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Optimizing the evaluation
of gene-targeted panels for tumor
mutational burden estimation

Yawei Li & Yuan Luo™

Though whole exome sequencing (WES) is the gold-standard for measuring tumor mutational burden
(TMB), the development of gene-targeted panels enables cost-effective TMB estimation. With the
growing number of panels in clinical trials, developing a statistical method to effectively evaluate and
compare the performance of different panels is necessary. The mainstream method uses R-squared
value to measure the correlation between the panel-based TMB and WES-based TMB. However, the
performance of a panel is usually overestimated via R-squared value based on the long-tailed TMB
distribution of the dataset. Herein, we propose angular distance, a measurement used to compute
the extent of the estimated bias. Our extensive in silico analysis indicates that the R-squared value
reaches a plateau after the panel size reaches 0.5 Mb, which does not adequately characterize the
performance of the panels. In contrast, the angular distance is still sensitive to the changes in panel
sizes when the panel size reaches 6 Mb. In particular, R-squared values between the hypermutation-
included dataset and the non-hypermutation dataset differ widely across many cancer types, whereas
the angular distances are highly consistent. Therefore, the angular distance is more objective and
logical than R-squared value for evaluating the accuracy of TMB estimation for gene-targeted panels.

Immunotherapy has become an increasingly available and important cancer treatment option in recent years.
Unlike chemotherapy that acts directly on cancer cells, immunotherapy uses a person’s own immune system to
fight cancer through a variety of forms, including targeted antibodies, cancer vaccines, adoptive cell transfer,
tumor-infecting viruses, checkpoint inhibitors, cytokines, or adjuvants. However, immunotherapy is not yet as
widely used as surgery, chemotherapy or radiation therapy, as it is likely to benefit some people with certain
types of cancers like melanoma, lung and kidney cancer!. To determine whether immunotherapy is effective,
studies have incorporated (to varying degrees) several biomarkers into clinical practice, including PD-1/PD-L1
expression?, CTLA-4 expression®, CD8*, CD39°, mismatch repair (MMR) and microsatellite instability (MSI)®".
Similar to the previous biomarkers, the tumor mutational burden (TMB) is a predictive biomarker with the
potential to make a significant impact on cancer immunotherapy.

TMB, a measurement of the mutations carried by tumor cells, has been widely used to evaluate their associa-
tion with response to Immuno-Oncology (I-O) therapy®®, including the associations between different TMB
levels and patient response to immune checkpoint blockade (ICB) therapy in a variety of cancers!®~'2. In 2014,
Snyder et al."” first analyzed the correlation between TMB and treatment effectiveness by analyzing whole-exon
sequencing (WES) data from melanoma patients treated with anti-CTLA-4. Later, Rizvi et al.'* used therapies
with anti-PD-1 in non-small cell lung cancer (NSCLC) patients and demonstrated that higher nonsynonymous
mutational burden in tumors was associated with improved objective response, durable clinical benefit, and
progression-free survival (PFS). More recently, studies found that combining TMB with these published cell
surface checkpoint inhibitors (PD-1, PD-L1, CTLA-4) improves the accuracy of ICB therapy outcome prediction.
For example, NSCLC patients with PD-L1>5% and a high tumor mutational burden seemed to benefit from
nivolumab administration that had a longer median PFS™. The success of using TMB to predict ICB therapy is
that higher TMB values usually result in a higher number of neoantigens presenting on the tumor cell surface'.
As a result, these higher numbers of neoantigens increase the chance of being detected from ICB therapy'’.
However, a recent study found that using TMB to predict ICB response may not be suitable for all cancer types'.
Additional investigation is needed to improve the utility of TMB for accurate prediction of response to ICB. Apart
from immunotherapy, TMB was also reported to be associated with other cancer therapies both in clinically'”'8
and theoretically'>?°.
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Typically, WES allows comprehensive TMB estimation, and is considered the “gold-standard”. However, it
is impossible for all patients to use WES to estimate their TMBs due to the high cost of the large genomic space
sequenced. To this end, the development of gene-targeted panels enables cost-effective TMB estimation for
more patients. Clinical trials have shown that TMB can be estimated from targeted sequencing of only a few
hundred genes of interest, which can be performed at a high depth for clinical applications. The next generation
sequencing (NGS) panel FoundationOne CDx (F1CDx) developed by Foundation Medicine, counting both
synonymous mutations and nonsynonymous mutations (not included in dbSNP or COSMIC database) from 324
genes (1.2 Mb), has proven highly consistent with the estimation from WES?'*%. Another panel MSK-IMPACT,
targeting only nonsynonymous mutations from 468 genes (1.22 Mb), also shows a high correlation with the
results from WES?*. Based on their valuable performance, they have been approved by the FDA as pan-cancer
genomic profiling tests. In the meantime, more commercially available genomic profiles are being developed
for TMB estimation.

