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Background: Tumor mutational burden (TMB) has been widely studied as a predictive biomarker of 
response to immune checkpoint inhibitors (ICIs). Besides, evidence suggests frameshift indels are a highly 
immunogenic mutational class and thus a potentially superior biomarker. However, the general prognostic 
impact of TMB and indel burden in patients with solid tumors has not been systematically investigated.
Methods: We analyzed 20 primary solid cancer types from The Cancer Genome Atlas (TCGA) database. 
Clinicopathologic factors, TMB and indel burden were collected or calculated. For each cancer type, the 
impact of TMB or indel burden on overall survival (OS) was evaluated using the Kaplan-Meier method and 
Cox regression with the method of inverse probability of treatment weighting.
Results: Twenty cancer types from 6,035 patients were analyzed. Survival analysis showed that TMB had 
a significant impact on OS in 14 out of these 20 cancer types. According to the general survival impact of 
TMB, they could be classified into three groups, namely the TMB-Worse (eight cancer types), TMB-Better 
(six cancer types) and TMB-Similar (six cancer types) group, in which higher TMB was associated with 
inferior, superior, or similar OS, respectively. The survival impacts of TMB in the TMB-Worse and TMB-
Better groups were generally consistent when limited to genes from two FDA-approved panels. Notably, in 
two out of the six cancer types in the TMB-Similar group, the indel burden significantly affected OS.
Conclusions: TMB, as well as indel burden, has divergent prognostic impact in different cancer types, thus 
could be incorporated in prognostication and risk stratification. More importantly, the general prognostic 
impact should be taken into account when establishing the predictive function of TMB to ICI treatment.
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Introduction

Cancer originates from gene mutations (1). Particular gene 
mutations can be both predictive to treatment response and 
prognostic for survival (2,3). The total number of mutations 

is named tumor mutational burden (TMB), which was 
defined as the number of non-synonymous somatic, coding, 
base substitution, and indel mutations per megabase (Mb) of 
genome examined (4). Nowadays, whole-exome sequencing 
is considered the gold standard to determine the TMB, and 
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estimating TMB by targeted next-generation sequencing 
(NGS) panels has been promoted as a simpler and cheaper 
option (5).

The adaptive immune system detects and identifies 
tumors by non-self neoantigens that arise as the result of 
somatic mutations. Thus, it is reasonable to hypothesize 
that the number of non-synonymous somatic mutations 
in a tumor, i.e. TMB, may affect the odds of generating 
immunogenic peptides and thereby influence immune 
checkpoint inhibitors (ICIs) response in patients (6). 
Therefore, in the booming era of immuno-oncology, 
TMB has been widely studied as the predictor of response 
to ICIs (4,7,8). Its predictive function has been tested 
retrospectively or prospectively in melanoma, non-small-
cell lung cancer, small cell lung cancer and bladder cancer 
(8-11). What’s more, Turajlic and colleagues found that 
frameshift indels had a more significant association with 
ICIs response than TMB across three separate melanoma 
cohorts, indicating that indel burden might be a better 
biomarker to ICIs (12). However, for clinical application, 
TMB has yet to address several pitfalls in order to become 
a reliable predictive biomarker to ICIs. Before establishing 
the ability of TMB to predict ICI response and survival 
benefit, its general prognostic impact on overall survival 
(OS) should be clarified (13), which has never been 
investigated systematically due to the lack of matched and 
high-quality data.

The recently completed The Cancer Genome Atlas 
(TCGA) project provides matched molecular and clinical 
data (14), which makes it possible to systematically analyze 
the survival impact of TMB and indel burden. Therefore, 
we conducted this pan-cancer analysis to evaluate the 
general prognostic impact of TMB and indel burden in 
patients newly diagnosed with cancer.

Methods

Patients

For a decade, the TCGA program collected clinicopathologic 
annotation data together with multi-platform molecular 
profiles of more than 11,000 human tumors across 
33 different cancer types (15). A standardized dataset 
named the TCGA Pan-Cancer Clinical Data Resource 
was developed by Liu and colleagues (15) (https://doi.
org/10.1016/j.cell.2018.02.052), from which the curated and 
filtered clinical and survival outcome data with high quality 
were obtained. Curated and filtered somatic mutation 

data, which could be readily used for pan-cancer analysis, 
were obtained from the Multi-Center Mutation Calling in 
Multiple Cancers (MC3) project (https://gdc.cancer.gov/
about-data/publications/mc3-2017), which generated a 
comprehensive encyclopedia of somatic mutation calls from 
the TCGA data by Ellrott and colleagues (16). We retrieved 
all records from 11,160 patients. The exclusion criteria 
were as follows: (I) patients with incomplete survival data 
and follow-up information; (II) patients without somatic 
mutation information.

Within these 33 cancer types,  10 cancer types 
(diffuse large B-cell lymphoma, pheochromocytoma and 
paraganglioma, testicular germ cell tumors, thymoma, breast 
invasive carcinoma, kidney chromophobe, lower grade 
glioma, prostate adenocarcinoma, rectum adenocarcinoma 
and thyroid carcinoma) were excluded because the number 
of death events was too small for OS analysis, as determined 
by Liu et al. (15). For glioblastoma multiforme, acute 
myeloid leukemia and sarcoma, no stage information or 
other crucial confounding factors were available in the 
TCGA Pan-Cancer Clinical Data Resource, which might 
substantially compromise the reliability of the prognostic 
analysis of TMB; thus these three cancer types were 
also not included in this pan-cancer analysis. Eventually, 
adrenocortical carcinoma (ACC), bladder urothelial 
carcinoma (BLCA), cervical squamous cell carcinoma and 
endocervical adenocarcinoma (CESC), cholangiocarcinoma 
(CHOL), colon adenocarcinoma (COAD), esophageal 
carcinoma (ESCA), head and neck squamous cell carcinoma 
(HNSC), kidney renal clear cell carcinoma (KIRC), kidney 
renal papillary cell carcinoma (KIRP), liver hepatocellular 
carcinoma (LIHC), lung adenocarcinoma (LUAD), lung 
squamous cell carcinoma (LUSC), mesothelioma (MESO), 
ovarian serous cystadenocarcinoma (OV), pancreatic 
adenocarcinoma (PAAD), skin cutaneous melanoma 
(SKCM), stomach adenocarcinoma (STAD), uterine corpus 
endometrial carcinoma (UCEC), uterine carcinosarcoma 
(UCS) and uveal melanoma (UVM) were all included in the 
current analysis.

