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Abstract

Molecular tests assist at various stages of cancer patient management, including providing 

diagnosis, predicting prognosis, identifying therapeutic targets, and determining hereditary cancer 

risk. The current testing paradigm involves germline testing in a subset of patients determined to 

be at high risk for having a hereditary cancer syndrome, and tumor-only sequencing for treatment 

decisions in advanced cancer patients. A major limitation of tumor-only sequencing is its inability 

to distinguish germline versus somatic mutations. Tumor-normal sequencing has emerged as a 

comprehensive analysis for both hereditary cancer predisposition and somatic profiling. Here, we 

review recent studies involving tumor-normal sequencing, discuss its benefits in clinical care, 

challenges for its implementation, and novel insights it has provided regarding tumor biology and 

germline contribution to cancer.

Keywords

Tumor sequencing; tumor-normal sequencing; hereditary cancer predisposition

Genetic Testing in Cancer Care Beyond Tumor Sequencing

Clinical care of cancer patients today routinely includes molecular tests on tumor to detect 

therapeutic targets and, if hereditary risk assessment guidelines are met, germline testing to 

determine genetic risk and inform future management of both patient and family members. 

Germline testing results are also used for predicting response to certain targeted therapies. 

Until recently, tumor and germline testing have typically been performed separately, with 

patients being selected for each test based on different sets of criteria. Recent studies 

using unbiased paired tumor-normal testing have demonstrated several advantages of the 

combined analysis for clinical care of patients and expanded our understanding of cancer 

development and progression. In this review, we will discuss the applications and utility 

of tumor-normal sequencing, issues regarding its integration into clinical care, as well as 

lessons learned on cancer biology using this approach.
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Germline Testing for Hereditary Cancer Predisposition

Hereditary contribution to cancer has long been recognized [1–4]. Over 100 cancer 

predisposition genes have been described to date and the majority of them are associated 

with cancer risk only, while certain genes, such as NF1, PTPN11, and TSC2, underlie 

syndromic presentations that include developmental anomalies in addition to predisposition 

to childhood cancers.[2] High-penetrance genes such as APC, BRCA1, BRCA2, MLH1, 
RB1, and TP53, were among the first genes to be discovered through observation of 

segregation in large families. Later, candidate gene analyses in large case-control studies 

have identified genes such as ATM, BRIP1, CHEK2, and PALB2 that are associated with a 

relatively modest increased risk and are referred to as having moderate penetrance.

Recognizing hereditary predisposition to cancer and identifying causative pathogenic 

germline variants are undoubtedly important to allow timely surveillance and preventative 

interventions for both patients and family members [5]. Germline defects in certain 

homologous recombination (i.e. BRCA1, BRCA2) and mismatch repair (i.e. MLH1, 
MSH2) pathway genes also predict response to PARP inhibitor and immune-checkpoint 

inhibitor therapies, respectively. With the approval of targeted treatments based on genetic 

biomarkers, the significance of germline testing in management of cancer patients has been 

more widely recognized. In addition, studies over the last two decades led to a substantial 

increase in the number of known hereditary cancer genes demonstrated that germline 

susceptibility to cancer is more prevalent than previously anticipated [6–10]. Therefore, 

inclusion of germline testing in management of cancer patients has become increasingly 

essential.

Traditional Testing Protocol for Tumor and Germline Analysis

In general, tumor and germline testing are performed separately at different time points 

and often by different laboratories. Germline genetic testing is done using blood or saliva 

as the “normal” tissue source to look for pathogenic variants that cause a known cancer 

predisposition syndrome. In current practice, patients are selected in a “guideline-based” 

manner, with only those who meet established guidelines from national and professional 

organizations receiving genetic testing. These guidelines and recommendations are created 

based on the expected the yield of genetic testing considering the tumor type, age of 

onset, and clinical and/or family history of patients [11–13]. Patients who do not meet the 

established criteria typically do not receive germline testing for cancer predisposition.

On the other hand, tumor testing is typically performed on the tumor specimens of 

individuals with advanced cancer who require systemic therapy. Many of these individuals 

show disease progression through standard treatments, and tumor testing is performed to 

identify somatic variants that may confer susceptibility to targeted therapies.