With the growing number of gene-targeted panels, developing a statistical method to effectively evaluate
and compare the performance of different panels is necessary. As an important criterion, the estimated TMB is
expected to be close to WES-based TMB. The mainstream statistical method uses the coeflicient of determination
(R-squared) to evaluate a panel. R-squared value is a statistical measure that explains the strength of the cor-
relation between an independent and dependent variable via a regression model. However, our comprehensive
analysis demonstrates that the R-squared value often overestimates the performance of a panel due to the unbal-
anced TMB distribution of patients. Herein, we used angular distance as opposed to R-squared, which performs
a more veritable, objective and logical measurement when evaluating the performance of a panel.

Results

Using angular distance rather than linear regression to evaluate gene-targeted pan-
els. R-squared is the percentage of the response variable variation that is explained by a linear model, which
measures how close the data are to the fitted regression line. Under the definition of R-squared, the estimated
bias of the panel cannot be directly measured by R-squared. For example, let xj, x3, ..., x4, denote the TMBs
estimated by a gene-targeted panel and y;, y3, ..., yn, denote the WES-based TMBs of the dataset. The linear
regression function is,

y=ax+b (1)

where a and b can be solved by,

By solving the partial derivatives, a and b yield,
{ g = L GD0iy) _ Yl xiyi—nxy

iy (xi=%)? iy Xf —nE (3)

b=y —ax
where ¥ and y denote the average value of x1, x2, ..., X, and y1, ¥2, ..., ¥n. , respectively. According to Eq. (1), a
is the slope of the linear function and b is the Y-intercept number. The R-squared value can be represented as,

R 1. T (imaxi=b)?
i (}’7—7)2 (4)

The denominator of Eq. (4) is the total sum of squares, which is influenced by the TMB distributions of the
entire dataset. Nevertheless, in terms of the Cancer Genome Atlas (TCGA) dataset, the TMB distribution pre-
sents a long-tailed pattern across all cancer types (Fig. 1). The average TMB value for the entire dataset is 9.64
mutations/Mb, but approximately 83% of the patients are below the average value. In contrast, the average value
of the hypermutated patients (TMB > 50) reaches 151.51. Due to these hypermutated patients, the variance of
the total dataset reaches 1559.63, which leads to an extremely high denominator in Eq. (4). The numerator of the
Eq. (4) represents the sum of the squared residuals. Ideally, we expect that x; should be very close to y; for each
patient i. If the Y-intercept (b) in the numerator is not close to 0, for a patient with panel-based TMB x,, and
WES-based TMB y,,, its estimated bias is y,/xm &~ a + b/x,. The bias will be very large if TMB of the patient
(xm) is very small. According to the TMB distribution of the TCGA dataset, a total of 20.03% of the patients are
within interval [0, 1), and another 20.66% of patients are within interval [1, 2) (Fig. 1A). As a result, the high
bias rate of these lower-TMB patients indicates that the performance of the panel is poor. If the Y-intercept (b) is
=0, then considering two patients, their WES-based TMBs are y,,, and ky,, (k>>1), and their panel-based TMBs
are x,, and kx,,, respectively. The ratios of the panel-based TMB to WES-based TMB for the two_patients are
both equal to y;,/x,,. However, the squared residual of the higher-TMB patient (~ K2 (ym - axm)z) is about k2
-folds higher than the lower-TMB patient (% (y,, — axm)z), indicating that the contribution of the higher-TMB
patient is k>-folds higher than the lower-TMB patient in the R-squared value. As a consequence, R-squared value
is mainly determined by those extremely high TMB patients in the dataset.