Variables

Examined clinicopathological variables included age, sex, 
race, stage, and year of initial pathologic diagnosis. Race 
was divided into white, black, and other ethnicity. Age and 
year of initial pathologic diagnosis were both retained as 
continuous variables. The AJCC staging system was adopted 
for most cancer types, except for CESC, OV, UCEC, and 
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UCS, for which clinical stages were adopted.

TMB and indel burden

We used the uniform somatic called variants determined by 
TCGA MC3 project, which were comprehensively curated 
from detection using seven methods (MuTect, MuSE, 
VarScan2, Radia, Pindel, Somatic Sniper, Indelocator). 
TMB was defined as the number of non-synonymous 
somatic, coding, base substitution, and indel mutations per 
megabase (Mb) of genome examined (4), while indel burden 
consisted of frameshift small insertions and deletions, which 
created a novel open reading frame and could produce a 
large quantity of neoantigenic peptides highly distinct from 
self (17). We used 38 Mb as the estimate of the exome  
size (18). For the two FDA-authorized or approved panels, 
the MSK-IMPACT panel and the FoundationOne CDx 
panel, the coding region captured covers 1.22 Mb and 1.1 
Mb, respectively (18,19). The indel burden was calculated 
as the absolute frameshift indel count per case.

Statistical analysis

The primary outcome of this study was OS. OS was defined 
as the time from diagnosis to the date of death. Patients 
who were still alive at the follow-up cut-off date were 
treated as censored observations. Although retrospective 
analyses have showed the predictive function of high TMB 
for a better response to ICIs, the optimal cutpoint to define 
high TMB varied among studies (20). Therefore, for each 
cancer type, we varied the threshold of TMB from the 50th 
to 90th percentiles, and selected the one that yielded the 
highest statistical significance level to define the TMB-
high (TMB > threshold) and TMB-low (TMB ≤ threshold) 
subsets (21). Associations between TMB and patient 
demographic characteristics were assessed using Pearson χ2 
or Fisher’s exact test for categorical data and the Wilcoxon 
rank sum test for ordinal and continuous data. Inverse 
probability of treatment weight (IPTW)-based analysis was 
adopted to evaluate the impact of TMB on OS. Propensity 
score of TMB was generated from a multivariable logistic 
regression model for the association between baseline 
covariates and TMB. The logistic model was constructed 
via stepwise variable selection, with a threshold of P<0.20 
required for initial inclusion and P<0.10 required to 
remain in the model. On the basis of the propensity score, 
IPTW was calculated for each patient (22). The impact of 
TMB on OS was then evaluated using univariate analysis 

based on the Kaplan-Meier estimator and Cox regression 
weighted by IPTW (22). Similar analyses were performed 
to evaluate the impact of indel burden on OS. The nominal 
level of significance was set at 0.05. Statistical analyses were 
performed using R v. 3.5.1 (http://www.r-project.org).

Results

Figure 1 depicted the design of this pan-cancer analysis. We 
obtained curated and filtered somatic mutation data from 
the Multi-Center Mutation Calling in Multiple Cancers 
(MC3) project (16), and clinical and survival outcome data 
from the TCGA Pan-Cancer Clinical Data Resource (15). 
In total, 6,035 eligible patients from 20 different cancer 
types were enrolled in this study. The TMB across 20 
cancer types are presented in Figure 2A. The median TMB 
ranged from 0.34 mutations per megabase (mut/Mb) to 
13.09 mut/Mb, with SKCM having the highest median 
TMB while UVM had the lowest. The median number of 
indels ranged from 0 to 9, UVM still had the lowest median 
number of indels, but LUSC other than SKCM had the 
highest (Figure 2B). The baseline patient characteristics for 
each cancer type are shown in Table 1.

For each cancer type, we varied the threshold of 
TMB from the 50th to 90th percentiles, and the one 
that yielded the highest statistical significance level was 
selected (21) (Tables S1-S10). As shown in Tables S1-S10, 
clinicopathologic factors were not equally distributed 
between TMB-high and TMB-low patients across different 
cancer types. And TMB-high patients tended to be older, 
with statistically significant differences observed in eight 
out of 20 cancer types.

To mitigate against potential bias caused by unbalanced 
variables between the two subsets, we employed the IPTW 
method for bias adjustment. After being weighted by IPTW, 
we found that the impact of TMB on OS was different 
across cancers. These 20 cancer types could be classified 
into three distinct groups, namely the TMB-Worse, TMB-
Better and TMB-Similar groups. Eight cancer types, ACC, 
CHOL, COAD, ESCA, KIRC, LIHC, MESO and PAAD 
were included in the TMB-Worse group, in which patients 
with high TMB had a poorer prognosis compared with 
those with low TMB (Figure 3A,B,C,D,E,F,G,H, all P<0.05). 
However, in the TMB-Better group, which included BLCA, 
KIRP, STAD, CESC, OV and UCEC, high TMB was a 
statistically significant prognostic indicator of decreased 
mortality (Figure 3I,J,K,L,M,N, all P<0.05). In the TMB-
Similar group, TMB did not have a significant impact on 
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Figure 1 Study design.

