tangent publicly available for 

downloads and implementation both through Github 

<https://github.com/broadinstitute/tangent> and as a Docker image 

<https://hub.docker.com/r/coyin/tangent>.  
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Discussions, Conclusions and 
Future Work 
 

 In this thesis, we presented Tangent as a copy-number inference pipeline to 

accurately detect SCNAs in the cancer genome. The Tangent pipeline highlighted the use 

of Tangent normalization as a novel approach in reducing the presence of systematic 

noise from various sources in copy-number data. By creating a subset of normal samples 

with a similar noise profile as the tumor in question, we can normalize the tumor copy-

number data against this reference profile and reduce the amount of systematic noise. 

Our initial studies of noise patterns through HCC1143-BL normal replicates provided 

evidence that a noise model built from normal samples processed across many batches 

would best represent the diversity in systematic noise and thus facilitate optimal noise 

reduction. This principle became the foundation for normalization with the Tangent 

reference subspace, which is defined by the subset of normal samples that best represents 

the noise profile most similar to the tumor. 

 Tangent was originally developed for SNP array data as part of the copy-number 

analyses work in TCGA. In our analysis of TCGA SNP array data using GBM samples, 

the performance of Tangent was found to be superior to other normalization approaches, 

i.e. the matched normal approach and the five nearest normals approach. Tangent 

normalization consistently resulted in the lowest amount of noise in post-normalization 

data without compromising significantly in signal intensity, therefore providing the 

highest signal-to-noise ratio. Tangent normalization also led to the least amount of 

hypersegmentation, which could be a proxy for the degree of local fluctuations in 

normalized data. Our analysis showed that the performance of Tangent was dependent 
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on two factors: the size and diversity of the normal reference subspace. To optimize the 

performance of Tangent, one can increase the size of the reference plane by including 

more normal samples. One can also increase the reference diversity by including normal 

samples processed under a larger variety of conditions. Given the success of Tangent 

normalization, we implemented the Tangent pipeline as a means of inferring copy-

number for all SNP Array data for over 10,000 tumors in TCGA. 

 With the advancement in next-generation sequencing, we then further developed 

the Tangent pipeline to be applied on WES data in TCGA. In our analysis of TCGA WES 

data using samples from multiple cancer types, the performance of Tangent in noise 

reduction was again superior to the normalization approaches of using a matched normal 

and an average normal. Meanwhile, while the implementation of GC correction 

improved the performance of the latter two, GC correction did not provide substantial 

benefit in noise reduction when applied in addition to Tangent normalization. The 

superior performance of Tangent likely stemmed from its ability to provide a reference 

normal that most appropriately encompasses the landscape of noise present in the tumor 

data as compared to other approaches of normalization. The benefit of GC correction with 

Tangent is marginal probably because the normalization step in Tangent has already 

corrected for systematic noise from GC biases. With WES data, the performance of 

Tangent also improved with the use of larger reference planes. 

 Although Tangent was initially developed for use with SNP array data, we have 

now shown that Tangent can be extended to WES data for copy-number analyses. In fact, 

by its basic principle of normalization, Tangent can be applied to any source of copy-

number data that measures DNA dosage with varying signal intensity or depth of 

coverage, such as whole-genome sequencing (WGS) or microarray-based CGH. Future 
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work could focus on optimizing Tangent for the use of WGS data, which has become 

increasingly common with the decreasing cost of NGS technologies. 

 Regardless of the type of sequencing technologies, accurate determination of 

SCNAs heavily hinges upon the presence of normal controls that have been processed in 

identical fashion to the tumors. Since it is almost impossible in reality to obtain such 

normal control samples, Tangent normalization provides a computational approach to 

construct a reference control from a collection of normal samples to provide an estimated 

noise profile resembling that of the tumor. Therefore, the presence of a sufficiently large 

and diverse normal reference subspace is critical to the success of Tangent. In this thesis, 

we presented Pseudo-Tangent as an adaptation of the Tangent pipeline to augment the 

existing reference subspace. Pseudo-Tangent aims to enrich the Tangent reference 

subspace through the use of pseudo-normal profiles, which are signal-subtracted tumor 

profiles that no longer contain SCNAs. 

 We tested our Pseudo-Tangent pipeline on TCGA WES CESC tumors by imposing 

the constraint of having limited normal samples. In our analysis, the use of pseudo-

normal profiles resulted in lower noise levels than regular Tangent normalization with 

the five normal samples provided. While these results were encouraging, we were 

concerned about potential issues with overfitting resulting in false negatives. The issue 

of overfitting is more likely to occur if SCNAs in the tumors were not adequately 

subtracted during the generation of pseudo-normal profiles. Further analysis work with 

Pseudo-Tangent showed that we could reduce the dimensions of the pseudo-normal 

reference subspace to an optimal number that would preserve the integrity of the 

reference subspace and maximize the performance of Pseudo-Tangent. We also found 

that this number is affected by the underlying noise levels in the input tumor copy-

number data, and thus designated it as a parameter in the Pseudo-Tangent pipeline. We 
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emphasize that Pseudo-Tangent is most suited for analyses in which there are insufficient 

number of normals to form a diverse reference subspace. In situations where sufficient 

true normal samples are available, extensive profiling of these normal samples to define 

the reference subspace is preferable to the computational generation of pseudo-normal 

profiles. 

 In addition to Pseudo-Tangent, there are a few other potential ways to improve 

the performance of Tangent. While Tangent has primarily been applied to detecting 

SCNAs from genomic data, in the space of gene expression analysis, Fehrmann et al. 

developed a similar method to detect SCNAs from transcriptomic profiling data. 

Specifically, they removed principal components describing known transcriptional states 

to enrich for transcriptional changes that reflected the underlying SCNAs (Fehrmann et 

al. 2015). A few other published works in literature have also demonstrated 

improvements in copy-number profiling through novel algorithms that determine 

differences in absolute copy-number rather than relative copy-numbers by incorporating 

information about tumor purity and ploidy (Carter et al. 2012; Ha et al. 2014; Van Loo et 

al. 2010). However, as all of these algorithms require normalized copy-number ratios as 

inputs, we believe the use of these algorithms may still benefit greatly from Tangent 

normalization. Finally, another way of improving the accuracy of Tangent in detecting 

SCNAs may be to incorporate information about copy-number breakpoints through the 

detection of rearrangements by WGS (Drier et al. 2013; Layer et al. 2014; Rausch et al. 2012; 

Wala et al. 2018). 

 In summary, Tangent normalization is a novel and effective approach in reducing 

systematic noise for copy-number analyses of the cancer genomes. The Tangent pipeline 

incorporates Tangent normalization to accurately infer somatic copy-number alterations 

in cancer. This pipeline can be applied to both microarray data and whole-exome 
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sequencing data, and has the potential to be adapted for other sources of sequencing data 

to meet a variety of research and clinical needs. In situations where sufficient number of 

normal samples may not be readily available, Pseudo-Tangent can be applied to 

computationally generate pseudo-normal profiles to enrich the reference subspace. 

Future work in improving the performance of Tangent by incorporating alternative 

sources of information such as genomic rearrangements, tumor purity and ploidy can be 

considered. Currently, copy-number data from over 10,000 tumors in TCGA have been 

analyzed using the Tangent pipeline and published on the GDC data portal (Grossman 

et al. 2016). We have also made the Tangent normalization approach publicly available 

via GATK4 and the Tangent whole-exome sequencing pipeline available on Github 

(McKenna et al. 2010). 
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Figures 
 

  
 

Figure 1. Overview of problem and method. (a) Variations in segmented, pre-normalized 
log2 copy-number ratios on chromosome 1 (as visualized in IGV) of HCC1143-BL normal 
replicates across 110 batches. (b) A reduced, two-dimensional representation of the 
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Tangent normalization approach. For each tumor (purple), we compute its projection 
onto a lower-dimensional subspace defined by normal samples (green) profiled in 
parallel with the tumors. True signal for SCNAs is computed as the difference between 
the tumor and its projection onto the normal space. (c) Flowchart depicting the steps in 
Tangent normalization. 
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Figure 2. Performance of Tangent on SNP array data from 497 TCGA glioblastoma 
tumors. Scatterplots in panels A-C indicate post-normalization vs. pre-normalization (a) 
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signal, (b) noise level, and (c) signal-to-noise ratios for each of the three normalization 
approaches: Tangent (red), five nearest normals (green), and matched normals (blue). (d) 
Box plot of post-normalization noise as a fraction of pre-normalization noise, following 
Tangent normalization with increasing numbers of normal samples (approximately 250 
normal samples per batch). (e) Noise ratio (post-normalization to pre-normalization 
noise) for glioblastoma samples following Tangent normalization using the entire 
reference plane vs. Tangent normalization using only the normal samples processed in 
the same batch as the tumor.  
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Figure 3. Performance of Tangent on WES data from 252 TCGA tumors across multiple 
cancer types. (a) Noise levels and (b) signal-to-noise ratios for each of the three 
normalization approaches: Tangent (red), matched normals (green; MatchedNorm), 
average normal (blue; AverageNorm). Also shown here is each normalization approach 
with and without additional GC correction. (c) Noise and (d) signal-to-noise ratios 
following Tangent normalization with increasing numbers of normal samples in the 
reference subspace.  
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Figure 4. Performance of Pseudo-Tangent on WES data from 306 TCGA CESC tumors. 
(a) Average deviation from gold-standard ABSOLUTE-estimated copy-number levels, 
also defined as noise, following Pseudo-Tangent vs. Tangent alone with five matched 
normals. (b) Fraction of noise eliminated by Pseudo-Tangent vs. regular Tangent after the 
use of varying numbers of eigenvectors obtained from the decomposition of the pseudo-
normal reference subspace. (c) Noise levels following Pseudo-Tangent vs. Tangent alone 
after the use of 200 eigenvectors (left panel), 100 eigenvectors (middle panel), and 10 
eigenvectors (right panel).   
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Supplementary Figures 
 