In light of the limitations of R-squared measurement, we developed a new metric, the angular distance, to
measure the estimated bias for a panel. For a patient i, denote x; and y; are the panel-based TMB and WES-based
TMB, respectively. So, the Cartesian coordinate of the patient is (x;, y;). If we transfer the Cartesian coordinate
to the polar coordinates, the coordinate of the patient (r;, ;) can be derived as follows,
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Figure 1. The TMB distribution of the 10,223 patients across 33 different cancer types. (A) The histogram of
the TMB distribution of all patients. The X axis is the TMB (the number of somatic mutations per megabase
(MDb) of interrogated genomic sequence), and the Y axis is the number of patients with the integer TMB being
the corresponding number. The average TMB for the dataset is 9.64, and the median TMB is 2.60. (B) The
boxplot of the TMB distribution for each of the 33 cancer types. The X axis denotes the 33 cancer types and the
Y axis is the TMB for each cancer type. A log-10 scale is used for the Y axis of the graph.
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In terms of Eq. (5), if the predicted panel-based TMB (x) is absolutely equal to the WES-based TMB (y),
the expected angle (¢) is equal to /4. Therefore, the angular distance (estimated bias, 6;) of patient i can be
expressed as:

0= % - ga,’_‘f—arctan(y’)‘ (6)

Theoretically, the angular distance 6; ranges from 0 (the estimated panel-based TMB by is equal to the WES-
based TMB) to 7 /4 (the estimated TMB by gene-targeted panel is equal to 0) based on Eq. (6). Lower angular
distance represents a smaller estimated bias. We use the average value of 6; (6 = Y 6;/n) to measure the overall
performance of a gene-targeted panel. Compared with the R-squared value that computes the Euclidean distance

Scientific Reports |

(2021) 11:21072 | https://doi.org/10.1038/s41598-021-00626-7 nature portfolio



www.nature.com/scientificreports/

Hypermutation-included

dataset Non-hypermutation dataset
Panel R-squared | Angular distance | R-squared | Angular distance
F1CDx 0.9737 0.3106 0.8798 0.3182
MSK-IMPACT 0.9760 0.2705 0.9113 0.2769
OCAv3 0.9610 0.3809 0.8262 0.3901
OTML 0.9842 0.2483 0.9298 0.2546
TSO500 0.9810 0.2585 0.9272 0.2648
TST170 0.9598 0.3872 0.8176 0.3966
QIAseq 0.9776 0.2629 0.9214 0.2694

Table 1. The R-squared values and average angular distances for the selected panels.

of each patient, and is primarily determined by the patients with extremely high TMB, the benefit of angular dis-
tance is that the weight of each patient contributing to measuring the performance of a panel is absolutely equal.

Renowned commercially gene-targeted panel evaluation by the two measurements. We
first employed R-squared and angular distance to compare and evaluate seven (see Methods) renowned com-
mercially gene-targeted panels. The rankings of the performance for the seven panels (OTML>TSO500> QI
Aseq>MSK>FICDx>0OCAv3>TST170) were absolutely the same between the two measurements (Table 1).
However, in the hypermutation-included datasets, the R-squared values ranged from 0.9598 to 0.9842 (Fig. 2A,
B and Fig. S1), whereas the R-squared values were much lower (0.8176 ~0.9298) when we omitted the hyper-
mutated patients (Fig. 2C, D and Fig. S2). Lower R-squared values in the non-hypermutation dataset than in
the hypermutation-included dataset suggested that the estimation was more accurate in higher TMB patients.
We calculated the estimated bias by calculating the panel-based TMB divided by the WES-based TMB for each
patient (Fig. 2E, F and Fig. S3). The estimated biases for many lower-TMB patients were very high, whereas the
biases for higher-TMB patients were much lower. Though the proportion of these higher-TMB patients was low,
the R-squared value was still high since the squared residuals of these higher-TMB patients were large in Eq. (4).
In contrast to the R-squared, the angular distances between the hypermutation-included dataset and the non-
hypermutation dataset were similar across all seven panels (Table 1), indicating that angular distance was more
robust than R-squared as a measurement.