Paired Tumor-Normal Testing

In paired tumor-normal analysis, DNA isolated from tumor and from nonmalignant 

“normal” cells of the peripheral blood, saliva, buccal swab, fibroblasts, or nails are 

sequenced on the same platform separately, and data from tumor and normal DNA samples 
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from the same individual are matched to analyze together. While this method can be 

used solely to improve tumor sequencing results interpretation, when patient’s consent 

is obtained to analyze germline findings, it can also be used to determine hereditary 

cancer predisposition simultaneously. This approach provides several advantages over the 

traditional testing scheme:

1. Broad tumor-normal sequencing identifies hereditary cancer predisposition in an 
unbiased manner

Sequencing both tumor and normal in each patient without pre-selection based on certain 

criteria elucidates the hereditary contribution to cancer in an unbiased manner. Recently, 

multiple studies that have taken this approach demonstrated that a greater proportion of 

both pediatric and adult cancer patients carry germline disease-causing variants in cancer 

genes than previously anticipated [6–9, 14–18]. Variants indicative of hereditary cancer 

predisposition were identified in 3% to 12.6% of adult and 8.5–10% of pediatric patients 

depending on the population and genes studied [7, 9, 10, 15, 19]. It has become clear that 

established guidelines may miss patients with hereditary cancer predisposition who could be 

identified by a broad testing approach. In our MSKCC cohort of advanced cancer patients, 

we identified clinically actionable germline findings in 17.5% of patients by tumor-normal 

sequencing, over half (55.5%) of which would have been missed in guideline-driven testing 

[18]. While further studies are needed to understand whether the same applies to early-stage 

cancer, recent analyses on patients with a range of tumor types or multiple primaries also 

suggest that an unbiased testing approach may reveal hereditary cancer predisposition in 

individuals who do not meet established guidelines [14, 20–23], helping inform management 

and counseling of patients and their family members.

In addition to its implications for patient care, broad tumor-normal sequencing has 

also provided insights into the genetic landscape of cancer and germline contribution 

to tumorigenesis. Firstly, germline pathogenic or likely pathogenic variants have been 

identified in cancer genes that are not known to be associated with the patient’s particular 

tumor type. It largely remains unclear whether these variants contribute to tumor formation 

or represent unrelated incidental findings, although interesting correlations have already 

emerged through burden analyses, association with loss of heterozygosity (LOH) and 

specific mutation signatures in paired tumors [8, 9, 18]. For instance, endometrial cancer 

is not generally considered to be part of hereditary breast and ovarian cancer syndrome. 

However, through tumor-normal sequencing, one study identified 13 endometrial cancer 

cases with BRCA1 or BRCA2 germline mutations and showed that 8/8 BRCA1 and 

2/5 BRCA2 associated endometrial cancers had LOH for the wild type allele in the 

tumor and genomic evidence of homologous recombination deficiency (JCO Precision 

Oncology, in press). Other examples include enrichment of truncating variants in RAD51C 
in acute myeloid leukemia and PALB2 in stomach adenocarcinoma and ovarian cancer 

[8]. Therefore, whether a germline mutation is playing a biological role in the tumor can 

be assessed using the associated tumor sequencing data. Secondly, the paired analysis 

is informative for determining germline and somatic interactions. Selective pressure for 

biallelic inactivation of tumor-suppressor genes in tumorigenesis has been repeatedly 

demonstrated across several cancer types [8, 9, 24, 25]. A large study of 12 cancer types 
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reported mutual exclusivity and co-occurrence of many germline and somatic events, such 

as mutual exclusivity of germline ATM truncating variants and TP53 somatic mutations in 

lung adenocarcinoma and co-occurrence of BRCA1 germline truncating variants and TP53 
somatic mutations in breast cancer [8]. Finally, tumor-normal sequencing also helps clarify 

the phenotypic and therapeutic relevance of germline alterations. In a recent analysis of 

advanced-stage cancer and germline pathogenic or somatic truncating variants in BRCA1/2, 

selective pressure for biallelic inactivation, phenotype penetrance and PARP inhibitor 

sensitivity were observed only in tumor types known to be associated BRCA1/2, and 

tumorigenesis was independent of mutant BRCA1/2 in patients with non-BRCA-associated 

cancers [26]. These findings suggested that most BRCA1/2 mutations in non-BRCA-

associated cancers may be incidental and unlikely to be therapeutically relevant.