 
 
Supplementary Figure S1. (a) Overview of the Tangent copy-number inference pipeline 
for SNP array data. Schematic view of pipeline with key output files for pipeline modules 
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and assigned TCGA levels included. (b) Overview of Tangent copy-number inference 
pipeline for next-generation sequencing data. (c) Overview of the Pseudo-Tangent 
pipeline as an adaptation of the Tangent pipeline.  
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Supplementary Figure S2. (a) Segmented, pre-normalized log2 copy-number ratios in a 
region on chromosome 1 containing 160-180 megabases (as visualized in IGV) of 
HCC1143 tumor replicates across 128 batches. (b) Segmented Tangent-normalized log2 
copy-number ratios in the same region on chromosome 1 for the same tumor replicates. 
The systematic artifacts present in (a) are no longer observed.  
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Supplementary Figure S3. Performance of Tangent on SNP array data for representative 
GBM tumors. (a) Log2 copy-number ratios, shown here as a 100-marker moving average 
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across the autosomes of the genome, following Tangent normalization (green) vs. pre-
Tangent normalization (black) in a representative glioblastoma tumor. (b) Segmented 
copy-number ratios (as visualized in IGV) for selected glioblastoma samples following 
two normalization approaches: five nearest normals (left panel) and Tangent (right 
panel). White is copy-neutral, whereas blue indicates a deletion with intensity of color 
increasing as copy-number decreases. (c) Levels of hypersegmentation in resulting copy-
number data, as shown by the histograms of total segment counts per sample, for 497 
TCGA GBM tumor samples when CBS follows two normalization approaches: five 
nearest normals (left panel) and Tangent (right panel). 
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Supplementary Tables 
 
Supplementary Table 1. Regions excluded from copy-number analyses. 
 