Previous studies have demonstrated that TMB was distributed widely across different cancer types?*?>%. To
this end, we used the two measurements to evaluate the performance of the panels in each of the 33 cancer type
datasets (Table S1, S2, S4 and S5, Fig. S4 and S5). The R-squared values varied greatly between different cancer
types for all seven panels (Table S1). In the hypermutation-included dataset, three cancer types, READ, PAAD
and UCEC, achieved average R-squared values >99%. In contrast, three other cancer types, OV, PCPG and
TGCT performed poorly, with R-squared values < 70% in most selected panels. Comparing the R-squared values
between the two datasets across cancer types, the R-squared values were lower in the non-hypermutation dataset
for most cancer types (Table S2). Strikingly, four cancer types, GBM (Fig. S6), LGG (Fig. S7), PAAD (Fig. S8) and
PRAD (Fig. S9), achieved very high average R-squared values (0.9880, 0.9696, 0.9944 and 0.9787; Table S1) in
the hypermutation-included datasets, but much lower values in the non-hypermutation datasets (0.8164, 0.6942,
0.8096 and 0.7860; Table S2). In fact, among the 392 GBM patients, 512 LGG patients, 177 PAAD patients and
497 PRAD patients, only two GBM patients, two LGG patients, one PAAD patient and one PRAD patient were
hypermutated. In all four cancer types, the TMB of the hypermutated patients exceeded 250 mutations/Mb, which
was more than 100-fold higher than the average TMB of the remaining patients. Omitting the hypermutated
patients, the variances of the dataset for the four cancer types were 11.89 (GBM), 1.78 (LGG), 0.81 (PAAD) and
4.31 (PRAD), respectively, whereas the variances became 828.97 (GMB), 379.51 (LGG), 1978.26 (PAAD) and
142.10 (PRAD) when containing the hypermutated patients (Table S3). Based on Eq. (4), the increased total sum
of squares led to a higher R-squared value in the hypermutation-included dataset.

The average angular distances of the panels ranging from 0.1314 to 0.5918 in the hypermutation-included
dataset (Table S4) and from 0.1424 to 0.5918 in the non-hypermutation dataset (Table S5) were similar across
the 33 cancer types. In particular, unlike R-squared, the average angular distances of GBM, LGG, PAAD and
PRAD in the hypermutation-included dataset (0.2984, 0.4674, 0.4264 and 0.4216) were nearly the same as in the
non-hypermutation dataset (0.2996, 0.4674, 0.4264 and 0.4216). Strikingly, we found that the two measurements
were completely opposite in two cancer types: OV and THYM. The average angular distance in OV dataset was
low, but the average R-squared value indicated that the estimation was poor. In contrast, the average angular
distance in THYM dataset was very high, but the average R-squared value indicated that the estimation was good.
To resolve the apparent contradiction, we analyzed the linear fit of the dataset for the two cancer types (Fig. 3).
The low R-squared value in OV dataset was due to the highly estimated bias of one patient (TCGA-13-0889, red
dot in Fig. 3A, B). After we omitted this patient, the average R-squared value increased to 0.8799. For cancer type
THYM, its TMB distribution was similar to the four cancer types GBM, LGG, PAAD and PRAD: except for the
highest TMB patient (TCGA-ZB-A966, red dot in Fig. 3C, D), the TMB of the second highest patient was only
3.01, about 10-folds lower than the highest one. Indeed, when we omitted this patient, the average R-squared
value of the dataset was only 0.5571. Hence, angular distance was generally more accurate and objective than
the R-squared value.
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Figure 2. TMB estimation results for gene panels in different datasets. (A, B) Linear fit with 95% confidence
intervals of panel-based TMB estimated by the F1ICDx and the MSK against WES-based TMB in the
hypermutation-included dataset. (C, D) Linear fit with 95% confidence intervals of panel-based TMB estimated
by the F1CDx and the MSK against WES-based TMB in the non-hypermutation dataset. The R-squared values
are lower in the non-hypermutation dataset than in the hypermutation-included dataset for both panels. (E,

F) The correlation between the estimated bias and TMB size (Pearson correlation: F1CDx: — 0.1066, P value:
3.2x107%; MSK: — 0.1047, P value: 2.4 x 10%). The X axis is the WES-based TMB of the patient and the Y axis
is calculated as the panel-based TMB divided by the WES-based TMB. A log-2 scale is used for the Y axis of the
graph. Patients with TMB > 500 are not shown.