2. Somatic versus germline variants can be differentiated in tumor sequencing results

Tumor sequencing data include a mixture of variants that are of germline origin and those 

that have arisen somatically during tumor formation. From a clinician’s perspective, it is 

critical to determine whether a pathogenic variant identified in tumor sequencing represents 

a somatic versus a germline finding. Because of the implications of germline results for 

the patient and their family members, identification of a pathogenic variant in a cancer 

syndrome-related gene during tumor-only sequencing often initiates a cascade of genetic 

consultation and follow-up testing of a nonmalignant tissue to determine whether the variant 

is of germline origin. Therefore, tumor-only sequencing may frequently lead to additional 

genetic tests, which would be avoided with paired normal tissue analysis. One of the major 

advantages of tumor-normal sequencing is the ability to subtract variants in matched normal 

tissue from tumor data, thus revealing those that are truly of somatic origin (Figure 1).

In the absence of a “normal” control, various approaches have been undertaken to predict 

and filter out variants that are likely to be germline. One approach filters out variants that 

are present in large population databases such as dbSNP, 1000 Genomes, or ExAC for likely 

having germline origin [19, 27–29]. While this approach can filter out common variants, 

those that are rare in the general population will remain in the sequencing data. This is 

particularly problematic for individuals of non-White ancestries and results in a higher rate 

of false positive germline findings in these individuals, as the majority of current large 

population databases consist of White/European ancestries [27]. Another approach looks at 

variant allele fractions in tumor sequencing data. Allele fractions close to ~50% and ~100% 

are assumed to likely represent heterozygous or homozygous germline variants, respectively, 

and lower allele fractions are predicted to represent somatic mutations [19]. However, 

this method gets complicated by varying tumor purity, normal tissue contamination, and 

changes in tumor allele fractions due to loss of heterozygosity or deletion/amplification 

events. In addition, the fraction of variants in NGS data may differ from the expected 

50% or 100% depending on their genomic location or their size, such that those in 

regions of high homology or large deletion and insertion variants may have lower than 

expected representation in the total mapped reads in NGS. Often, a combination of the 

above methods is used to maximize the prediction and filtration of germline variants from 

tumor-only sequencing results. During this filtration process, true somatic variants that may 

be identical to germline variants in population databases may inadvertently get removed, 
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resulting in false-negatives. In order to reduce the likelihood of removing cancer-related 

somatic mutations this way, many groups rescue variants that have been reported in the 

COSMIC (Catalogue of Somatic Mutations in Cancer) database [19, 27, 28]. One study 

has shown that molecular pathologist review of tumor-only sequencing results following 

germline prediction/filtering steps classified the majority of true germline variants as having 

uncertain significance for cancer and thereby reduced the rate of false positive germline 

cancer-related calls [27]. Overall, despite germline prediction and filtering processes, tumor-

only sequencing led to false positive and/or false negative mutation calls, including those in 

potentially actionable genes [19, 27]. For example, a recent study of 17,152 matched tumor-

normal pairs found of the 17,075 pathogenic variants detected in tumor sequencing, 1494 

(8.7%) were actually of germline origin [30]. These variants would either be misattributed 

as somatic in nature or require identification as potentially germline by the oncologist and 

subsequent germline testing under the tumor-only sequencing approach. Therefore, matched 

tumor-normal sequencing is the ideal approach to differentiate somatic versus germline 

variants and for precise interpretation of both results.

Filtering out germline variants from tumor sequencing data also yields more reliable 

information to estimate tumor phenotypic features such as mutation burden, microsatellite 

instability, and other mutation signatures [31, 32]. These attributes often are informative 

about underlying molecular processes for tumor formation, help determine its site of origin, 

and serve as biomarkers for targeted therapies, such as immune checkpoint inhibitors for 

tumors with high mutation burden or microsatellite instability [33–35]. Somatic mutation 

calling using a matched normal sample is the ideal approach for accurate mutation signature 

analysis.