Region ID Chromosome Start End Flanking 
start Flanking end 

CNV.1 1 61735 3214732 61735 3218329 
CNV.2 1 3318977 3326796 3318714 3326803 
CNV.3 1 3785461 3792719 3781042 3792801 
CNV.4 1 4291287 4302161 4286684 4308903 
CNV.5 1 4422005 4424098 4421072 4424145 
CNV.6 1 4737693 4746636 4737605 4746774 
CNV.7 1 4756432 4759428 4754057 4760040 
CNV.8 1 4794114 4799166 4793580 4799200 
CNV.9 1 4889825 4896261 4889604 4897567 
CNV.10 1 5035188 5038051 5031869 5039093 
CNV.11 1 5112057 5174017 5102144 5179806 
CNV.12 1 5352492 5403585 5347439 5408889 
CNV.13 1 5826898 5830967 5820669 5831118 
CNV.14 1 5898729 5902850 5898323 5903958 
CNV.15 1 6018391 6056168 6014563 6056729 
CNV.16 1 6434139 6445278 6433129 6449638 
CNV.17 1 6771569 6773752 6771523 6773839 
CNV.18 1 7557152 7567037 7554982 7571598 
CNV.19 1 7684188 7684488 7684167 7688059 
CNV.20 1 8182588 8192626 8176626 8192925 
CNV.21 1 8363248 8370513 8357221 8372536 
CNV.22 1 8695768 8712280 8690903 8718911 
CNV.23 1 8764655 8767914 8764522 8769680 
CNV.24 1 8966334 8983759 8951046 8983768 
CNV.25 1 9228182 9233936 9225509 9234143 
CNV.26 1 9326658 9402403 9315847 9404693 
CNV.27 1 9589413 9604873 9588109 9608796 
CNV.28 1 9779503 9786617 9774718 9789850 
CNV.29 1 9994339 10003320 9994020 10013014 
CNV.30 1 10097020 10103011 10091661 10106775 
CNV.31 1 10237177 10256355 10236491 10258806 
CNV.32 1 10367344 10377983 10367209 10381772 
CNV.33 1 10543836 10545046 10542121 10548862 
CNV.34 1 10617272 10627542 10617191 10632582 
CNV.35 1 10669098 10682210 10668896 10686274 
CNV.36 1 12770320 12775886 12769894 12776134 
CNV.37 1 12835868 13717772 12834580 13717824 
CNV.38 1 13739221 13793392 13739165 13794825 
CNV.39 1 14078163 14091579 14071845 14096068 
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CNV.40 1 14331267 14337937 14331244 14337994 
CNV.41 1 14423009 14435530 14420140 14439042 
CNV.42 1 15056292 15061203 15056096 15062626 
CNV.43 1 15485314 15495834 15485139 15495905 
CNV.44 1 15690527 15696059 15689993 15699117 
CNV.45 1 15785719 15801495 15783771 15802534 
CNV.46 1 16013985 16080171 16012657 16087824 
CNV.47 1 16147063 16170460 16147032 16171036 
CNV.48 1 16363940 16389566 16345255 16390402 
CNV.49 1 16566819 16593369 16563948 16594994 
CNV.50 1 16803776 17324445 16797756 17325955 
CNV.51 1 17534310 17541949 17531582 17542448 
CNV.52 1 17593406 17620009 17593316 17622654 
CNV.53 1 19373605 19376017 19373588 19376494 
CNV.54 1 19585291 19618629 19584004 19622270 
CNV.55 1 20882944 20884941 20882523 20886767 
CNV.56 1 21624787 21640395 21622169 21640501 
CNV.57 1 21687854 21778260 21687757 21778508 
CNV.58 1 22147279 22160257 22147077 22164164 
CNV.59 1 22300465 22431777 22298285 22435147 
CNV.60 1 22501716 22509206 22496703 22514236 
CNV.61 1 22622289 22629112 22619342 22629188 
CNV.62 1 22649994 22658727 22649487 22664774 
CNV.63 1 24139321 24147505 24135174 24148988 
CNV.64 1 24897315 24902026 24878791 24902076 
CNV.65 1 24977969 24990435 24977510 24994421 
CNV.66 1 25180379 25184151 25178331 25185197 
CNV.67 1 25329991 25333416 25329778 25333899 
CNV.68 1 25416761 25424322 25415682 25424889 
CNV.69 1 25445482 25464820 25445020 25465850 
CNV.70 1 25536088 25688276 25532484 25696602 
CNV.71 1 25711056 25719599 25707024 25723250 
CNV.72 1 26622607 26625414 26616513 26632781 
CNV.73 1 26813075 26848386 26805583 26848624 
CNV.74 1 26863735 26871337 26861106 26873245 
CNV.75 1 27361219 27388384 27348943 27398714 
CNV.76 1 27809578 27838650 27807618 27844993 
CNV.77 1 28393650 28421153 28391482 28424840 
CNV.78 1 28503603 28512505 28503037 28512807 
CNV.79 1 28830865 28836387 28829902 28840149 
CNV.80 1 29453859 29461133 29442980 29461718 
CNV.81 1 30485510 30488561 30479770 30490594 
CNV.82 1 30658606 30665075 30655527 30665519 
CNV.83 1 30711935 30716585 30711165 30717033 
CNV.84 1 30726693 30741950 30726574 30745210 
CNV.85 1 30923423 30925285 30923171 30925560 
CNV.86 1 31143035 31251698 31139947 31262005 
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CNV.87 1 31972489 31979319 31968315 31980298 
CNV.88 1 32896119 32914644 32894381 32917583 
CNV.89 1 33405472 33425934 33400380 33426670 
CNV.90 1 34222304 34229130 34221810 34231217 
CNV.91 1 34656303 34664770 34656179 34665219 
CNV.92 1 35087805 35116561 35087725 35117925 
CNV.93 1 36857141 36860800 36856673 36862254 
CNV.94 1 37625763 37628812 37625062 37632836 
CNV.95 1 37773586 37776298 37773050 37777759 
CNV.96 1 37851713 37903112 37848793 37920683 
CNV.97 1 38582858 38587146 38572323 38587171 
CNV.98 1 39132431 39135188 39132430 39135250 
CNV.99 1 39451857 39458881 39451244 39459560 
CNV.100 1 40104584 40166859 40104461 40168587 
CNV.101 1 40785263 40792578 40781038 40795628 
CNV.102 1 40847475 40870545 40838636 40872356 
CNV.103 1 40966183 40969664 40963304 40974799 
CNV.104 1 41021036 41028210 41020940 41028926 
CNV.105 1 41340619 41376500 41340069 41383724 
CNV.106 1 44602422 44614291 44602382 44615176 
CNV.107 1 45072407 45076660 45071196 45079220 
CNV.108 1 45247079 45269642 45235976 45278094 
CNV.109 1 46242332 46255004 46240049 46256890 
CNV.110 1 46363880 46590135 46360054 46594836 
CNV.111 1 46902399 46906144 46901546 46907340 
CNV.112 1 47414647 47418426 47411933 47420328 
CNV.113 1 47586717 47593574 47578811 47594583 
CNV.114 1 47827181 47837404 47824641 47840129 
CNV.115 1 48071156 48071985 48065338 48072529 
CNV.116 1 48519912 48524180 48519515 48527534 
CNV.117 1 48685435 48690229 48682034 48698352 
CNV.118 1 48715195 48722378 48713713 48725096 
CNV.119 1 48841815 48857599 48837337 48860907 
CNV.120 1 49914932 49997863 49914123 49999266 
CNV.121 1 50023956 50025534 50012288 50035049 
CNV.122 1 50415126 50423898 50411377 50424973 
CNV.123 1 51239101 51379813 51238182 51380860 
CNV.124 1 53590630 53598126 53590423 53599033 
CNV.125 1 54042650 54045180 54042336 54045548 
CNV.126 1 54435043 54458866 54434610 54461661 
CNV.127 1 55085183 55096450 55085141 55100865 
CNV.128 1 55207754 55274519 55207494 55274652 
CNV.129 1 55307580 55308237 55305457 55308390 
CNV.130 1 55724023 55724299 55723441 55729368 
CNV.131 1 55774784 55775665 55774397 55779387 
CNV.132 1 56495368 56502088 56495121 56502240 
CNV.133 1 57650959 57658204 57647465 57660475 
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CNV.134 1 58432348 58437666 58430196 58438657 
CNV.135 1 58448884 58451457 58448704 58452314 
CNV.136 1 58482316 58483220 58482029 58484277 
CNV.137 1 58723558 58733326 58719909 58742470 
CNV.138 1 58783290 58784150 58775321 58786654 
CNV.139 1 59877747 59891290 59874107 59891522 
CNV.140 1 59946056 59951022 59944683 59951705 
CNV.141 1 60004604 60052066 59992659 60058279 
CNV.142 1 60105463 60111159 60101459 60111987 
CNV.143 1 60977302 60983782 60975806 60985386 
CNV.144 1 61408539 61411107 61407352 61414438 
CNV.145 1 62114006 62119978 62113102 62120564 
CNV.146 1 62279594 62285367 62275920 62288311 
CNV.147 1 62439231 62450535 62436943 62454672 
CNV.148 1 62765461 62767968 62765049 62772200 
CNV.149 1 64701504 64704921 64701477 64704928 
CNV.150 1 64842727 64854605 64837281 64855419 
CNV.151 1 65116084 65119271 65115812 65125113 
CNV.152 1 65429215 65429974 65427606 65435063 
CNV.153 1 65691578 65698884 65688461 65699203 
CNV.154 1 65854855 65955725 65853649 65956938 
CNV.155 1 66670804 66671284 66670768 66671850 
CNV.156 1 69249132 69266103 69245790 69267189 
CNV.157 1 69886314 69899166 69881261 69899201 
CNV.158 1 70689215 70799077 70685580 70802794 
CNV.159 1 70902206 70919559 70901335 70919676 
CNV.160 1 70963368 70976361 70963189 70985173 
CNV.161 1 70997442 70998145 70997152 70998786 
CNV.162 1 71065311 71068143 71060331 71069107 
CNV.163 1 71302563 71314457 71299622 71315832 
CNV.164 1 71320313 71340070 71318089 71349408 
CNV.165 1 71415135 71458858 71414308 71458973 
CNV.166 1 71606450 71620043 71605781 71620679 
CNV.167 1 71712223 71731104 71709205 71731762 
CNV.168 1 71777263 71784460 71774984 71788907 
CNV.169 1 71985989 72024819 71985957 72025248 
CNV.170 1 72283802 72311975 72283499 72312132 
CNV.171 1 72740734 72818779 72740073 72818890 
CNV.172 1 72820027 72827978 72818890 72828312 
CNV.173 1 73011920 73088158 73008167 73097100 
CNV.174 1 73173337 73174188 73168073 73178659 
CNV.175 1 73768693 73776696 73758117 73777347 
CNV.176 1 73981290 73984366 73976842 73988566 
CNV.177 1 74485995 74520957 74483797 74522280 
CNV.178 1 74770634 74812588 74767844 74813265 
CNV.179 1 74876513 74907302 74872611 74907316 
CNV.180 1 75177284 75203583 75176907 75203908 
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CNV.181 1 75232857 75253144 75230548 75254606 