The correlation between panel size and the performance. The rankings of the performance of the
seven panels suggested that the performance of a panel may be associated with its panel size. To test our hypoth-
esis, we randomly generated 10,000 panels in silico (see Methods) and analyzed the correlation of the two fac-
tors. Figure 4A, B display the correlations between the values of the two measurements (R-squared and angular
distance) and panel size for the 10,000 simulated panels. With the increase in panel size, R-squared increases
and angular distance decreases, indicating that panel size is an important factor to improve the accurate of TMB
estimation, which is consistent with previous studies?”?®. Comparing the changes in R-squared to the changes in
angular distance with the increase in panel size, R-squared increases quickly and reaches a plateau after the panel
size reaches 0.5 Mb. However, the angular distance of the panels shows that the estimated bias is still high when
panel size is 0.5 Mb. Indeed, the angular distance is still sensitive to the changes in panel sizes when the panel size
reaches 6 Mb. In addition, for most panels, their R-squared values between the hypermutation-included dataset
and the non-hypermutation dataset are extensively different (Fig. 4A), but their angular distances between the
two datasets are close (Fig. 4B). Moreover, by comparing the average angular distance of the 10,000 simulated
panels to the real TMB of each patient, we find that their average angular distance is negatively correlated with
their TMB (Fig. 4C). Therefore, for patients with higher TMBs, a smaller panel size sufficiently conforms to the
estimation, while for patients with lower TMBs, a larger panel size is needed.

One of the major applications of TMB is that it is a biomarker for predicting ICB outcomes. In the study of
CMO026 trail, PFS and objective response rate (ORR) were significantly higher with nivolumab than with chemo-
therapy when the missense mutation count of the patient was no less than 243'°. A similar study demonstrated
that the PES of patients whose TMB > 10 mutations/Mb was significantly longer when using immunotherapy
than chemotherapy®. Following the recent FDA approval of a 10 mutations/Mb threshold to select patients for
ICB therapy, accurately estimating the patients with TMB =10 mutations/Mb is extremely important. To this end,
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Figure 3. Linear fit of panel-based TMB estimated by the F1CDx (A, C) and MSK (B, D) against WES-based
TMB in cancer type OV dataset (A, B) and THYM dataset (C, D). The poor R-squared value in the cancer type
OV dataset is due to the highly estimated bias of one patient (TCGA-13-0889, red dot in A, B) with very high
TMB relative to other patients in the dataset, whereas the high R-squared value in cancer type THYM dataset
is because the estimated bias of the patient (TCGA-ZB-A966, red dot in C, D) with very high TMB relative to
other patients in the dataset is small.

we extracted the patients with TMB between 9 and 11 mutations/Mb, and scrutinized the correlations between
their average angular distance and the panel size (Fig. S10) based on the observations of the 10,000 simulated
panels. If the expected bias of the panels-based TMB to WES-based TMB was less than 20%, then the angular
distance should be <0.1107 (Eq. (6)), and the panel size needed to be>1.30 Mb. If the expected bias was less than
10% (angular distance <0.0526), the minimum panel size should be about 5 Mb based on the simulation results.
Based on the simulated results, the panel sizes for the seven well-known commercially gene-targeted panels
(< 1.5 Mb) did not conform to the high accuracy for the TMB-high and -low classifications. To test our hypoth-
esis, we computed the accuracy of the TMB-high and -low classification for the patients with TMB between 9
and 11 mutations/Mb for the seven panels. The overall accuracies for the seven panels were between 0.4684
(OCAv3) and 0.5759 (OTML), indicating that about half of these patients were classified into the wrong group.