3. Comparing tumor and normal sequencing results allows to identify loss-of 
heterozygosity and “second-hits”

Somatic biallelic inactivation through loss of heterozygosity (LOH) or a second mutation 

(“second hit”) on the opposite allele are the most common cancer initiation mechanisms in 

individuals with germline pathogenic variants in tumor suppressor genes [36, 37]. Matched 

tumor-normal analysis in individuals with hereditary cancer predisposition allows assessing 

LOH and second-hits in tumors, which is informative for both somatic evaluation to 

elucidate molecular mechanism of tumor formation and in germline assessment to identify 

cancer predisposition genes [38–40] and assess clinical significance of variants [39, 41]. 

While tumor mutation data including LOH needs to be reviewed carefully in addition to 

other types of evidence regarding a variant’s pathogenicity [41], it is useful for variant 

classification in cancer predisposition genes. For instance, while evaluating a germline RB1 
variant in an individual with retinoblastoma, loss of the allele carrying this variant in the 

tumor would suggest that the variant is not disease-related. Similarly, in an individual with 

renal cell carcinoma and a rare VHL germline variant, identification of biallelic truncating 

somatic mutations in VHL in the tumor would be suggestive of a sporadic cancer and 

be considered as evidence supporting that the germline VHL variant is not causative for 

disease.
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4. Matched analysis of a second tissue specimen from the same individual allows 
detection of mosaicism and clonal hematopoiesis

Blood is the standard source of nonmalignant DNA used for germline analyses. However, 

DNA isolated from blood does not solely represent true germline variants, but may 

also include those that are mosaic or arose as a somatic mutation in the hematopoietic 

lineage, referred to as clonal hematopoiesis (CH) [42, 43] (Figure 2). Generally, CH is 

common in cancer patients and is associated with aging, smoking, or radiation therapy [44]. 

Clonal hematopoiesis may be detected in the absence of any evidence for a hematopoietic 

neoplasm; however, it is a risk factor for the development of hematologic cancer [44–46].

Blood-only sequencing is often unable to distinguish true germline variants from those that 

are mosaic or representative of CH [47, 48]. Typically, a variant’s fraction in the blood 

specimen is used as a metric to suspect mosaicism or CH in blood-only sequencing [49]. 

Most true heterozygous germline variants are detected at a fraction of ~50% in the blood, 

while mosaic and CH variants are expected to be detected at lower fractions. However, 

various technical reasons may cause a true germline variant to be detected at a lower 

fraction than expected in NGS, including problems with mapping of sequencing reads in 

high homology regions or nearby homopolymers, and those that involve indels. On the 

other hand, high-level mosaic variants or CH variants that arose early in differentiation or 

amplified during clonal expansion may be detected at high fractions that are close to the 

expected range for germline variants. These issues complicate results analysis in blood-only 

sequencing and may result in inaccurate interpretation of their origin [43].

An incorrect assumption of CH variants as germline has significant implications for 

the patient’s clinical management [50]. For instance, a pathogenic TP53 variant of CH 

origin may indicate risk for hematologic cancer and would necessitate clinical follow-up 

accordingly. On the other hand, if interpreted as a germline variant, it would be considered 

as diagnostic of Li Fraumeni syndrome and would initiate a life-time long series of 

comprehensive and often invasive screening tests for a broad range of cancers, including 

sarcomas, breast cancer, and brain tumors [51]. Identification of a germline variant also has 

implications for reproductive planning and risk to family members. Since somatic mutations 

in the blood are not inherited and cannot be transmitted to future generations, distinguishing 

them from germline variants is also important to avoid unnecessary genetic tests in extended 

family members.

Mosaicism is the presence of a variant in some but not all cells of an individual that are 

derived from the same zygote [52, 53]. A mosaic pathogenic variant may be present at 

varying levels in different tissues and may be clinically significant or inconsequential if it is 

restricted to tissues not pertinent to the gene’s function, occurred after a time frame that is 

relevant for the gene’s function, or is present in a number of cells that is lower than a critical 

threshold to impact tissue function [52, 53]. Therefore, predicting the clinical consequence 

of a mosaic variant is challenging and differentiating them from true heterozygous germline 

variants is important for recommendations regarding surveillance, prophylactic treatments 

and reproductive planning.
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In order to confirm whether a suspected variant detected in peripheral blood cells is 

germline, mosaic, or CH-associated, testing a separate tissue specimen is required. For 

this purpose, the variant is typically tested in fibroblasts from the individual isolated via 

a skin biopsy. A matched tumor analysis is often informative to identify potential mosaic 

or CH-associated variants, as the tumor represents another tissue specimen from the tested 

individual (Figure 2). Because other events that may result in lower variant fraction in 

the tumor, such as copy number-altering structural rearrangements or copy-neutral loss 

of heterozygosity events are common in tumor genomes, one should assess the presence 

of such alterations before considering a variant as a potential CH-associated mutation. 

