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Abstract

Background: In the United States, cancer disproportionately impacts Black and African American individuals. Identifying
genetic factors underlying cancer disparities has been an important research focus and requires data that are equitable in
both quantity and quality across racial groups. It is widely recognized that DNA databases quantitatively underrepresent
minorities. However, the differences in data quality between racial groups have not been well studied. Methods: We
compared the qualities of germline and tumor exomes between ancestrally African and European patients in The Cancer
Genome Atlas of 7 cancers with at least 50 self-reported Black patients in the context of sequencing depth, tumor purity, and
qualities of germline variants and somatic mutations. Results: Germline and tumor exomes from ancestrally African patients
were sequenced at statistically significantly lower depth in 6 out of the 7 cancers. For 3 cancers, most ancestrally European
exomes were sequenced in early sample batches at higher depth, whereas ancestrally African exomes were concentrated in
later batches and sequenced at much lower depth. For the other 3 cancers, the reasons of lower sequencing coverage of
ancestrally African exomes remain unknown. Furthermore, even when the sequencing depths were comparable, African
exomes had disproportionally higher percentages of positions with insufficient coverage, likely because of the known
European bias in the human reference genome that impacted exome capture kit design. Conclusions: Overall and positional
lower sequencing depths of ancestrally African exomes in The Cancer Genome Atlas led to underdetection and lower quality
of variants, highlighting the need to consider epidemiological factors for future genomics studies.

Ethnic minorities often experience cancer disparities in the
United States. Black and African American individuals have
higher death rates and shorter survival for many cancer types
(https://www.cancer.gov/about-cancer/understanding/disparities).
African American women have higher rates of aggressive breast
cancer subtypes compared with White women, and African
American men suffer higher incidence and mortality rates of
prostate cancer compared with White men (1). In addition,
American Indian and Alaskan Native individuals have higher
death rates from kidney cancer and higher incidence of liver
cancer than any other racial group. Furthermore, leukemia dis-
proportionately impacts Black and Hispanic men. These dispar-
ities are proposed to reflect the complex interplay of nonbiological

(socioeconomic, environmental, behavioral) and biological factors
(eg, genetic and genomic features).

Many studies have been conducted to identify and define
differences of genetic and genomic factors underlying cancer
disparities, which requires data that are equitable in both quan-
tity and quality across racial groups. It is now widely known
that minority groups have historically been quantitatively un-
derrepresented in DNA databases compared with those of
European descent, resulting in a catalog of genetic variants that
likely does not represent the full range of human genetic diver-
sity (2,3). However, the differences of genetic and genomic data
quality between racial and ancestral groups have not been well
studied.
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The Cancer Genome Atlas (TCGA), one of the largest and
most widely used cancer sequencing projects, profiled 33 cancer
types, 7 of which studied more than 50 self-reported Black
patients. Recently, we discovered incidentally that for 6 out of
these 7 cancers the sequencing read depths were statistically sig-
nificantly lower for both tumor and patient-paired germline
exomes from Blacks compared with those from self-reported
White patients. This points to a potential disparity in genomic data
quality, which has not been reported previously. Herein, we geneti-
cally inferred ancestries of the patients in these 7 cancers, explored
possible reasons for these disparities, and studied the potential
implications.

Methods

Genetic Inference of Ancestry

Patient germline exomes were used to infer ancestry using prin-
cipal component analysis based on ancestry space calculated
from the reference set of individuals in the 1000 Genomes Project
(1000G) (4). The genetically inferred African and European ances-
tries are used in this manuscript instead of the self-reported
race. Additional details of the genetic inference approach can be
found in the Supplementary Methods (available online).

Read Depth Calculations

TCGA primary tumor and patient-paired germline exome binary
alignment and map (BAM) files were downloaded from the
Genomic Data Commons (https://portal.gdc.cancer.gov/). Reads
were aligned by TCGA to human reference genome build
GRCh38. The sequencing depths (total reads, total mapped
reads, and total unmapped reads) of each exome were calcu-
lated using the SAMtools (5) version 1.10. The following parame-
ters were used: 1) for total mapped reads: samtools view -c -f 2 -
F 1024 -q 20; 2) for total reads: samtools view -c -f 1 -F 1024; and
3) for total unmapped reads: samtools view -c -f5 -F 1024.

For replicate BAM files, the BAM file with highest total reads
was used. Read coverage per genomic position was calculated
from germline BAM using the following command: samtools
mpileup—incl-flags 2—excl-flags 1024—min-MQ 20—min-BQ 0
(mapped paired reads; no polymerase chain reaction (PCR)
duplicates; mapping quality at least 20). Read coverage per so-
matic variant position was obtained directly from the somatic
minor allele frequency (MAF) files from TCGA.

Statistical Analysis

Statistical analyses were conducted using R version 3.6.2 (R
Foundation, Vienna, Austria). All means comparisons used the
Mann-Whitney U test. Proportions analysis by capture kit and
ancestry used the 2-sample proportions z test. All statistical
tests were 2-sided, and a P value less than .05 was considered
statistically significant. In violin plots, the horizontal lines
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inside each box denote the median values. MAF at a variant po-
sition was calculated as count of minor alleles divided by total
number of alleles at the position in a population. B allele con-
centration (BAC) is defined as the number of reads supporting
the alternative allele divided by total read counts at the variant
position. Area under the curve was computed from the BAC dis-
tribution using kernel density estimates from the density func-
tioninR.