TMB estimation using nonsynonymous mutations. The TMB defined by the F1CDx assay counts
the number of total point mutations in coding regions of the selected genes. Nevertheless, some panels such
as MSK-IMPACT and OTML only count the nonsynonymous mutations, as they believe that nonsynonymous
mutations leading to the changes in amino acids will result in new neo-antigens that are considered to be foreign
to the immune system'*, and can be detected by the immune system. In addition, they argue that synonymous
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Figure 4. TMB estimation results for the 10,000 simulated sequencing panels in different datasets. (A) The
R-squared of the simulated sequencing panels of the hypermutation-included dataset (blue) and the non-
hypermutation dataset (red). The X axis is the size of each simulated panel, and the Y axis is the R-squared
value of each panel. (B) The average angular distance of the simulated sequencing panels of the hypermutation-
included dataset (blue) and the non-hypermutation dataset (red). The X axis is the size for each simulated panel,
and the Y axis is the average angular distance estimated for each simulated panel. (C) The correlation between
TMB and average angular distance. The X axis is the WES-based TMB of the patient and the Y axis is the
average angular distance of the 10,000 simulated panels. Patients with TMB > 100 are not shown.
mutations should not be included in TMB estimation because the immune system has a higher likelihood of
recognizing these alterations as normal®'. To reconcile this problem, we compared the performance of the 10,000
simulated panels using total point mutations and nonsynonymous mutations, respectively (Fig. 5). Our in silico
analysis indicates that the estimated bias is higher when using nonsynonymous mutations as opposed to using
total point mutations. Therefore, a higher panel size is suggested when using nonsynonymous mutations to
estimate the TMB of a patient.
Discussion
With the development of gene-targeted panels enabling cost-effective estimation for more patients®?, develop-
ing a statistical method to effectively evaluate and compare the performance of TMB estimation for different
panels is necessary. Though the most popular method uses R-squared value by constructing a linear regression
model to measure the correlation between panel-based TMB and WES-based TMB, our observations show
Scientific Reports|  (2021) 11:21072 | https://doi.org/10.1038/s41598-021-00626-7 nature portfolio
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Figure 5. The average angular distance of the simulated sequencing panels in the hypermutation-included
dataset using total point mutations (blue) and nonsynonymous mutations (red). The X axis is the size for each
simulated panel, and the Y axis is the average angular distance estimated by the simulated panels. The estimation
bias is higher when using nonsynonymous mutations as opposed to using total point mutations for the same
panels.

that R-squared is inaccurate to evaluate the performance of the panels. To address the issue, we applied a new
measurement, angular distance, for panel evaluation. By comprehensive comparison of the two measurements,
we have demonstrated that angular distance is a more logical and efficient solution.

To quantify the correlation between the panel size and the estimated accuracy, we randomly simulated 10,000
panels with different sizes and analyzed their performance. Our simulation has demonstrated that panel size
is an important factor that affects the accuracy of TMB estimation®. Higher estimated biases usually occur in
lower-TMB patients. Therefore, for a patient with higher TMB, a smaller panel size sufficiently conforms to the
WES-based TMB, whereas for a patient with lower TMB, a larger panel size is needed. In particular, based on
the FDA approval of a 10 mutations/Mb threshold to select patients for ICB therapy, we computed the rate of
bias in TMB estimation for patients with TMB between 9 and 11 mutations/Mb under different panel sizes. Our
observation suggests that the panel sizes of the selected commercially gene-targeted panels do not conform to
the need for accuracy for the TMB-high and -low classifications.

TMB is one of the most rapidly developing biomarkers for immunotherapy'’, and studies have added to the
evidence supporting the use of TMB to identify patients who are most likely to benefit from immunotherapy
across a wide range of tumor types®. In particular, integrating TMB with other biomarkers has the potential to
improve the predictive accuracy of TMB?%. The growing number of gene-targeted panels being produced as well
as the optimization of the statistical methods for panel evaluation help to harmonize the TMB quantification in
clinical trials. For example, a recent study proposed that using “accuracy” to predict “high-TMB” status instead
of R-squared to measure the performance of a panel®. Notably, these binary prediction methods are informative,
but have their limitations. One issue is how to determine optimal TMB cutoffs for treatment. On one hand, dif-
ferent studies have assigned different cut-offs to delineate TMB-high and TMB-low status'*!>?*?*; On the other
hand, due to tumor heterogeneity, studies have illustrated that different cutoffs are needed for different cancer
types®. Therefore, the classification may be controversial under different cutoffs, and may not accurately predict
the outcome of a patient. In contrast, angular distance does not determine a patient’s TMB status. Instead, using
angular distance and panel-based TMB, we can calculate the confidence interval of the WES-based TMB, and
then predict the potential outcome for the patient based on the statistics of previous clinical trials, which will be
more informative for clinical treatment decisions. In summary, our study provides a clear sketch for evaluating
a gene-targeted panel, highlights the TMB’s utility as a biomarker of immunotherapy and helps to inform more
personalized treatment plans for a patient.
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Methods

TCGA mutation data. The WES somatic tumor mutation calling MAF file was downloaded from the Can-
cer Genome Atlas (TCGA)*. Mutation calls were made from Multi-Center Mutation Calling in Multiple Can-
cers (MC3) working group using seven software packages (MuTect, MuSE, VarScan2, Radia, Pindel, Somatic
Sniper, Indelocator)?®. In the MAF file, there were 10,223 patients across 33 different cancer types. The file con-
taining protein-coding regions was downloaded from the Consensus Coding Sequence (CCDS) project®. The
length of each gene was calculated from the column “cds_locations” in the CCDS file. According to the CCDS
file, the total protein-coding region length is approximately 36.54 Mb, which was similar to the previous reports.