Similarly, a variant detected at a fraction lower than the expected ~50% for a heterozygous 

germline variant in blood but was also detected in the tumor may be suspected of being 

mosaic. Nonetheless, a non-malignant tissue specimen should be tested to clarify the status 

of suspected CH or mosaic variants.

5. With patient’s consent, both tumor data and hereditary cancer predisposition can be 
assessed simultaneously with a single test

Tumor sequencing is performed for diagnostic and therapeutic purposes; however, it 

frequently provides incomplete information to guide patient management. For instance, in 

a patient with unilateral breast cancer and a germline pathogenic BRCA1 variant, surgery 

decisions may be made based on germline versus somatic origin of mutation, such that the 

patient may choose to pursue prophylactic bilateral mastectomy and oophorectomy if the 

variant is germline instead of a unilateral mastectomy only. In a traditional testing scheme, 

tumor sequencing may be performed first and germline testing is pursued for variants 

suspected of having germline origin, such as known founder mutations or those predicted 

to be germline based on their allele fraction. However, as discussed above, distinguishing 

germline versus somatic mutations in tumor-only sequencing has limitations, leading to 

high number of variants that will fail to confirm as germline, or incorrect calling of a 

pathogenic germline variant as somatic and thus missing the diagnosis of a hereditary cancer 

predisposition syndrome. From a clinician’s perspective, in addition to accurate calling of 

somatic and germline variants, a simultaneous testing approach also has several practical 

advantages over separate analyses at different time points. Imagine a Lynch syndrome 

patient with a germline pathogenic MLH1 variant. In such patients, reaching a diagnosis 

often takes several rounds of sequential tumor and germline testing that starts with tumor 

immunohistochemistry and/or microsatellite instability analysis indicating a deficiency in 

one of the mismatch-repair (MMR) genes, followed by tumor MLH1 hypermethylation 

and/or tumor-only sequencing of MMR genes, and finally a germline test to identify/confirm 

the pathogenic MLH1 variant. This approach requires coordinating multiple clinic visits and 

sample collections from the patient, as well as ordering and gathering results of tests that are 

often performed by different laboratories. A combined testing approach eliminates this long 

cascade, allowing timely and accurate diagnosis.

6. Testing two independent samples from the same individual allows sample identity 
check and prevents sample mix-ups

Despite many quality check steps including DNA barcoding and SNP identity testing in 

independent extractions or aliquots, sample mix-ups still occur and pose a major problem 

Mandelker and Ceyhan-Birsoy Page 7

Trends Cancer. Author manuscript; available in PMC 2022 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for clinical laboratories. Additionally, typical practices only allow checking mix-ups that 

happen after the DNA extraction step at the laboratory, although mix-ups may happen at 

the phlebotomy, surgical pathology, or sample accessioning steps, as well. By comparing 

SNPs identified in matched tumor and blood samples, one can ensure that they belong to the 

same individual, thus preventing sample mix-ups that may happen at any stage of the testing 

process.

Challenges associated with tumor-normal sequencing

Matched tumor-normal testing is an efficient and advantageous approach for both 

somatic and germline analyses (Figure 3). However, there are several challenges to 

its implementation at a large scale in any institution. First, building an infrastructure 

to have both blood and tumor specimen sent to the laboratory in an orderly manner 

requires an institution-wide organization, which may be difficult to establish. Second, 

costs associated with sequencing and interpreting both tumor and germline DNA may be 

prohibitive, especially because the germline testing component may not be covered by 

insurances at present, if the patient does not meet current guidelines for clinical germline 

testing. In addition, germline testing requires pre- and post-test genetic counseling and 

therefore significant amount of resources should be dedicated to providing access to genetic 

consultation for each patient to be tested. Finally, expanded germline analyses in individuals 

who do not meet current testing guidelines is likely to identify more variants of uncertain 

significance compared to targeted tests in high-risk individuals, and therefore may result in 

inconclusive results for a higher number of patients. These factors need to be considered to 

take advantage of the benefits of tumor-normal sequencing.