Figure 2 Tumor mutational burden (TMB) and indel burden across 20 cancer types. Number in each violin plot denotes the median. 
(A) The median TMB ranges from 0.34 to 13.09 mut/Mb, with skin cutaneous melanoma having the highest median TMB while uveal 
melanoma had the lowest; (B) the median number of indels ranges from 0 to 9, with lung squamous cell carcinoma having the highest 
median number of indels while uveal melanoma had the lowest.
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OS (Figure 3O,P,Q,R,S,T, all P>0.05).
Hazard ratios (HRs) based on IPTW-weighted Cox 

proportional hazards models were shown in Figure 4A. 
In the TMB-Worse group, CHOL had the highest  
HR =6.10 [95% confidence interval (CI), 1.91–19.46, 
P=0.002], followed by ACC, MESO, KIRC, COAD, 
ESCA, PAAD and LIHC. In the TMB-Better group, KIRP 
had the lowest HR =0.34 (95% CI, 0.16–0.70, P=0.004), 
followed by STAD, BLCA, CESC, OV and UCEC. Trends 
toward better outcome of TMB-low patients were observed 
in some cancer types of the TMB-Similar group such as 
LUAD, SKCM and UVM.

When the analysis was limited to data from only those 
genes included in the FDA-authorized MSK-IMPACT 
panel (Figure 4B) or the FDA-approved FoundationOne 
CDx panel (Figure 4C) used in routine clinical practice, 
TMB remained significantly associated with OS in the 
majority of cancer types in the TMB-Worse and TMB-
Better groups, with only numerical survival differences 
captured in several cancer types.

Indel burden also had divergent prognostic impact in 
different cancer types, but differences from that of TMB 
existed, with six out of 20 cancer types in which the survival 
impact was significant (Figure 4D). Notably, indel burden 
significantly affected OS in two out of six cancer types in 
the TMB-Similar group. In UCS, patients with high indel 
burden had significantly worse prognosis than those with 
low indel burden, while in SKCM, high indel burden were 
prognostic of better survival (Figure S1).

Discussion

In this pan-cancer analysis, we found that both TMB and 
indel burden had divergent survival impacts in different 
cancer types. In ACC, CHOL, COAD, ESCA, KIRC, 
LIHC, MESO and PAAD, high TMB was strongly 
associated with inferior survival; whereas in BLCA, KIRP, 
STAD, CESC, OV and UCEC, patients with high TMB 
had superior prognosis compared with those with low 
TMB. In the other six cancer types, HNSC, LUAD, 
LUSC, SKCM, UVM and UCS, TMB did not significantly 
impact the survival of patients newly diagnosed with cancer. 
Interestingly, in two out of these six cancer types, indel 
burden significantly impacted OS, although it did not 
impact OS in all the other 14 cancer types as TMB did.

From pal l ia t ive  chemotherapy to  neoadjuvant 
chemotherapy, the extensive indications of ICIs have 
created a new era of immuno-oncology (23). Consequently, 

the predictive value of TMB and indel burden is 
considerable to help to identify patients who will derive 
the greatest therapeutic benefit (24). However, there 
appears to be groupthink to rush TMB for approval by 
the US FDA and widespread use in practice despite of 
several unsettled pitfalls, such as its general prognostic 
impact (13). Samstein and colleagues showed that “Tumor 
mutational load predicts survival after immunotherapy 
across multiple cancer types” (25). Meanwhile, as they 
evaluated the predictive function of TMB using single-arm 
data, they additionally investigated the general prognostic 
impact of TMB in several tumor entities, but failed to 
reveal significant survival differences between TMB-
high and TMB-low patients in the majority of entities 
examined. However, the number of patients of each tumor 
entities in the non-ICI-treated cohort they studied was 
relatively small, and some entities were merged together, 
which might lack power to discover significant survival 
differences. What’s more, the recent announced results of 
Checkmate-227 investigating nivolumab plus ipilimumab 
versus chemotherapy failed to establish the predictive 
function of TMB (26). Therefore, we believe that it is of 
great importance to thoroughly investigate the general 
prognostic impact of TMB in patients newly diagnosed 
with cancer using the high-quality and matched data from 
TCGA. The results of this study showed that TMB has 
divergent survival impact in different cancer types, which 
should be seriously taken into account when establishing 
the predictive function of TMB to ICIs. For instance, 
for cancer types in the TMB-Better group, we should be 
cautious when we observed better survival in the TMB-
high group than that in the TMB-low group in ICI-treated 
cohort, which might be only due to the general prognostic 
impact of TMB and unrelated to ICIs. Whereas for cancer 
types in the TMB-Worse and TMB-Similar group, if 
significant survival benefit was found in the TMB-high 
group versus TMB-low group, we could confidently claim 
the predictive function of TMB to ICIs. Our findings also 
suggest that an optimized genomic classifier incorporating 
TMB information is likely to improve prognostication, risk 
stratification, and management in the majority (14/20) of 
the examined cancer types.