CNV.182 1 75273866 75313578 75271072 75313639 
CNV.183 1 76050174 76059959 76049897 76064057 
CNV.184 1 76109705 76114664 76109573 76116062 
CNV.185 1 76478305 76480439 76472638 76484827 
CNV.186 1 77128429 77141838 77126822 77147389 
CNV.187 1 77169583 77191549 77168568 77193659 
CNV.188 1 77254137 77258826 77253722 77261824 
CNV.189 1 77391700 77430751 77388804 77440520 
CNV.190 1 77775014 77779836 77774872 77781670 
CNV.191 1 78783161 78807671 78782363 78809058 
CNV.192 1 79320311 79555327 79319800 79555605 
CNV.193 1 80210710 80222753 80207884 80226910 
CNV.194 1 80757261 80775574 80755155 80781601 
CNV.195 1 81118171 81131278 81118102 81131706 
CNV.196 1 81329765 81336886 81326992 81338600 
CNV.197 1 81563249 81700742 81558915 81704476 
CNV.198 1 81888605 81888868 81888602 81888943 
CNV.199 1 83187476 83196421 83185639 83203837 
CNV.200 1 83214304 83227438 83213109 83227697 
CNV.201 1 83740658 83751974 83740524 83755433 
CNV.202 1 83815304 83889370 83812787 83891295 
CNV.203 1 85016559 85021277 85004345 85022495 
CNV.204 1 85539127 85542620 85537890 85545680 
CNV.205 1 86161398 86181186 86156737 86186379 
CNV.206 1 86763999 86778266 86763817 86780082 
CNV.207 1 87028669 87039945 87026924 87040567 
CNV.208 1 87141222 87173982 87140644 87175529 
CNV.209 1 88257854 88260648 88256046 88261043 
CNV.210 1 88843795 88857668 88843632 88862772 
CNV.211 1 89265631 89303226 89260091 89307966 
CNV.212 1 89475230 89485298 89475135 89487657 
CNV.213 1 89899878 89911433 89899391 89914724 
CNV.214 1 90550699 90556980 90544417 90559217 
CNV.215 1 91094904 91102904 91091581 91103184 
CNV.216 1 91272896 91275431 91269543 91275645 
CNV.217 1 92151331 92208764 92144933 92210610 
CNV.218 1 92227848 92232153 92226887 92233820 
CNV.219 1 92241731 92248440 92234553 92250485 
CNV.220 1 94334924 94341724 94334724 94343023 
CNV.221 1 94349077 94349835 94347446 94356251 
CNV.222 1 94569756 94573046 94569504 94573519 
CNV.223 1 94701469 94711524 94700878 94714054 
CNV.224 1 95130678 95152850 95126701 95155385 
CNV.225 1 95657912 95658323 95650521 95660815 
CNV.226 1 96154717 96156066 96152354 96156216 
CNV.227 1 97684328 97691522 97678081 97692317 
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CNV.228 1 98601247 98640131 98592630 98643696 
CNV.229 1 101271811 101276245 101269449 101276435 
CNV.230 1 102088317 102101223 102085808 102104059 
CNV.231 1 102656193 102852850 102655684 102858846 
CNV.232 1 104067245 104326489 104067000 104335637 
CNV.233 1 104902499 104931238 104902360 104931842 
CNV.234 1 105039720 105051014 105039557 105054917 
CNV.235 1 105254068 105254973 105252205 105257300 
CNV.236 1 105321596 105386262 105311293 105393481 
CNV.237 1 105492132 105505952 105491927 105507848 
CNV.238 1 105622940 105637208 105622533 105641121 
CNV.239 1 106000943 106087275 106000399 106090920 
CNV.240 1 106135644 106136913 106134245 106139463 
CNV.241 1 106163190 106227167 106163088 106229491 
CNV.242 1 106309138 106315854 106306488 106320956 
CNV.243 1 106807734 106810965 106804283 106811312 
CNV.244 1 107119820 107125343 107119787 107141678 
CNV.245 1 107222150 107223482 107221718 107225176 
CNV.246 1 107654220 107663495 107653985 107665433 
CNV.247 1 107940396 107944721 107938505 107944955 
CNV.248 1 108074435 108074435 108073527 108074631 
CNV.249 1 108267548 108281260 108266970 108281419 
CNV.250 1 108287065 108294496 108286971 108296508 
CNV.251 1 108296958 108302031 108296956 108304301 
CNV.252 1 108322535 108327875 108321943 108328378 
CNV.253 1 108513484 108514477 108511501 108515347 
CNV.254 1 108546121 108568011 108545066 108568620 
CNV.255 1 108721006 108868815 108719572 108871119 
CNV.256 1 108879304 108886965 108878937 108888604 
CNV.257 1 108901366 109013908 108900763 109014308 
CNV.258 1 109486269 109498145 109483850 109503656 
CNV.259 1 109574526 109606367 109571177 109610359 
CNV.260 1 109639687 109666920 109623117 109672215 
CNV.261 1 109778237 109786911 109774026 109787389 
CNV.262 1 110178212 110253130 110175980 110256624 
CNV.263 1 110431422 110435937 110431020 110436506 
CNV.264 1 111295688 111296965 111295674 111301623 
CNV.265 1 111331000 111412235 111330896 111412279 
CNV.266 1 111827816 111835498 111827749 111839878 
CNV.267 1 111929137 111933231 111928394 111935668 
CNV.268 1 112051780 112070735 112046557 112074061 
CNV.269 1 112083640 112095169 112083083 112095646 
CNV.270 1 112176476 112199235 112175999 112201328 
CNV.271 1 112293032 112310686 112292706 112311751 
CNV.272 1 112312211 112314565 112312154 112314822 
CNV.273 1 112690211 112706198 112688311 112706205 
CNV.274 1 112991815 112996758 112991680 112996781 
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CNV.275 1 113145839 113158260 113144767 113163438 
CNV.276 1 113506466 113513304 113505624 113514192 
CNV.277 1 113652648 113657538 113652604 113658887 
CNV.278 1 114535644 114543108 114535293 114545724 
CNV.279 1 114828839 114833832 114828815 114833845 
CNV.280 1 117194086 117200404 117194070 117206336 
CNV.281 1 117213375 117219944 117208400 117220085 
CNV.282 1 117445243 117453755 117443368 117456936 
CNV.283 1 118607446 118613488 118602518 118616060 
CNV.284 1 119194305 119220496 119192441 119224286 
CNV.285 1 119240453 119256513 119236151 119256519 
CNV.286 1 120021071 120022175 120020358 120023888 
CNV.287 1 120102884 120150683 120102558 120150949 
CNV.288 1 120280734 120305989 120280554 120308275 
CNV.289 1 120310292 120328527 120309868 120330380 
CNV.290 1 120540804 149876147 120527395 149877903 
CNV.291 1 150104412 150114083 150104039 150119685 
CNV.292 1 150270209 150280590 150266852 150286434 
CNV.293 1 150350232 150465897 150349768 150466767 
CNV.294 1 150673468 150674447 150673364 150676281 
CNV.295 1 150741605 150764632 150740775 150770989 
CNV.296 1 150800484 150801159 150798280 150801176 
CNV.297 1 150803027 150811028 150801176 150811261 
CNV.298 1 150994508 150999737 150992693 151003600 
CNV.299 1 151336699 151397878 151332017 151408736 
CNV.300 1 151553672 151577221 151552672 151583801 
CNV.301 1 152184534 152201217 152184149 152203270 
CNV.302 1 152295532 152312764 152292453 152313798 
CNV.303 1 152416494 152417572 152414833 152424151 
CNV.304 1 152493154 152507348 152489742 152508137 
CNV.305 1 152526643 152590750 152519209 152590962 
CNV.306 1 152603522 152606110 152603473 152606122 
CNV.307 1 152626170 152638281 152626061 152639194 
CNV.308 1 152643406 152660074 152641701 152660249 
CNV.309 1 152693599 152698054 152693043 152698168 
CNV.310 1 152751237 152778526 152750800 152778558 
CNV.311 1 152995724 153000714 152991060 153000978 
CNV.312 1 153193484 153200987 153193178 153202934 
CNV.313 1 153324574 153364130 153322574 153365548 
CNV.314 1 153504135 153531204 153503777 153531282 
CNV.315 1 153673674 153728095 153672247 153735369 
CNV.316 1 155189160 155201064 155180466 155211667 
CNV.317 1 155655348 155667102 155652156 155667221 
CNV.318 1 157143893 157161237 157138969 157168071 
CNV.319 1 157478020 157484575 157477996 157484698 
CNV.320 1 157625513 157626153 157624481 157628355 
CNV.321 1 158365697 158368309 158365615 158368637 
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CNV.322 1 158485137 158487538 158484876 158487608 
CNV.323 1 158489459 158496029 158487860 158498522 
CNV.324 1 158506083 158511569 158503350 158511659 
CNV.325 1 158516996 158545435 158515085 158549892 
CNV.326 1 158681743 158713712 158681444 158718684 
CNV.327 1 158745653 158747492 158744665 158748017 
CNV.328 1 158778467 158804673 158774640 158806207 
CNV.329 1 158854768 158887208 158852953 158887302 
CNV.330 1 158956596 158967046 158956412 158967392 
CNV.331 1 159923111 159933261 159920719 159936822 
CNV.332 1 159984454 159987920 159984431 159988120 
CNV.333 1 160146494 160148671 160146173 160150874 
CNV.334 1 160630193 160646411 160629686 160652730 
CNV.335 1 160937020 160940085 160933768 160942342 
CNV.336 1 161353363 161355728 161344497 161358966 
CNV.337 1 161446164 161656369 161446131 161656498 
CNV.338 1 161841016 161842207 161840872 161844106 
CNV.339 1 162866194 162867776 162864623 162872112 
CNV.340 1 163205092 163217668 163199914 163219889 
CNV.341 1 163752093 163802306 163751433 163802529 
CNV.342 1 164264687 164275602 164256271 164276414 
CNV.343 1 165421804 165424170 165421658 165424610 
CNV.344 1 165835194 165835690 165835144 165837978 
CNV.345 1 166184481 166194370 166176043 166195702 
CNV.346 1 166552201 166553095 166548373 166553495 
CNV.347 1 167713078 167715397 167705632 167715741 
CNV.348 1 167764835 167768513 167763804 167769672 
CNV.349 1 168986301 168987211 168985815 168989386 
CNV.350 1 168989939 169007842 168989936 169008512 