Concluding Remarks

Paired tumor-normal sequencing undeniably has many advantages over blood-only 

and tumor-only approaches. However, questions remain regarding the benefit and cost-

effectiveness of a comprehensive genomic analysis in different types of cancers and 

early-stage patients (Outstanding Questions). One option to minimize these issues while 

still deriving the benefits of tumor-normal sequencing might be to restrict the test to a 

targeted set of highly actionable genes and/or variants. In addition, several other methods 

are currently under development and can be useful to assist both germline and tumor 

studies. RNA testing is informative for identifying structural alterations and the impact of 

variants that affect splicing. Cell-free DNA analysis can be a noninvasive test for tumor 

profiling. Ultimately, further studies on broader cohorts are needed to understand the optimal 

approach of testing for diverse patient populations. Future efforts should also be dedicated to 

providing patients equal access to the broad range of testing options that become available 

and provide benefit for their clinical care.
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Highlights

Clinical care of cancer patients increasingly involves germline and tumor molecular 

analyses.

Paired tumor-normal sequencing is being adapted at various institutions and provides 

many advantages to tumor-only or blood-only sequencing, such as simultaneous 

detection of both hereditary cancer predisposition and somatic mutations to guide 

targeted therapies, distinguishing between germline and somatic mutations, and 

identifying potential clonal hematopoiesis-related variants.

Combined tumor-normal analysis has revealed novel associations between hereditary 

cancer predisposition genes and tumor formation, and provided insights into germline 

contribution to cancer.

Several challenges exist regarding the implementation of paired tumor-normal analyses in 

patient care, including technical, practical and cost-related considerations.
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Outstanding Questions

What is the optimal testing approach in patients with various tumor types and at different 

stages of cancer?

In what circumstances should a comprehensive versus a targeted testing approach be 

pursued?

Do the benefits of paired tumor-normal sequencing justify the practical and cost-related 

challenges that need to be undertaken in all patients? Is universal tumor-normal 

sequencing necessary?

What is the optimal non-malignant “normal” tissue specimen? Blood is the current 

gold-standard, but could saliva, nail, or non-malignant biopsy specimens be used as a 

matched “normal”?

Can cell-free DNA and RNA testing be integrated into tumor-normal analysis methods?
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Figure 1. Mutations Reported in Blood-only, Tumor-only, and Paired Tumor-Normal 
Sequencing.
In blood-only sequencing, only germline variants detected in the blood (see limitations about 

mosaic and clonal hematopoiesis-related variants) are reported, informing about hereditary 

cancer predisposition. Tumor-only sequencing detects and reports both germline and somatic 

mutations, and is unable to distinguish between the two sources. Paired tumor-normal 

sequencing allows one to accurately both report germline variants related to hereditary 

cancer predisposition and somatic mutations in the tumor. Mutations called in the tumor that 

are not present in the paired normal sample are annotated as somatic and are reported in the 

somatic report.
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Figure 2: Paired Tumor-Normal Analysis Distinguishes Variants of Various Origins.
(A) Germline heterozygous variants are typically detected at ~50% allele fraction in both 

normal and tumor sample (in the absence of additional copy number-altering or copy-neutral 

LOH events). (B) Somatic variants are absent from the normal tissue and can be detected 

at various fractions in the tumor, depending on their time of occurrence. (C) Variants with 

~50% allele fraction in the normal sample and at much higher fraction in the tumor are 

likely germline variants with LOH at that region in the tumor. (D) Variants that are detected 

in the blood but are absent from the tumor, without the presence of LOH at that locus, likely 

represent clonal hematopoiesis. (E) Variants detected with low allele fraction in the blood 

and are present in the tumor may represent mosaic alterations, that can be confirmed by 

testing of additional non-malignant tissue samples.
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Figure 3: 
Comparison of blood-only, tumor-only, and tumor-normal sequencing
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