Previous studies of the survival impact of TMB have 
focused on several specific cancer types. Li and colleagues 
have found that the MUC16 mutation was associated 
with high TMB and subsequently better prognosis in 
STAD, which is consistent with our finding (27). While in 
microsatellite stable metastatic colorectal cancer patients 
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Figure 3 The inverse probability of treatment weighted Kaplan-Meier survival curves of the impact of tumor mutational burden (TMB) 
on overall survival. High TMB was associated with worse survival in adrenocortical carcinoma (A), cholangiocarcinoma (B), colon 
adenocarcinoma (C), esophageal carcinoma (D), kidney renal clear cell carcinoma (E), liver hepatocellular carcinoma (F), mesothelioma 
(G) and pancreatic adenocarcinoma (H). While high TMB predicted better prognosis in bladder urothelial carcinoma (I), kidney renal 
papillary cell carcinoma (J), stomach adenocarcinoma (K), cervical squamous cell carcinoma and endocervical adenocarcinoma (L), ovarian 
serous cystadenocarcinoma (M), and uterine corpus endometrial carcinoma (N). In head and neck squamous cell carcinoma (O), lung 
adenocarcinoma (P), lung squamous cell carcinoma (Q), skin cutaneous melanoma (R), uveal melanoma (S) and uterine carcinosarcoma (T), 
TMB did not have a significant impact on overall survival.
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Figure 4 Forest plots of hazard ratios based on inverse probability of treatment weighted Cox proportional hazards models. Forest plots 
showing hazard ratios of the impact of tumor mutational burden on overall survival in 20 cancer types (A) and when analysis was limited 
to data from only those genes included in the MSK-IMPACT panel (B) or FoundationOne CDx panel (C), as well as hazard ratios of the 
impact of indel burden on overall survival in 20 cancer types (D). HR, hazard ratio; LCI, lower 95% confidence interval; UCI, upper 95% 
confidence interval.
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receiving first-line chemotherapy plus targeted therapy, 
TMB-high was found to be associated with favorable  
OS (28), which seemed to be in conflict with our results. 
We assumed that microsatellite stable metastatic colorectal 
cancer patients with high TMB might be more sensitive 
to chemotherapy plus targeted therapy, thus TMB-high 
should probably be a predictive biomarker to chemotherapy 
plus targeted therapy rather than a general prognostic 
factor, because Samstein et al. also found that TMB-high 
was associated with worse OS in patients with colorectal 
cancer (25). But still, further data are required to confirm 
this issue. On the other hand, in non-small-cell lung cancer, 
Owada-Ozaki and colleagues found that high TMB was 
associated with poor prognosis in patients with completely 
resected non-small cell lung cancer (29). In contrast, results 
from pooled analysis of the LB2 study suggested that high 
TMB was associated with better prognosis in patients with 
resected non-small-cell lung cancer (30). The population 
characteristics are similar in the aforementioned two studies 
except for race and sample size, which could not account 
for the conflicting conclusions. Our analysis showed that 
TMB was associated with prognosis neither in patients with 
LUSC nor in patients with LUAD, indicating that further 
investigations considering specific confounders such as 
histology and driver gene mutations are needed. In addition, 
Hwang and colleagues found that high TMB resulted in 
inferior OS in patients with neuroblastoma, a cancer type 
that has not been included in the TCGA (31). Except for 
the aforementioned cancer types, there is no study on the 
survival impact of TMB in patients with other cancer types. 
For the first time, our pan-cancer analysis provides key 
information and data to address these issues.

In addition to TMB, indel burden is also an emerging 
biomarker for ICIs treatment. Based on the hypothesis that 
frameshift indels might be an ideal source of tumor-derived 
neoantigens and so induce multiple neoantigen reactive T 
cells, Turajlic and colleagues further found that frameshift 
indels had more significant association with ICIs response 
than TMB (12). However, scarce data were available 
regarding the general prognostic impact of indel burden. 
Our results showed that indel burden also had divergent 
prognostic impact in different cancer types. Unlike TMB, 
indel burden only significantly impacted OS in six out of 
20 cancer types. As demonstrated by Turajlic et al., the 
median proportion of indels (calculated as number of indels 
divided by total counts of TMB) in most of the cancer types 
were relatively low (<10%) (12). We also found that the 
range of the absolute indel counts were quite narrow in the 

majority of these 20 cancer types (Table 1). We speculated 
that the discriminative power of indel burden was limited 
consequently. However, indel burden significantly impacted 
OS in two out of six cancer types in the TMB-Similar 
group, suggesting a supplementary role of indel burden 
to TMB.

A high TMB representative of a complex genetic profile 
may be a hallmark of more aggressive and treatment-
refractory disease (31), which may lead to worse prognosis 
for patients with high TMB in the TMB-Worse group. 
Increased TMB may also be associated with increased 
prevalence of resistance pathways (32). However, a high 
TMB was also proposed to reflect the presence of mutation-
associated neoantigens, with consequent increased 
lymphocyte infiltration in the tumor microenvironment and 
better prognosis (33), which may explain why high TMB 
was associated with superior OS in the TMB-Better group. 
To sum up, high TMB is more like a double-edged sword, 
and which survival path it would lead to mainly depends on 
the interaction between tumor and microenvironment.

Routine determination of TMB through whole-exome 
sequencing is currently still clinically impractical (34). 
Determination of TMB using NGS panels is now more 
feasible as the commercialization of targeted NGS 
panels scales up (35,36). TMB determined by the FDA-
authorized MSK-IMPACT panel or the FDA-approved 
FoundationOne CDx panel, was proven to be the predictor 
of response to ICIs in multiple cancer types (7,19,37). 
Hence, we limited the analysis to these two panels (18,38), 
and found that the prognostic value of TMB remained 
significant in the majority of the 14 cancer types in the 
TMB-Worse and TMB-Better groups. This suggests that 
TMB based on targeted NGS panel is of great clinical 
value. However, only numerical survival differences were 
captured in several cancer types, suggesting that gene panels 
tailored specifically for these cancer types may be necessary.

The present study has several limitations. Although 
TCGA provides us with high-quality data, the included 
confounding factors were limited as this is a pan-cancer 
analysis. The impact of unaccounted confounders, e.g., 
treatment information, on our results cannot be excluded 
and further validation from prospective studies is still 
needed. Due to the lack of inadequate survival information, 
we did not study the survival impact of TMB or indel 
burden in patients with several common cancer types, such 
as breast invasive carcinoma and rectal adenocarcinoma, 
which are pending investigation (15). Besides, in the TCGA 
cohort, advanced cancers are relatively underrepresented, 
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which might lead to potential bias.
In conclusion, our pan-cancer analysis provides key 

information pertaining to the general prognostic impact of 
TMB and indel burden across 20 primary solid tumors. We 
found that TMB has divergent survival impacts in different 
cancer types, thus could be incorporated in prognostication 
and risk stratification. More importantly, the prognostic 
impact should be taken into account when establishing the 
predictive function of TMB to ICI treatment.
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Supplementary

Table S1 Tumor mutational burden (TMB) threshold and baseline patient characteristics in TMB-high and TMB-low subsets across 20 cancer 
types (ACC, BLCA)

Variable
ACC BLCA

TMB-low TMB-high P TMB-low TMB-high P

Threshold, mut/Mb 
(percentile)

2.24 (83rd) 5.95 (57th)

N 76 16 222 170

Age (years), median [IQR] 45.00 [32.00–57.25] 59.00 [52.75–63.25] 0.012
&

68.00 [60.00–76.00] 69.00 [61.00–76.00] 0.383

Diagnosis*, median [IQR] 2008.50 [2006.00–
2011.00]