CNV.351 1 169233974 169257750 169216937 169258047 
CNV.352 1 170367736 170387205 170367650 170387331 
CNV.353 1 170480292 170483093 170480129 170488609 
CNV.354 1 171013931 171024368 171011187 171024874 
CNV.355 1 171937720 171942783 171936722 171944418 
CNV.356 1 174579072 174596973 174571709 174606076 
CNV.357 1 174796266 174802451 174795938 174802841 
CNV.358 1 174803606 174803773 174803056 174804979 
CNV.359 1 175430855 175760752 175430808 175763022 
CNV.360 1 176232997 176276387 176220257 176285547 
CNV.361 1 177809560 177811371 177808463 177811499 
CNV.362 1 178659933 178674188 178658817 178676866 
CNV.363 1 179120292 179120676 179120202 179120743 
CNV.364 1 179166557 179170217 179161751 179172956 
CNV.365 1 179323738 179339206 179319816 179339262 
CNV.366 1 179446133 179493141 179439630 179496779 
CNV.367 1 181251314 181272338 181244093 181275760 
CNV.368 1 182084976 182087336 182082972 182087977 
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CNV.369 1 182777405 182781050 182775884 182783894 
CNV.370 1 184757698 184809599 184755346 184810238 
CNV.371 1 184961804 184970511 184959979 184977021 
CNV.372 1 185096576 185129437 185096251 185134066 
CNV.373 1 185413885 185420724 185413782 185422027 
CNV.374 1 186437112 186442072 186433229 186444919 
CNV.375 1 187715179 187728991 187714607 187729962 
CNV.376 1 188664700 188672106 188659420 188672537 
CNV.377 1 188763750 188769865 188758604 188772740 
CNV.378 1 189027223 189031361 189022973 189032480 
CNV.379 1 189084533 189087000 189084365 189089417 
CNV.380 1 189172412 189182858 189168241 189189911 
CNV.381 1 189258909 189537331 189258813 189546970 
CNV.382 1 189551970 189552871 189549597 189554067 
CNV.383 1 189647198 189656102 189646913 189657100 
CNV.384 1 189774645 189775972 189770705 189776217 
CNV.385 1 189807684 189809410 189795013 189810172 
CNV.386 1 189970368 189991289 189963457 189992067 
CNV.387 1 190008884 190013622 190005570 190020202 
CNV.388 1 190466822 190473405 190465989 190476185 
CNV.389 1 190825644 190836583 190825536 190836833 
CNV.390 1 190864130 190893617 190862150 190900121 
CNV.391 1 191017858 191023684 191017280 191026391 
CNV.392 1 191045247 191046442 191041732 191047341 
CNV.393 1 191059432 191075485 191058384 191080491 
CNV.394 1 191716715 191726158 191713968 191727949 
CNV.395 1 191829069 191867711 191825854 191871216 
CNV.396 1 192026255 192059386 192015909 192060662 
CNV.397 1 192673525 192677326 192672781 192679697 
CNV.398 1 192761328 192764161 192760537 192767917 
CNV.399 1 192873898 192892192 192870791 192894544 
CNV.400 1 193155512 193159723 193155455 193161058 
CNV.401 1 193213210 193213474 193213168 193221915 
CNV.402 1 194430832 194461499 194423947 194464722 
CNV.403 1 194938079 194943654 194932473 194947254 
CNV.404 1 195013975 195019299 195012880 195022967 
CNV.405 1 195085778 195089776 195081209 195089819 
CNV.406 1 195221220 195385150 195219630 195386897 
CNV.407 1 195825382 195874907 195820890 195876060 
CNV.408 1 195938400 195948955 195938326 195949631 
CNV.409 1 196698299 196941748 196698272 196942455 
CNV.410 1 196943638 196952274 196942455 196952401 
CNV.411 1 198304536 198311466 198304274 198311960 
CNV.412 1 198438284 198447659 198437796 198448718 
CNV.413 1 198871076 198876858 198870597 198878347 
CNV.414 1 199047795 199054140 199041557 199054666 
CNV.415 1 199072722 199093876 199054666 199094550 
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CNV.416 1 199107653 199114238 199107596 199114390 
CNV.417 1 199542563 199545705 199539063 199546187 
CNV.418 1 199854177 199920030 199850952 199924396 
CNV.419 1 200107430 200110256 200107425 200112670 
CNV.420 1 200788831 200840662 200784806 200843768 
CNV.421 1 202042872 202052416 202042364 202053829 
CNV.422 1 202567272 202568542 202566780 202568735 
CNV.423 1 203908485 203922495 203906128 203923193 
CNV.424 1 203936783 203945398 203934734 203945501 
CNV.425 1 204187207 204205570 204185584 204209625 
CNV.426 1 206783022 206787292 206779328 206788458 
CNV.427 1 207255654 207257303 207255619 207260606 
CNV.428 1 207595453 207606400 207594943 207607073 
CNV.429 1 208438984 208457709 208437821 208457920 
CNV.430 1 208489481 208490895 208486789 208492097 
CNV.431 1 209123864 209136831 209123767 209141842 
CNV.432 1 209490527 209510777 209488564 209511828 
CNV.433 1 210068997 210093571 210068954 210093649 
CNV.434 1 210604746 210615292 210598837 210615293 
CNV.435 1 213005012 213010436 213004455 213014453 
CNV.436 1 213817311 213830825 213814808 213830901 
CNV.437 1 214007190 214014827 214003718 214019082 
CNV.438 1 214637126 214645307 214637100 214645320 
CNV.439 1 215370570 215381265 215367780 215384239 
CNV.440 1 215493469 215499104 215491496 215501031 
CNV.441 1 215858193 215862105 215855994 215866009 
CNV.442 1 216153695 216157829 216153363 216157955 
CNV.443 1 216205610 216237728 216205281 216238518 
CNV.444 1 217157012 217206765 217155126 217215465 
CNV.445 1 217668330 217721335 217663563 217731548 
CNV.446 1 218727990 218742974 218724451 218744152 
CNV.447 1 220925838 220954633 220925241 220958959 
CNV.448 1 220970384 220970593 220967284 220971048 
CNV.449 1 221287861 221300012 221281469 221300058 
CNV.450 1 221746050 221753609 221742928 221756538 
CNV.451 1 222365644 222389246 222364124 222389324 
CNV.452 1 223017325 223026717 223016406 223027548 
CNV.453 1 223204628 223214455 223204001 223217060 
CNV.454 1 223628190 223646781 223619734 223646839 
CNV.455 1 225390933 225465117 225389490 225466649 
CNV.456 1 225659217 225684196 225657275 225690842 
CNV.457 1 225990372 226015299 225989115 226015641 
CNV.458 1 226027659 226058639 226025175 226061006 
CNV.459 1 226064176 226067799 226063581 226067862 
CNV.460 1 227103413 227106223 227102354 227107984 
CNV.461 1 227424455 227432923 227422862 227434376 
CNV.462 1 228507780 228741147 228500181 228791784 
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CNV.463 1 229461673 229463035 229455458 229464432 
CNV.464 1 229811169 229820456 229809407 229820485 
CNV.465 1 230954497 230955097 230951898 230955129 
CNV.466 1 231324477 231327024 231324444 231327666 
CNV.467 1 231712569 231813318 231706899 231816137 
CNV.468 1 231834901 231887497 231833718 231893172 
CNV.469 1 231898591 231957336 231896958 231963337 
CNV.470 1 232456472 232463715 232455417 232463759 
CNV.471 1 232692293 232705138 232688992 232706083 
CNV.472 1 232853462 232871259 232847858 232875638 
CNV.473 1 232895309 232907549 232892748 232908469 
CNV.474 1 233264421 233271200 233261189 233271643 
CNV.475 1 234254400 234260086 234250861 234262397 
CNV.476 1 234656884 234659807 234656596 234662742 
CNV.477 1 234679850 234697146 234677737 234699236 
CNV.478 1 234703598 234712115 234699875 234712612 
CNV.479 1 234767241 234792708 234766604 234793677 
CNV.480 1 234844840 234845737 234842932 234846508 
CNV.481 1 234995365 235001174 234990504 235005122 
CNV.482 1 235151488 235165684 235138348 235243184 
CNV.483 1 235251071 235262385 235248412 235263993 
CNV.484 1 235273194 235316688 235273179 235316710 
CNV.485 1 235746016 235746426 235743992 235747640 
CNV.486 1 236233996 236263115 236231854 236264766 
CNV.487 1 237274019 237279154 237267370 237280205 
CNV.488 1 238262266 238262981 238261969 238264117 
CNV.489 1 238506546 238512614 238505192 238514420 
CNV.490 1 238751620 238752463 238750109 238752511 
CNV.491 1 238816125 238817940 238816009 238818102 
CNV.492 1 239087028 239096030 239086386 239097333 
CNV.493 1 239426683 239435377 239425033 239435635 
CNV.494 1 239465591 239466347 239457218 239468556 
CNV.495 1 239618222 239625309 239614862 239626654 
CNV.496 1 240052422 240053444 240051026 240053707 
CNV.497 1 240192359 240204140 240191654 240204329 
CNV.498 1 240224720 240228959 240224481 240229781 
CNV.499 1 240394015 240396105 240391740 240398028 
CNV.500 1 241130966 241136033 241124489 241138961 
CNV.501 1 241203127 241210309 241200049 241210468 
CNV.502 1 241362781 241366987 241352194 241375666 
CNV.503 1 241822182 241852265 241821181 241858139 
CNV.504 1 242072649 242186614 242069044 242187836 
CNV.505 1 242420888 242440611 242420839 242450015 
CNV.506 1 243044970 243353851 243044307 243355461 
CNV.507 1 243860924 243861061 243854196 243863108 
CNV.508 1 244642948 244853474 244636961 244854821 
CNV.509 1 245236935 245257556 245236112 245263105 
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CNV.510 1 245346971 245366662 245334533 245367073 
CNV.511 1 245637039 245649651 245636410 245650429 
CNV.512 1 245793993 245799473 245793665 245803677 
CNV.513 1 245946822 245954786 245944890 245957828 
CNV.514 1 245971712 245989007 245965551 245989211 