TMB calculation. TMB is defined as the number of somatic mutations per megabase (Mb) of interrogated
genomic sequence®. It can be calculated using the equation: TMB =The number of mutations in the target
region/The total size of the target region (Mb). Since the protein-coding region provides the best association
with cancer research and clinical benefit, whole exome sequencing (WES) is regarded as the “gold-standard” to
measure TMB.

Mutation type extraction. The MAF file contains 16 types of somatic mutations (Missense_Mutation,
Silent, Nonsense_Mutation, Intron, 3’UTR, 5’UTR, Splice_Site, RNA, Frame_Shift_Ins, Frame_Shift_Del, In_
Frame_Ins, Nonstop_Mutation, In_Frame_Del, 3’Flank, 5’Flank, Translation_Start_Site) flagged by variant call-
ing software packages. Since TMB is defined as the mutations in the coding region in most studies, four types
of mutations (Intron, RNA, 3’Flank, 5’Flank) outside the coding region are excluded. Considering the mutation
types are different for the two FDA’s approval assays F1CDx (total point mutations in the coding region) and
MSK-IMPACT (nonsynonymous mutations in the coding region), both of which are included in our study.

Select gene-targeted panels. We totally selected seven well-known commercially gene-targeted panels
to test the two measurements: R-squared and angular distance. Besides the FDA’s approved genomic profiling
tests F1CDx (324 genes, 1.2 Mb) and MKS-IMPACT (468 genes, 1.22 Mb), we also preferred Oncomine™ Com-
prehensive Assay v3M (OCAv3, 161 genes, 0.21 Mb exonic region and 0.14 Mb intronic region) , OncomineTM
Tumor Mutation Load Assay (OTML, 409 genes, 1.2 Mb exonic region and 0.45 Mb intronic region)*, TruSight
Oncology 500 (TSO500, 523 genes, 1.34 Mb exonic region and 0.61 Mb intronic region), TruSight Tumor 170
(TST170, 171 genes, 0.41 Mb exonic region and 0.12 Mb intronic region) and Human tumor mutational load
assay (QIAseq, 486 genes, 1.26 Mb exonic region and 1.32 Mb intronic region).

Generate gene-targeted panels in silico. In addition to selecting well-known commercially gene-tar-
geted panels, we also randomly generated a total of 10,000 panels in silico. The file containing 19,600 genes with
their coding regions was downloaded from the Consensus Coding Sequence (CCDS) project®. To limit the
panel size, we set the maximum number of genes for each simulated panel to be 3,000. For each iteration, we first
randomly generated a number N between 1 and 3,000 representing the number of genes in the corresponding
panel. We then randomly selected N genes for the 19,600 genes. Therefore, the panel size for the simulated panel
was the summation of the CDS region for these N genes. After the genes were confirmed, we counted the total
number of somatic mutations in the coding region of these genes. The TMB of the simulated panel was obtained
by dividing panel size into the total number of somatic mutations.

Hypermutation definition. The TMB distribution of the downloaded TCGA dataset displays a long-tailed
pattern. In majority of patients, their TMB is smaller than 10 mutations/Mb (Fig. 1A). In contrast, for patients of
certain cancer types, such as malignant melanoma (exposure to ultraviolet light) and lung cancer (exposure to
tobacco smoke), which are related to extensive exposure to carcinogens, their TMBs may exceed 400 mutations/
Mb. To compare the different TMBs that affect the accuracy of estimation, we used a cutoff of 50 mutations/Mb*!
(total point mutations in the coding region) to classify the hypermutated group and non-hypermutated group.
In total, 308 patients were labeled hypermutated, and the remaining patients were labeled as non-hypermutated.

Data availability

The TCGA MC3 Public MAF file and the txt file are available at https://gdc.cancer.gov/about-data/publications/
pancan-driver. The file containing protein-coding regions from the Consensus Coding Sequence (CCDS) project
is available at https://ftp.ncbi.nlm.nih.gov/pub/CCDS/current_human.
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