2005.50 [2001.75–
2011.00]

0.386 2011.00 [2009.00–
2012.00]

2011.00 [2008.25–
2012.00]

0.296

Sex (%) 1.000 0.246

Female 49 (64.5) 11 (68.8) 63 (28.4) 39 (22.9)

Male 27 (35.5) 5 (31.2) 159 (71.6) 131 (77.1)

Race (%) 0.821 0.008
&

White 63 (82.9) 15 (93.8) 165 (74.3) 147 (86.5)

Black 1 (1.3) 0 (0.0) 13 (5.9) 9 (5.3)

Other 2 (2.6) 0 (0.0) 34 (15.3) 9 (5.3)

Unknown 10 (13.2) 1 (6.2) 10 (4.5) 5 (2.9)

Stage
#
 (%) 0.002

&
0.581

Stage I 9 (11.8) 0 (0.0) 2 (0.9) 0 (0.0)

Stage II 41 (53.9) 3 (18.8) 74 (33.3) 53 (31.2)

Stage III 15 (19.7) 4 (25.0) 72 (32.4) 63 (37.1)

Stage IV 10 (13.2) 8 (50.0) 72 (32.4) 54 (31.8)

Unknown 1 (1.3) 1 (6.2) 2 (0.9) 0 (0.0)

*, denotes ‘year of initial pathologic diagnosis’; 
#
, included AJCC stage for most cancer types except for CESC, OV, UCEC, and UCS, 

for which clinical stage was applied; 
&
, P value denotes statistically significant. ACC, adrenocortical carcinoma; BLCA, bladder urothelial 

carcinoma; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma; OV, ovarian serous cystadenocarcinoma; UCEC, 
uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma.



Table S2 Tumor mutational burden (TMB) threshold and baseline patient characteristics in TMB-high and TMB-low subsets across 20 cancer 
types (CESC, CHOL)

Variable
CESC CHOL

TMB-low TMB-high P TMB-low TMB-high P

Threshold, mut/Mb 
(percentile)

5.84 (74th) 3.42 (86th)

N 210 77 31 5

Age (years), median [IQR] 45.00 [38.00–55.00] 51.00 [43.00–63.00] 0.011
&

64.00 [56.00–71.00] 78.00 [67.00–81.00] 0.074

Diagnosis*, median [IQR] 2010.00 [2006.00–
2012.00]

2010.00 [2007.00–
2012.00]

0.705 2011.00 [2009.50–
2012.00]

2010.00 [2010.00–
2010.00]

0.469

Sex (%) NA 0.149

Female 210 (100.0) 77 (100.0) 19 (61.3) 1 (20.0)

Male 0 (0.0) 0 (0.0) 12 (38.7) 4 (80.0)

Race (%) 0.546 1.000

White 145 (69.0) 50 (64.9) 26 (83.9) 5 (100.0)

Black 19 (9.0) 10 (13.0) 2 (6.5) 0 (0.0)

Other 23 (11.0) 6 (7.8) 3 (9.7) 0 (0.0)

Unknown 23 (11.0) 11 (14.3) 0 (0.0) 0 (0.0)

Stage
#
 (%) 0.167 1.000

Stage I 122 (58.1) 33 (42.9) 16 (51.6) 3 (60.0)

Stage II 43 (20.5) 21 (27.3) 8 (25.8) 1 (20.0)

Stage III 29 (13.8) 13 (16.9) 1 (3.2) 0 (0.0)

Stage IV 12 (5.7) 7 (9.1) 6 (19.4) 1 (20.0)

Unknown 4 (1.9) 3 (3.9) 0 (0.0) 0 (0.0)

*, denotes ‘year of initial pathologic diagnosis’; 
#
, included AJCC stage for most cancer types except for CESC, OV, UCEC, and UCS, for 

which clinical stage was applied; 
&
, P value denotes statistically significant. CESC, cervical squamous cell carcinoma and endocervical 

adenocarcinoma; CHOL, cholangiocarcinoma; OV, ovarian serous cystadenocarcinoma; UCEC, uterine corpus endometrial carcinoma; 
UCS, uterine carcinosarcoma.



Table S3 Tumor mutational burden (TMB) threshold and baseline patient characteristics in TMB-high and TMB-low subsets across 20 cancer 
types (COAD, ESCA)

Variable
COAD ESCA

TMB-low TMB-high P TMB-low TMB-high P

Threshold, mut/Mb 
(percentile)

34.66 (87th) 6.74 (82nd)

N 348 55 145 32

Age (years), median [IQR] 68.00 [57.00–77.00] 73.00 [62.00–80.50] 0.009
&

59.00 [53.00–69.00] 73.00 [65.75–77.00] <0.001
&

Diagnosis*, median [IQR] 2009.00 [2007.00–
2010.00]

2009.00 [2006.00–
2010.00]

0.766 2011.00 [2009.00–
2012.00]

2009.50 [2001.00–
2012.00]

0.016
&

Sex (%) 0.472 0.588

Female 165 (47.4) 29 (52.7) 21 (14.5) 6 (18.8)

Male 183 (52.6) 26 (47.3) 124 (85.5) 26 (81.2)

Race (%) 0.445 0.069

White 175 (50.3) 30 (54.5) 89 (61.4) 22 (68.8)

Black 50 (14.4) 5 (9.1) 3 (2.1) 0 (0.0)

Other 9 (2.6) 3 (5.5) 42 (29.0) 4 (12.5)

Unknown 114 (32.8) 17 (30.9) 11 (7.6) 6 (18.8)

Stage
#
 (%) <0.001

&
0.602

Stage I 62 (17.8) 6 (10.9) 14 (9.7) 3 (9.4)

Stage II 118 (33.9) 38 (69.1) 62 (42.8) 15 (46.9)

Stage III 106 (30.5) 8 (14.5) 43 (29.7) 12 (37.5)

Stage IV 53 (15.2) 1 (1.8) 8 (5.5) 1 (3.1)

Unknown 9 (2.6) 2 (3.6) 18 (12.4) 1 (3.1)

*, denotes ‘year of initial pathologic diagnosis’; 
#
, included AJCC stage for most cancer types except for CESC, OV, UCEC, and UCS, for 

which clinical stage was applied; 
&
, P value denotes statistically significant. COAD, colon adenocarcinoma; ESCA, esophageal carcinoma; 

CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma; OV, ovarian serous cystadenocarcinoma; UCEC, uterine 
corpus endometrial carcinoma; UCS, uterine carcinosarcoma.