CNV.515 1 246114142 246116086 246113980 246117191 
CNV.516 1 246190117 246595982 246190002 246598346 
CNV.517 1 246601395 247043464 246599746 247044033 
CNV.518 1 247302182 247332511 247296884 247335735 
CNV.519 1 247625790 247636015 247624713 247636350 
CNV.520 1 247815781 249224388 247814286 249224388 
CNV.521 2 12784 479375 12784 480597 
CNV.522 2 591113 594324 590698 594741 
CNV.523 2 694759 1916577 687775 1916630 
CNV.524 2 2009887 2022106 2006274 2022348 
CNV.525 2 2613419 2614174 2612229 2617204 
CNV.526 2 2628842 2633047 2627251 2636413 
CNV.527 2 2842932 2845241 2839594 2845467 
CNV.528 2 3147861 3294815 3147136 3297006 
CNV.529 2 3722486 3736538 3721821 3742071 
CNV.530 2 3828109 3841739 3828093 3849512 
CNV.531 2 4196485 4238857 4192934 4240306 
CNV.532 2 4409073 4414066 4409059 4414342 
CNV.533 2 4624710 4639380 4621133 4641000 
CNV.534 2 4655985 4662656 4654887 4662688 
CNV.535 2 4913700 4917612 4913643 4917689 
CNV.536 2 4917897 4918142 4917809 4923866 
CNV.537 2 4951491 4952545 4950617 4952797 
CNV.538 2 4962364 4972157 4957344 4973678 
CNV.539 2 5295889 5304015 5295633 5306069 
CNV.540 2 5390962 5392211 5390932 5392247 
CNV.541 2 5526601 5532841 5522488 5535020 
CNV.542 2 5736321 5737785 5736039 5737817 
CNV.543 2 5884206 5901926 5881184 5902605 
CNV.544 2 6268752 6284873 6268252 6287168 
CNV.545 2 6298140 6311063 6298134 6315388 
CNV.546 2 6401909 6405061 6400019 6406740 
CNV.547 2 6433173 6435188 6429691 6441231 
CNV.548 2 6694519 6706459 6692000 6708722 
CNV.549 2 6734644 6745066 6734032 6750693 
CNV.550 2 6795995 6804213 6795606 6805776 
CNV.551 2 7015016 7018881 7014670 7021878 
CNV.552 2 7233524 7234476 7229829 7236150 
CNV.553 2 7237774 7238284 7237504 7238335 
CNV.554 2 7290380 7311136 7289759 7314628 
CNV.555 2 7321992 7327008 7321937 7327114 
CNV.556 2 7417816 7423402 7417304 7423488 
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CNV.557 2 7524467 7526903 7521526 7527017 
CNV.558 2 7580944 7682371 7576098 7686319 
CNV.559 2 7693398 7715663 7693271 7715804 
CNV.560 2 8001352 8002872 7998979 8003547 
CNV.561 2 8094632 8153116 8094445 8155559 
CNV.562 2 8157394 8160926 8156251 8161538 
CNV.563 2 8171098 8180673 8166518 8183929 
CNV.564 2 8566687 8567632 8565622 8568779 
CNV.565 2 9177204 9191031 9174380 9191332 
CNV.566 2 9292001 9299046 9290357 9301065 
CNV.567 2 9977737 9989442 9975557 9989982 
CNV.568 2 10048102 10051946 10047828 10052211 
CNV.569 2 10150523 10159436 10141191 10160082 
CNV.570 2 10701044 10713932 10700239 10714198 
CNV.571 2 11031993 11033567 11031838 11033580 
CNV.572 2 11284768 11287294 11284415 11289928 
CNV.573 2 12272548 12273286 12271846 12274022 
CNV.574 2 12304073 12304315 12304045 12304371 
CNV.575 2 12685369 12696236 12681835 12697043 
CNV.576 2 12788014 12794978 12787968 12795600 
CNV.577 2 13088551 13093966 13084077 13094700 
CNV.578 2 13193220 13288025 13192848 13288926 
CNV.579 2 13536934 13542222 13534976 13549672 
CNV.580 2 13708820 13720048 13707079 13721711 
CNV.581 2 13737239 13744513 13731985 13750565 
CNV.582 2 13767654 13781387 13763674 13786624 
CNV.583 2 13983638 13986304 13980757 13987873 
CNV.584 2 14201739 14205189 14201628 14205319 
CNV.585 2 14263542 14274078 14262553 14275242 
CNV.586 2 14303639 14313160 14303429 14316914 
CNV.587 2 14352324 14379327 14348914 14379495 
CNV.588 2 14700683 14710364 14700629 14710487 
CNV.589 2 15012057 15064586 15009071 15071092 
CNV.590 2 15205821 15215202 15203160 15215500 
CNV.591 2 15345345 15351500 15343530 15351651 
CNV.592 2 16033471 16039796 16033427 16047628 
CNV.593 2 17217850 17237961 17217075 17242537 
CNV.594 2 17672439 17680727 17669991 17681666 
CNV.595 2 18163569 18193264 18162068 18200134 
CNV.596 2 18328339 18343939 18320586 18352405 
CNV.597 2 18479749 18492559 18478749 18493236 
CNV.598 2 18724302 18726434 18723225 18727332 
CNV.599 2 18970968 18973863 18970472 18978576 
CNV.600 2 20179800 20201418 20179220 20201458 
CNV.601 2 20817493 20823219 20815964 20823252 
CNV.602 2 21229860 21301892 21229003 21304432 
CNV.603 2 21828618 21834033 21825935 21835926 
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CNV.604 2 21956461 21958162 21953992 21958745 
CNV.605 2 22323262 22431122 22320133 22443343 
CNV.606 2 24596812 24627234 24595328 24630099 
CNV.607 2 24670492 24710635 24667823 24717928 
CNV.608 2 25218716 25237499 25218019 25239264 
CNV.609 2 25253672 25259520 25252648 25262560 
CNV.610 2 25724781 25730439 25723780 25737187 
CNV.611 2 26226114 26239580 26225725 26240974 
CNV.612 2 27035978 27061253 27035944 27073640 
CNV.613 2 27439751 27441904 27438212 27442009 
CNV.614 2 27765308 27779518 27761000 27784428 
CNV.615 2 27811406 27825107 27808154 27827161 
CNV.616 2 28878741 28892544 28877585 28892768 
CNV.617 2 28951698 28951698 28950818 28952773 
CNV.618 2 28988465 29222800 28986350 29226559 
CNV.619 2 29237786 29240005 29231421 29240060 
CNV.620 2 29641874 29644937 29641200 29646424 
CNV.621 2 30253853 30256351 30253699 30256393 
CNV.622 2 30427310 30439774 30426596 30445026 
CNV.623 2 30615651 30627654 30614883 30629876 
CNV.624 2 30818847 30826948 30817685 30831808 
CNV.625 2 32630548 33331778 32627997 33333871 
CNV.626 2 33413193 33428307 33413047 33428653 
CNV.627 2 33762963 33770267 33762021 33770317 
CNV.628 2 34098692 34124115 34098224 34127078 
CNV.629 2 34403301 34404938 34403165 34405804 
CNV.630 2 34420363 34427646 34416184 34428936 
CNV.631 2 34518872 34529100 34517813 34529244 
CNV.632 2 34648698 34743036 34646409 34746457 
CNV.633 2 34828677 34829116 34820764 34829378 
CNV.634 2 34837639 34860226 34830059 34865070 
CNV.635 2 34923003 34923268 34922341 34927885 
CNV.636 2 34954042 34959421 34949368 34960942 
CNV.637 2 34987031 34993043 34982759 34994158 
CNV.638 2 35001138 35028209 35000446 35034732 
CNV.639 2 35045615 35052108 35043996 35056247 
CNV.640 2 35064073 35066670 35057525 35067745 
CNV.641 2 35080863 35090870 35076002 35093293 
CNV.642 2 35122206 35124027 35122161 35127305 
CNV.643 2 35156295 35156295 35155781 35161672 
CNV.644 2 35404383 35408759 35396761 35411425 
CNV.645 2 35581507 35615675 35581151 35621916 
CNV.646 2 35636223 35644367 35636183 35645115 
CNV.647 2 35648158 35688570 35645712 35697479 
CNV.648 2 35708846 35712218 35701553 35712222 
CNV.649 2 35737252 35744382 35735771 35744997 
CNV.650 2 35818934 36089929 35815793 36091829 
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CNV.651 2 36293922 36302005 36293840 36302217 
CNV.652 2 36335595 36352666 36332258 36353114 
CNV.653 2 36390773 36422846 36390715 36423276 
CNV.654 2 36475533 36503774 36474979 36503818 
CNV.655 2 37585776 38268325 37584643 38272342 
CNV.656 2 38371476 38376029 38367734 38376569 
CNV.657 2 38461551 38469133 38460559 38469908 
CNV.658 2 38954495 38980922 38954419 38981047 
CNV.659 2 39564841 39578783 39563239 39580377 
CNV.660 2 40130032 40245464 40129165 40254811 
CNV.661 2 40332851 40336640 40330275 40338067 
CNV.662 2 40396253 40406679 40396078 40406745 
CNV.663 2 40416373 40433420 40415673 40435325 
CNV.664 2 40581070 40596524 40580918 40596947 
CNV.665 2 40612784 40617820 40608371 40621060 
CNV.666 2 40750107 40757655 40749996 40757791 
CNV.667 2 40809991 40822146 40805954 40822227 
CNV.668 2 40927375 40951516 40926729 40951667 
CNV.669 2 40987849 41010688 40987767 41011338 
CNV.670 2 41238064 41251724 41238048 41251754 
CNV.671 2 41291584 41322344 41281133 41327687 
CNV.672 2 41380447 41582472 41372634 41584777 
CNV.673 2 41617674 41618171 41616164 41618337 
CNV.674 2 41893994 41902542 41892171 41903118 
CNV.675 2 42010287 42018118 42006280 42018443 
CNV.676 2 42122150 42125292 42122048 42126403 
CNV.677 2 42218545 42221789 42218334 42224021 
CNV.678 2 42308536 42314455 42307621 42317341 
CNV.679 2 42447357 42452613 42445808 42454185 
CNV.680 2 43024676 43032241 43024439 43035049 
CNV.681 2 43059121 43061322 43058278 43069415 
CNV.682 2 43521167 43577615 43512243 43586902 
CNV.683 2 43607811 43613236 43603152 43616589 
CNV.684 2 44274768 44301625 44273710 44304047 
CNV.685 2 44339612 44348768 44337754 44350362 
CNV.686 2 44365835 44371813 44365780 44372909 
CNV.687 2 44517190 44543447 44514122 44546016 
CNV.688 2 44742517 44761066 44739872 44764999 
CNV.689 2 44805053 44820764 44803885 44822149 
CNV.690 2 45312362 45328303 45301922 45331043 
CNV.691 2 45331904 45352049 45331043 45352508 
CNV.692 2 45725855 45735916 45724088 45738397 
CNV.693 2 46120390 46122164 46117914 46122806 
CNV.694 2 46488186 46492272 46487373 46492682 
CNV.695 2 46724887 46729409 46724721 46730140 
CNV.696 2 46887084 46895324 46883739 46898352 
CNV.697 2 46970686 46978878 46963287 46982564 



 

 68 

CNV.698 2 46988073 47003118 46986781 47008575 
CNV.699 2 47350728 47355276 47346568 47359666 
CNV.700 2 48159326 48175759 48151785 48182006 
CNV.701 2 48849066 48861904 48848515 48862117 
CNV.702 2 49031819 49053711 49026928 49056967 
CNV.703 2 49129890 49188314 49129316 49188343 
CNV.704 2 49217916 49278098 49213601 49281642 
CNV.705 2 49522885 49541190 49519654 49545041 
CNV.706 2 49660211 49660756 49659120 49661335 
CNV.707 2 50597915 50619624 50596607 50626023 
CNV.708 2 50868551 51192815 50863662 51193105 
CNV.709 2 51198972 51336055 51193105 51337487 
CNV.710 2 51338052 51355493 51337596 51357702 
CNV.711 2 51546721 51547046 51540445 51547151 
CNV.712 2 51734686 51744233 51734676 51745254 
CNV.713 2 51870503 51871521 51868178 51874541 
CNV.714 2 51936812 51940718 51936592 51943774 
CNV.715 2 51967692 51987720 51962230 51988634 
CNV.716 2 52255235 52264456 52251936 52265663 
CNV.717 2 52273900 52311667 52266907 52317229 
CNV.718 2 52413486 52584090 52400156 52585286 
CNV.719 2 52602640 52656384 52600309 52657944 
CNV.720 2 52735148 52844226 52731979 52851573 
CNV.721 2 52880751 52901101 52878016 52908309 
CNV.722 2 52978194 52999337 52975226 53000765 
CNV.723 2 53055759 53058038 53055692 53058194 
CNV.724 2 53219203 53219203 53218853 53219904 
CNV.725 2 53248330 53254100 53248305 53254951 
CNV.726 2 53363506 53460843 53361731 53460939 
CNV.727 2 53652716 53658392 53648450 53659941 
CNV.728 2 53843747 53846547 53840021 53847282 
CNV.729 2 53857398 53859017 53857361 53859598 
CNV.730 2 54220049 54700855 54217050 54702374 
CNV.731 2 54766158 54829596 54765174 54832262 
CNV.732 2 54971581 54979182 54968395 54979759 
CNV.733 2 55016061 55017837 55015764 55018910 
CNV.734 2 55027887 55029949 55022709 55036376 
CNV.735 2 55225281 55236546 55219799 55238565 
CNV.736 2 55324288 55330350 55322895 55340812 
CNV.737 2 55621744 55632245 55618957 55636755 
CNV.738 2 55908939 55938747 55907463 55941440 
CNV.739 2 56393591 56399611 56388213 56402415 
CNV.740 2 56613379 56630137 56603985 56632551 
CNV.741 2 56698061 56751574 56697359 56759264 
CNV.742 2 56961156 56984599 56957466 56984615 
CNV.743 2 57008881 57009102 57002137 57011803 
CNV.744 2 57035091 57058271 57034299 57060184 
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CNV.745 2 57085733 57088328 57085705 57090186 
CNV.746 2 57160532 57194748 57158169 57195116 
CNV.747 2 57394902 57445471 57394885 57447398 
CNV.748 2 57499057 57513858 57498209 57516048 
CNV.749 2 57664237 57681549 57663776 57685889 
CNV.750 2 57843046 57911155 57842075 57911755 
CNV.751 2 59544127 59553428 59542149 59555544 
CNV.752 2 59622482 59638256 59622422 59643498 
CNV.753 2 59749350 59756978 59747694 59759139 
CNV.754 2 60484909 60485593 60484680 60486247 
CNV.755 2 60595163 60635766 60593634 60637656 
CNV.756 2 62197878 62230970 62195826 62232300 
CNV.757 2 64038711 64053562 64038356 64054777 
CNV.758 2 64342469 64511598 64341723 64512286 
CNV.759 2 64516258 64523758 64512286 64527360 
CNV.760 2 65716616 65719941 65715444 65723956 
CNV.761 2 66306389 66310012 66305945 66310093 
CNV.762 2 66783811 66786726 66783680 66786769 
CNV.763 2 66845379 66854106 66844120 66861385 
CNV.764 2 67400600 67410112 67398540 67410623 
CNV.765 2 68096284 68165637 68088399 68166080 
CNV.766 2 68179098 68185919 68178609 68186622 
CNV.767 2 68680879 68903422 68672721 68908150 
CNV.768 2 68920828 68949738 68918682 68950318 
CNV.769 2 69208834 69215397 69206549 69215619 
CNV.770 2 71346563 71347392 71342451 71350043 
CNV.771 2 72132392 72145857 72131775 72148446 
CNV.772 2 72249991 72278960 72241504 72279463 
CNV.773 2 73854923 73928886 73852537 73933527 
CNV.774 2 75155963 75219391 75155355 75226252 
CNV.775 2 75366190 75366607 75364299 75366686 
CNV.776 2 75381677 75381796 75375179 75381837 
CNV.777 2 75443590 75517910 75442644 75523472 
CNV.778 2 75821502 75914374 75820691 75919255 
CNV.779 2 76544466 76586711 76543105 76591844 
CNV.780 2 76769363 76778258 76769272 76779798 
CNV.781 2 76845173 76845426 76844466 76847586 
CNV.782 2 76936031 76949564 76929056 76956494 
CNV.783 2 77178484 77210873 77177328 77210992 
CNV.784 2 77221320 77225981 77217310 77226087 
CNV.785 2 77232633 77234750 77231346 77234853 
CNV.786 2 77900422 77917297 77898110 77917893 
CNV.787 2 77973053 78001308 77965521 78001419 
CNV.788 2 78410008 78482343 78404361 78483687 
CNV.789 2 78702076 78721902 78700957 78725531 
CNV.790 2 78887291 78913359 78883975 78917764 
CNV.791 2 78992869 79689920 78984048 79697771 
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CNV.792 2 80089224 80089819 80088940 80091474 
CNV.793 2 81507571 81559177 81507306 81562056 
CNV.794 2 81661303 81682824 81653225 81687766 
CNV.795 2 81812181 81816294 81810572 81817139 
CNV.796 2 81818446 81827393 81818331 81828061 
CNV.797 2 81856926 81875505 81855725 81876472 
CNV.798 2 82196980 82314620 82196945 82317856 
CNV.799 2 83064171 83069329 83062834 83071937 
CNV.800 2 86285956 86506144 86284286 86513102 
CNV.801 2 86936838 86975318 86934745 86978895 
CNV.802 2 87109272 88191907 87108211 88193611 
CNV.803 2 88429147 88484323 88428754 88492058 
CNV.804 2 89133124 95341388 89131067 95341550 
CNV.805 2 96082049 96496891 96081973 96498624 
CNV.806 2 96671363 96677724 96664037 96679238 
CNV.807 2 97059865 97097107 97059029 97101834 
CNV.808 2 97315806 97340885 97308792 97343799 
CNV.809 2 97717272 98273631 97715154 98274527 
CNV.810 2 98960331 98970419 98958691 98971401 
CNV.811 2 99540101 99563298 99539884 99564428 
CNV.812 2 99840143 99924555 99830510 99926946 
CNV.813 2 100548791 100554945 100547759 100555175 
CNV.814 2 101961951 101970319 101959688 101970854 
CNV.815 2 102661735 102673492 102655344 102673775 
CNV.816 2 102676923 102692511 102676129 102698360 
CNV.817 2 102840107 102855298 102839755 102861949 
CNV.818 2 104463192 104467941 104462512 104471726 
CNV.819 2 104851479 104862568 104850784 104864108 
CNV.820 2 106135637 106140282 106132543 106142178 
CNV.821 2 106348112 106351211 106347216 106354138 
CNV.822 2 106384517 106391338 106384498 106391913 
CNV.823 2 106872736 106887408 106866680 106887870 
CNV.824 2 106898380 106901931 106898283 106909238 
CNV.825 2 107211681 107218740 107211045 107218831 
CNV.826 2 107261144 107301223 107258754 107304040 
CNV.827 2 107826777 107864069 107824929 107864737 
CNV.828 2 107941819 108022271 107936757 108032914 
CNV.829 2 108177053 108280904 108175761 108285043 
CNV.830 2 108440290 108508052 108440138 108520376 
CNV.831 2 108701607 108702571 108701310 108703546 
CNV.832 2 109163093 109169103 109162706 109178504 
CNV.833 2 109578513 109586437 109576838 109588356 
CNV.834 2 109692425 109695769 109688972 109698148 
CNV.835 2 110467473 111396765 110462496 111397799 
CNV.836 2 111979218 112396181 111972750 112396722 
CNV.837 2 112444132 112451387 112442561 112453204 
CNV.838 2 112502453 112515328 112500035 112516882 
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CNV.839 2 112868426 112917028 112866758 112920343 
CNV.840 2 113872051 113889652 113871822 113891842 
CNV.841 2 114060553 114069021 114060118 114071171 
CNV.842 2 114149060 114186957 114148996 114236536 
CNV.843 2 114325089 114384353 114324463 114389463 
CNV.844 2 114429573 114453589 114429211 114453880 
CNV.845 2 115164459 115172820 115164298 115173745 
CNV.846 2 115396421 115400999 115386847 115403214 
CNV.847 2 115526908 115542394 115513600 115542505 
CNV.848 2 115794769 115801249 115794474 115802456 
CNV.849 2 115891527 115894284 115891114 115897370 
CNV.850 2 116532520 116675350 116530428 116677020 
CNV.851 2 116974422 117013066 116971659 117017559 
CNV.852 2 117476453 117932723 117476014 117933023 
CNV.853 2 118096131 118243133 118094523 118244990 
CNV.854 2 118315232 118329461 118315191 118331829 
CNV.855 2 118390355 118404852 118389642 118416015 
CNV.856 2 118937683 118964860 118936392 118966616 