Table S4 Tumor mutational burden (TMB) threshold and baseline patient characteristics in TMB-high and TMB-low subsets across 20 cancer 
types (HNSC, KIRC)

Variable
HNSC KIRC

TMB-low TMB-high P TMB-low TMB-high P

Threshold, mut/Mb 
(percentile)

6.39 (80th) 2.58 (90th)

N 401 106 329 40

Age (years), median [IQR] 60.00 [53.00–69.00] 62.50 [56.25–68.75] 0.059 59.00 [51.00–67.00] 71.50 [60.50–76.00] <0.001
&

Diagnosis*, median [IQR] 2010.00 [2007.00–
2012.00]

2008.00 [1999.25–
2010.00]

<0.001
&

2006.00 [2005.00–
2008.00]

2007.00 [2004.00–
2010.00]

0.179

Sex (%) 0.624 1.000

Female 107 (26.7) 31 (29.2) 122 (37.1) 15 (37.5)

Male 294 (73.3) 75 (70.8) 207 (62.9) 25 (62.5)

Race (%) 0.800 0.008
&

White 345 (86.0) 89 (84.0) 277 (84.2) 26 (65.0)

Black 37 (9.2) 10 (9.4) 40 (12.2) 13 (32.5)

Other 9 (2.2) 3 (2.8) 7 (2.1) 0 (0.0)

Unknown 10 (2.5) 4 (3.8) 5 (1.5) 1 (2.5)

Stage
#
 (%) 0.468 0.235

Stage I 23 (5.7) 2 (1.9) 169 (51.4) 27 (67.5)

Stage II 53 (13.2) 18 (17.0) 40 (12.2) 1 (2.5)

Stage III 64 (16.0) 15 (14.2) 75 (22.8) 7 (17.5)

Stage IV 207 (51.6) 56 (52.8) 43 (13.1) 5 (12.5)

Unknown 54 (13.5) 15 (14.2) 2 (0.6) 0 (0.0)

*, denotes ‘year of initial pathologic diagnosis’; 
#
, included AJCC stage for most cancer types except for CESC, OV, UCEC, and UCS, 

for which clinical stage was applied; 
&
, P value denotes statistically significant. HNSC, head and neck squamous cell carcinoma; KIRC, 

kidney renal clear cell carcinoma; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma; OV, ovarian serous 
cystadenocarcinoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma.



Table S5 Tumor mutational burden (TMB) threshold and baseline patient characteristics in TMB-high and TMB-low subsets across 20 cancer 
types (KIRP, LIHC)

Variable
KIRP LIHC

TMB-low TMB-high P TMB-low TMB-high P

Threshold, mut/Mb 
(percentile)

2.42 (61st) 3.58 (69th)

N 157 100 247 113

Age (years), median [IQR] 59.00 [51.00–67.00] 66.00 [57.75–74.00] <0.001
&

59.00 [50.00–68.00] 64.00 [57.00–70.00] <0.001
&

Diagnosis*, median [IQR] 2011.00 [2008.00–
2012.00]

2011.00 [2008.00–
2012.00]

0.486 2011.00 [2008.00–
2012.50]

2011.00 [2009.00–
2012.00]

0.731

Sex (%) 0.023
&

0.054

Female 53 (33.8) 20 (20.0) 89 (36.0) 29 (25.7)

Male 104 (66.2) 80 (80.0) 158 (64.0) 84 (74.3)

Race (%) 0.075 0.735

White 105 (66.9) 80 (80.0) 128 (51.8) 52 (46.0)

Black 43 (27.4) 15 (15.0) 11 (4.5) 5 (4.4)

Other 6 (3.8) 2 (2.0) 103 (41.7) 54 (47.8)

Unknown 3 (1.9) 3 (3.0) 5 (2.0) 2 (1.8)

Stage
#
 (%) 0.936 0.361

Stage I 93 (59.2) 61 (61.0) 123 (49.8) 47 (41.6)

Stage II 10 (6.4) 7 (7.0) 49 (19.8) 32 (28.3)

Stage III 27 (17.2) 19 (19.0) 57 (23.1) 27 (23.9)

Stage IV 10 (6.4) 5 (5.0) 3 (1.2) 2 (1.8)

Unknown 17 (10.8) 8 (8.0) 15 (6.1) 5 (4.4)

*, denotes ‘year of initial pathologic diagnosis’; 
#
, included AJCC stage for most cancer types except for CESC, OV, UCEC, and UCS, 

for which clinical stage was applied; 
&
, P value denotes statistically significant. KIRP, kidney renal papillary cell carcinoma; LIHC, 

liver hepatocellular carcinoma; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma; OV, ovarian serous 
cystadenocarcinoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma.