CNV.857 2 120175056 120180566 120174136 120180986 
CNV.858 2 121049152 121049152 121048878 121049166 
CNV.859 2 121311000 121343284 121310139 121348224 
CNV.860 2 123375961 123385193 123371222 123386820 
CNV.861 2 123472179 123483668 123472119 123483921 
CNV.862 2 124060508 124163193 124056024 124163281 
CNV.863 2 124243806 124360519 124242210 124360539 
CNV.864 2 125027970 126071265 125022866 126076783 
CNV.865 2 126202023 126452049 126193512 126453382 
CNV.866 2 126871605 126895981 126865662 126897465 
CNV.867 2 127278793 127281547 127276098 127281778 
CNV.868 2 127719856 127726891 127714880 127727338 
CNV.869 2 127832684 127890986 127830299 127896263 
CNV.870 2 128220756 128226708 128220429 128227111 
CNV.871 2 129016580 129026749 129016127 129028891 
CNV.872 2 129638478 129640329 129638078 129646448 
CNV.873 2 129784159 129789108 129781214 129789335 
CNV.874 2 130114143 130120748 130113561 130123649 
CNV.875 2 130196099 130215281 130195492 130216043 
CNV.876 2 130242500 130255110 130241617 130255181 
CNV.877 2 130355506 130360682 130354239 130361020 
CNV.878 2 130373789 130382299 130372333 130384554 
CNV.879 2 130549275 130558377 130545565 130559029 
CNV.880 2 130762892 131207769 130761944 131208117 
CNV.881 2 131244208 131481632 131212846 131483965 
CNV.882 2 131950542 132279325 131946313 132280836 
CNV.883 2 132509673 132560272 132509119 132560381 
CNV.884 2 132704084 133358589 132703277 133361070 
CNV.885 2 133900979 133936908 133900128 133945444 
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CNV.886 2 133949948 133960852 133945444 133964488 
CNV.887 2 134056154 134154923 134055974 134156074 
CNV.888 2 134230217 134236942 134229008 134237077 
CNV.889 2 135047919 135078574 135047888 135079580 
CNV.890 2 136462661 136467164 136462554 136467218 
CNV.891 2 137942769 137955456 137942464 137956006 
CNV.892 2 137983647 137984261 137982148 137985285 
CNV.893 2 138384826 139065889 138382750 139068616 
CNV.894 2 139802461 139844786 139802172 139848110 
CNV.895 2 140065236 140069761 140064644 140071563 
CNV.896 2 140086004 140086004 140085417 140087181 
CNV.897 2 140252510 140287264 140245380 140287352 
CNV.898 2 140361372 140380328 140360216 140380671 
CNV.899 2 140711999 140779944 140709142 140782556 
CNV.900 2 140991487 140995770 140984797 141000302 
CNV.901 2 141043970 141058834 141043143 141059230 
CNV.902 2 141434484 141443398 141434354 141446431 
CNV.903 2 141547533 141558025 141546920 141560690 
CNV.904 2 142078003 142078226 142077884 142078322 
CNV.905 2 142106831 142108901 142101663 142109093 
CNV.906 2 142342699 142344619 142333874 142344650 
CNV.907 2 142726145 142731390 142723425 142732467 
CNV.908 2 143360629 143363158 143358557 143363171 
CNV.909 2 144192472 144202272 144190929 144212698 
CNV.910 2 145589091 145598977 145588358 145599194 
CNV.911 2 146006157 146055981 146002153 146056286 
CNV.912 2 146309983 146315024 146309463 146317392 
CNV.913 2 146641347 146643868 146641073 146644471 
CNV.914 2 146858851 146881053 146858369 146881099 
CNV.915 2 147941342 147946882 147934790 147948679 
CNV.916 2 148901257 148922704 148900148 148929937 
CNV.917 2 149008402 149022674 149004714 149024595 
CNV.918 2 150751726 150755192 150745883 150760021 
CNV.919 2 151031451 151037732 151030802 151039208 
CNV.920 2 151144891 151150543 151143010 151150611 
CNV.921 2 151990393 152056920 151986397 152059484 
CNV.922 2 152430227 152434786 152429679 152434825 
CNV.923 2 152490390 152499136 152487983 152499374 
CNV.924 2 153715962 153721471 153715382 153727760 
CNV.925 2 153771503 153800774 153771334 153801268 
CNV.926 2 153949686 153961349 153945439 153964194 
CNV.927 2 154478253 154520320 154471215 154525542 
CNV.928 2 154808546 154810786 154806692 154812333 
CNV.929 2 154883942 154902505 154883112 154907564 
CNV.930 2 155685078 155686043 155684173 155688875 
CNV.931 2 155694839 155703266 155692796 155703558 
CNV.932 2 155887451 155927441 155882777 155937872 
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CNV.933 2 156374770 156398624 156366936 156400540 
CNV.934 2 157729401 157758027 157725698 157763818 
CNV.935 2 158549742 158576191 158543078 158577630 
CNV.936 2 158801474 158802326 158800532 158803785 
CNV.937 2 159653823 159670449 159653721 159670493 
CNV.938 2 159956896 159963306 159956520 159964196 
CNV.939 2 160658895 160661107 160658798 160661278 
CNV.940 2 160669255 160673425 160666409 160674855 
CNV.941 2 161205420 161214857 161196868 161216721 
CNV.942 2 161410542 161416709 161409668 161416792 
CNV.943 2 161542328 161557056 161541313 161559511 
CNV.944 2 162278238 162289146 162277301 162290072 
CNV.945 2 162462671 162470769 162462535 162471392 
CNV.946 2 163600553 163631047 163596659 163631302 
CNV.947 2 163681969 163689398 163675541 163696185 
CNV.948 2 163820126 163839108 163819925 163848347 
CNV.949 2 164643488 164645126 164636852 164646642 
CNV.950 2 164725276 164737668 164724148 164738679 
CNV.951 2 165686419 165710142 165681579 165713672 
CNV.952 2 168008976 168016789 168005727 168022374 
CNV.953 2 168172932 168181440 168163730 168187928 
CNV.954 2 169798005 169830515 169797678 169833310 
CNV.955 2 169952102 169964551 169949329 169967174 
CNV.956 2 172984359 172992806 172984009 172994091 
CNV.957 2 173550168 173559068 173550013 173562251 
CNV.958 2 174589940 174597568 174588058 174597656 
CNV.959 2 175386051 175395232 175385771 175398387 
CNV.960 2 177249726 177277336 177247835 177278437 
CNV.961 2 177370261 177382589 177370189 177382699 
CNV.962 2 178550061 178577002 178546919 178584008 
CNV.963 2 180056011 180083629 180055857 180085736 
CNV.964 2 180409483 180429164 180409470 180430069 
CNV.965 2 180926228 180929966 180925205 180930698 
CNV.966 2 181127404 181131811 181124724 181133435 
CNV.967 2 181921723 181932870 181920338 181935498 
CNV.968 2 183113130 183116652 183112782 183116900 
CNV.969 2 184069020 184093998 184068573 184094262 
CNV.970 2 184261432 184339696 184258772 184341553 
CNV.971 2 184369241 184378863 184368648 184379416 
CNV.972 2 184571310 184580939 184569070 184580950 
CNV.973 2 184602735 184603704 184597076 184607919 
CNV.974 2 184669897 184697939 184663103 184700796 
CNV.975 2 184793800 184808794 184793232 184810947 
CNV.976 2 184814480 184831241 184811670 184846794 
CNV.977 2 185014650 185064842 185013409 185072376 
CNV.978 2 185100535 185136918 185094677 185141033 
CNV.979 2 185157484 185170450 185154896 185171057 
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CNV.980 2 185213629 185235861 185213481 185238581 
CNV.981 2 185243929 185244043 185243899 185244063 
CNV.982 2 185257053 185264965 185244063 185265274 
CNV.983 2 185316880 185325519 185316676 185325786 
CNV.984 2 185431570 185462424 185430182 185467914 
CNV.985 2 185753993 185774139 185753080 185775157 
CNV.986 2 186042609 186157627 186040111 186162731 
CNV.987 2 186299721 186884137 186298456 186888968 
CNV.988 2 188065554 188069276 188053476 188069538 
CNV.989 2 188094542 188142085 188093586 188153257 
CNV.990 2 188662464 188782216 188660929 188783773 
CNV.991 2 188935831 189027247 188934309 189032187 
CNV.992 2 189112811 189129179 189112399 189139076 
CNV.993 2 189182885 189244556 189182307 189253820 
CNV.994 2 189567956 189581242 189567787 189581417 
CNV.995 2 190231976 190240405 190231962 190248651 
CNV.996 2 190505766 190514273 190504787 190514461 
CNV.997 2 191545147 191551209 191544557 191552632 
CNV.998 2 191659147 191672128 191657773 191672765 
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Supplementary Table 2. TCGA datasets used in Tangent WES analysis. 
 

TCGA Study 
Abbreviation TCGA Study Name Number of normal 

samples 
Number of tumor 

samples 
STAD Stomach Adenocarcinoma 57 51 
LUSC Lung Squamous Cell 

Carcinoma 
48 48 

LGG Lower Grade Glioma 14 14 
PRAD Prostate Adenocarcinoma 10 10 

 