Table S6 Tumor mutational burden (TMB) threshold and baseline patient characteristics in TMB-high and TMB-low subsets across 20 cancer 
types (LUAD, LUSC)

Variable
LUAD LUSC

TMB-low TMB-high P TMB-low TMB-high P

Threshold, mut/Mb 
(percentile)

20.58 (90th) 14.08 (88th)

N 444 52 400 58

Age (years), median [IQR] 67.00 [59.00–73.00] 61.50 [54.75–70.00] 0.016
&

68.00 [61.00–74.00] 66.50 [62.00–73.00] 0.610

Diagnosis*, median [IQR] 2010.00 [2007.00–
2011.00]

2010.00 [2007.00–
2011.00]

0.843 2009.00 [2005.00–
2011.00]

2008.50 [2004.00–
2011.00]

0.250

Sex (%) 0.883 0.429

Female 239 (53.8) 27 (51.9) 104 (26.0) 18 (31.0)

Male 205 (46.2) 25 (48.1) 296 (74.0) 40 (69.0)

Race (%) 0.250 0.337

White 351 (79.1) 37 (71.2) 290 (72.5) 49 (84.5)

Black 43 (9.7) 9 (17.3) 26 (6.5) 2 (3.4)

Other 9 (2.0) 0 (0.0) 9 (2.2) 0 (0.0)

Unknown 41 (9.2) 6 (11.5) 75 (18.8) 7 (12.1)

Stage
#
 (%) 0.085 0.123

Stage I 235 (52.9) 31 (59.6) 189 (47.2) 33 (56.9)

Stage II 100 (22.5) 17 (32.7) 129 (32.2) 14 (24.1)

Stage III 77 (17.3) 3 (5.8) 73 (18.2) 9 (15.5)

Stage IV 25 (5.6) 1 (1.9) 7 (1.8) 0 (0.0)

Unknown 7 (1.6) 0 (0.0) 2 (0.5) 2 (3.4)

*, denotes ‘year of initial pathologic diagnosis’; 
#
, included AJCC stage for most cancer types except for CESC, OV, UCEC, and UCS, 

for which clinical stage was applied; 
&
, P value denotes statistically significant. LUAD, lung adenocarcinoma; LUSC, lung squamous cell 

carcinoma; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma; OV, ovarian serous cystadenocarcinoma; UCEC, 
uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma.



Table S7 Tumor mutational burden (TMB) threshold and baseline patient characteristics in TMB-high and TMB-low subsets across 20 cancer 
types (MESO, OV)

Variable
MESO OV

TMB-low TMB-high P TMB-low TMB-high P

Threshold, mut/Mb 
(percentile)

1.34 (88th) 2.84 (71st)

N 71 10 287 121

Age (years), median [IQR] 64.00 [57.00–68.50] 65.50 [60.25–68.50] 0.937 58.00 [50.00–67.50] 61.00 [53.00–70.00] 0.125

Diagnosis*, median [IQR] 2011.00 [2008.00–
2012.00]

2009.00 [2005.00–
2010.00]

0.090 2005.00 [2002.00–
2008.00]

2004.00 [2000.00–
2008.00]

0.156

Sex (%) 0.383 NA

Female 12 (16.9) 3 (30.0) 287 (100.0) 121 (100.0)

Male 59 (83.1) 7 (70.0) 0 (0.0) 0 (0.0)

Race (%) 1.000 0.925

White 69 (97.2) 10 (100.0) 243 (84.7) 104 (86.0)

Black 1 (1.4) 0 (0.0) 19 (6.6) 7 (5.8)

Other 1 (1.4) 0 (0.0) 13 (4.5) 4 (3.3)

Unknown 0 (0.0) 0 (0.0) 12 (4.2) 6 (5.0)

Stage
#
 (%) 0.955 0.064

Stage I 8 (11.3) 1 (10.0) 6 (2.1) 9 (7.4)

Stage II 14 (19.7) 2 (20.0) 13 (4.5) 9 (7.4)

Stage III 34 (47.9) 6 (60.0) 222 (77.4) 85 (70.2)

Stage IV 15 (21.1) 1 (10.0) 44 (15.3) 17 (14.0)

Unknown 0 (0.0) 0 (0.0) 2 (0.7) 1 (0.8)

*, denotes ‘year of initial pathologic diagnosis’; 
#
, included AJCC stage for most cancer types except for CESC, OV, UCEC, and UCS, 

for which clinical stage was applied. MESO, mesothelioma; OV, ovarian serous cystadenocarcinoma; CESC, cervical squamous cell 
carcinoma and endocervical adenocarcinoma; OV, ovarian serous cystadenocarcinoma; UCEC, uterine corpus endometrial carcinoma; 
UCS, uterine carcinosarcoma.



Table S8 Tumor mutational burden (TMB) threshold and baseline patient characteristics in TMB-high and TMB-low subsets across 20 cancer 
types (PAAD, SKCM)

Variable
PAAD SKCM

TMB-low TMB-high P TMB-low TMB-high P

Threshold, mut/Mb 
(percentile)

1.47 (77th) 22.84 (71st)

N 134 42 316 132

Age (years), median [IQR] 65.00 [57.25–73.00] 66.00 [54.50–75.00] 0.934 58.00 [48.00–70.25] 60.00 [48.00–72.00] 0.386

Diagnosis*, median [IQR] 2012.00 [2010.25–
2012.00]

2011.50 [2010.00–
2012.00]

0.645 2009.00 [2003.75–
2012.00]

2006.00 [2001.00–
2009.00]

<0.001
&

Sex (%) 0.050 0.001
&

Female 66 (49.3) 13 (31.0) 134 (42.4) 33 (25.0)

Male 68 (50.7) 29 (69.0) 182 (57.6) 99 (75.0)

Race (%) 0.295 0.041
&

White 120 (89.6) 34 (81.0) 299 (94.6) 130 (98.5)

Black 5 (3.7) 2 (4.8) 0 (0.0) 0 (0.0)

Other 7 (5.2) 4 (9.5) 12 (3.8) 0 (0.0)

Unknown 2 (1.5) 2 (4.8) 5 (1.6) 2 (1.5)

Stage
#
 (%) 0.165 0.296

Stage I 17 (12.7) 2 (4.8) 52 (16.5) 25 (18.9)

Stage II 109 (81.3) 36 (85.7) 98 (31.0) 40 (30.3)

Stage III 3 (2.2) 1 (2.4) 120 (38.0) 47 (35.6)

Stage IV 2 (1.5) 3 (7.1) 19 (6.0) 3 (2.3)

Unknown 3 (2.2) 0 (0.0) 27 (8.5) 17 (12.9)

*, denotes ‘year of initial pathologic diagnosis’; 
#
, included AJCC stage for most cancer types except for CESC, OV, UCEC, and UCS, for 

which clinical stage was applied; 
&
, P value denotes statistically significant. PAAD, pancreatic adenocarcinoma; SKCM, skin cutaneous 

melanoma; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma; OV, ovarian serous cystadenocarcinoma; UCEC, 
uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma.



Table S9 Tumor mutational burden (TMB) threshold and baseline patient characteristics in TMB-high and TMB-low subsets across 20 cancer 
types (STAD, UCEC)

Variable
STAD UCEC

TMB-low TMB-high P TMB-low TMB-high P

Threshold, mut/Mb 
(percentile)

26.68 (88th) 9.74 (65th)

N 374 55 337 185

Age (years), median [IQR] 66.00 [57.25–72.00] 71.00 [66.00–77.50] <0.001
&

65.00 [59.00–72.00] 60.00 [55.00–69.00] 0.001
&

Diagnosis*, median [IQR] 2011.00 [2010.00–
2012.00]

2011.00 [2008.00–
2011.00]

0.040
&

2009.00 [2008.00–
2010.00]

2009.00 [2007.00–
2010.00]

0.173

Sex (%) 0.017
&

NA

Female 127 (34.0) 28 (50.9) 337 (100.0) 185 (100.0)

Male 247 (66.0) 27 (49.1) 0 (0.0) 0 (0.0)

Race (%) 0.250 0.287

White 243 (65.0) 30 (54.5) 233 (69.1) 127 (68.6)

Black 11 (2.9) 2 (3.6) 73 (21.7) 32 (17.3)

Other 77 (20.6) 12 (21.8) 18 (5.3) 15 (8.1)

Unknown 43 (11.5) 11 (20.0) 13 (3.9) 11 (5.9)

Stage
#
 (%) 0.088 0.047

&

Stage I 43 (11.5) 11 (20.0) 195 (57.9) 129 (69.7)

Stage II 112 (29.9) 16 (29.1) 35 (10.4) 17 (9.2)

Stage III 163 (43.6) 16 (29.1) 86 (25.5) 33 (17.8)

Stage IV 36 (9.6) 6 (10.9) 21 (6.2) 6 (3.2)

Unknown 20 (5.3) 6 (10.9) 0 (0.0) 0 (0.0)

*, denotes ‘year of initial pathologic diagnosis’; 
#
, included AJCC stage for most cancer types except for CESC, OV, UCEC, and UCS, 

for which clinical stage was applied; 
&
, P value denotes statistically significant. STAD, stomach adenocarcinoma; UCEC, uterine 

corpus endometrial carcinoma; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma; OV, ovarian serous 
cystadenocarcinoma; UCS, uterine carcinosarcoma.



Table S10 Tumor mutational burden (TMB) threshold and baseline patient characteristics in TMB-high and TMB-low subsets across 20 cancer 
types (UCS, UVM)

Variable
UCS UVM

TMB-low TMB-high P TMB-low TMB-high P

Threshold, mut/Mb 
(percentile)

1.79 (79th) 0.34 (54th)

N 45 12 43 37

Age (years), median [IQR] 68.00 [62.00–76.00] 69.00 [66.50–76.50] 0.590 57.00 [50.50–67.00] 68.00 [54.00–75.00] 0.106

Diagnosis*, median [IQR] 2009.00 [2007.00–
2011.00]

2011.00 [2007.75–
2012.00]

0.188 2012.00 [2011.00–
2012.00]

2012.00 [2012.00–
2013.00]

0.013
&

Sex (%) NA 0.655

Female 45 (100.0) 12 (100.0) 20 (46.5) 15 (40.5)

Male 0 (0.0) 0 (0.0) 23 (53.5) 22 (59.5)

Race (%) 0.489 0.629

White 36 (80.0) 8 (66.7) 31 (72.1) 24 (64.9)

Black 6 (13.3) 3 (25.0) 0 (0.0) 0 (0.0)

Other 2 (4.4) 1 (8.3) 0 (0.0) 0 (0.0)

Unknown 1 (2.2) 0 (0.0) 12 (27.9) 13 (35.1)

Stage
#
 (%) 0.314 0.065

Stage I 19 (42.2) 3 (25.0) 0 (0.0) 0 (0.0)

Stage II 4 (8.9) 1 (8.3) 17 (39.5) 22 (59.5)

Stage III 13 (28.9) 7 (58.3) 24 (55.8) 12 (32.4)

Stage IV 9 (20.0) 1 (8.3) 1 (2.3) 3 (8.1)

Unknown 0 (0.0) 0 (0.0) 1 (2.3) 0 (0.0)

*, denotes ‘year of initial pathologic diagnosis’; 
#
, included AJCC stage for most cancer types except for CESC, OV, UCEC, and UCS, for 

which clinical stage was applied; 
&
, P value denotes statistically significant. UCS, uterine carcinosarcoma; UVM, uveal melanoma; CESC, 

cervical squamous cell carcinoma and endocervical adenocarcinoma; OV, ovarian serous cystadenocarcinoma; UCEC, uterine corpus 
endometrial carcinoma.



Figure S1 The inverse probability of treatment weighted Kaplan-Meier survival curves of the impact of indel burden on overall survival. 
High indel burden was associated with worse survival in adrenocortical carcinoma (A) and uterine carcinosarcoma (B). While high indel 
burden predicted better prognosis in bladder urothelial carcinoma (C), skin cutaneous melanoma (D), stomach adenocarcinoma (E) and 
ovarian serous cystadenocarcinoma (F). In cholangiocarcinoma (G), colon adenocarcinoma (H), esophageal carcinoma (I), head and neck 
squamous cell carcinoma (J), kidney renal clear cell carcinoma (K), kidney renal papillary cell carcinoma (L), liver hepatocellular carcinoma 
(M), lung adenocarcinoma (N), lung squamous cell carcinoma (O), mesothelioma (P), pancreatic adenocarcinoma (Q), uveal melanoma (R), 
cervical squamous cell carcinoma and endocervical adenocarcinoma (S) and uterine corpus endometrial carcinoma (T), indel burden did not 
have a significant impact on overall survival.
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