Joint Genotyping of Germline Exomes

Variant calling of TCGA germline BAM files was performed
per cancer type. Per-sample variant calling was performed us-
ing HaplotypeCaller from the Genome Analysis Toolkit (6), and
multisample joint genotyping was performed using
GenotypeGVCFs. For TCGA Breast Cancer (BRCA) germline
exomes, variant calling was conducted only on the 31.51Mb of
exome regions common between all 3 NimbleGen kits (see
Table 1). The exome capture bait positions in human reference
genome build hgl8 and hg19 were lifted over to the GRCh38 coor-
dinates. The common capture region was identified using the
command multiinter from the package bcftools (5) version 1.10.
Variants passing Variant Quality Score Recalibration were anno-
tated with population allele frequencies from 1000G using
ANNOVAR tool (7).

MAF Calculation

Biallelic germline variants were used for MAF calculations. Only
variants that were detected in TCGA and reported by 1000G
were included in the analyses. In addition, only positions
detected in at least 25 TCGA patients were included. The variant
MAFs from the 1000G European population were compared with
those from ancestrally European TCGA patients, and MAFs from
the 1000G African population were compared with those from
ancestrally African TCGA patients.

Consent and Approval

The analyses and results reported in this paper are in whole or
part based on data generated by TCGA Research Network
(https://www.cancer.gov/tcga). All patients enrolled in TCGA
germline and tumor exome sequencing were anonymized and
deidentified. The data access was authorized under Mayo
Clinic’s TCGA Project ID 4307.

Results

Exome Read Coverage

TCGA systematically studied more than 11000 patients with
cancer, among whom 985 (8.8%) were self-reported as Black or
African American. Each patient was surveyed by multi-omic

Table 1. Number of BRCA samples processed by each of the 3 NimbleGen kits with publicly accessible capture region files and the total capture

size of each kit

Exome capture kit

No. of primary tumor samples

No. of germline samples Target size in Mb

NimbleGen hgl8 exome v2 473
NimbleGen SeqCap EZ Exome v2 114
NimbleGen SeqCap EZ Exome v3 242

382 35.97
114 80.59
220 64.55
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sequencing of tumor and patient-paired germline exomes, tu-
mor RNA and microRNA transcriptomes, and tumor chromati-
nomes (chromatin modifications) (8). Seven cancer types
included at least 50 tumor samples from self-reported Black
patients: BRCA, uterine corpus endometrial (UCEC), kidney renal
papillary cell, and kidney renal clear cell (KIRC) carcinomas and
colon (COAD), prostate (PRAD), and lung (LUAD) adenocarcino-
mas. First, we observed statistically significantly lower read
depths of both germline and tumor exomes from self-reported
Black patients compared with those from self-reported White
patients in 6 out of 7 cancer types (data not shown). Next, we
performed genetic inference using the patients’ germline
exomes to confirm African (Black) and European (White) ances-
try and to assign ancestry to those with missing self-reported
race and ethnicity information. Genetic inference of ancestries
confirmed self-reported race with very few exceptions
(Supplementary Figure 1, A and B, available online). The final
numbers of ancestrally African and ancestrally European
patients in each of the 7 cancer types are listed in the
Supplementary Methods (Supplementary Figure 1, B, available
online), and additional sample-level information is listed in the
Supplementary Methods (Supplementary Table 1, available
online). We discovered that 6 out of these 7 cancer types (all ex-
cept kidney renal papillary cell carcinoma) had statistically sig-
nificantly lower total numbers of sequencing reads of both

tumor and germline exomes from ancestrally African patients
compared with ancestrally Europeans (Supplementary Figure 2,
A, available online). These 6 cancer types were included in fur-
ther analyses. Five cancer types had lower numbers of mapped
reads (Figure 1, A) from ancestrally African exomes.

Source of the Coverage Disparity

We searched for the source of this sequencing depth disparity.
There were no tumor purity differences between the 2 ancestral
groups (Figure 1, B) based on metadata published by TCGA (9);
therefore, the higher sequencing depths of ancestrally
European exomes did not result from a necessity for deeper se-
quencing because of lower tumor purities. In addition, the lower
sequencing depths in ancestrally African exomes persisted
when we grouped samples according to sequencing center
(Supplementary Figure 3, available online) and specimen collec-
tion site (Supplementary Figure 4, available online), indicating
that neither of these factors could explain the depth disparity.
Next, we investigated sequencing depths between sample
batches grouped by exome capture kits used to process
patients’ DNA. We found that for 3 cancers (BRCA, UCEC, and
KIRC) ancestrally European patients were statistically signifi-
cantly enriched in batches processed by earlier or older
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Figure 1. Comparison of exome sequencing depths between ancestrally European and African patients in 7 The Cancer Genome Atlas cancer types that each profiled at
least 50 self-reported Black patients. A) Number of mapped reads per exome for primary tumor (upper panel) and patient-matched germline (lower panel). Mann-
Whitney U test 2-sided P values are shown for all comparisons. Sequencing depths of both tumor and germline exomes from ancestrally European patients were statis-
tically significantly higher than those of ancestrally African patients in breast cancer (BRCA; breast invasive carcinoma), LUAD (lung adenocarcinoma), UCEC (uterine
corpus endometrial carcinoma), KIRC (kidney renal clear cell carcinoma), and COAD (colon adenocarcinoma). The number of patients in either ancestral group (n) and
the average sequencing depth per sample in millions of reads (x) are displayed below the box plots. B) There were no differences in tumor purity between ancestrally
African and European tumors in all 7 cancer types. The numbers of patients with available tumor purity data in either ancestral group are displayed below the box

plots. KIRP = kidney renal papillary cell carcinoma; PRAD = prostate adenocarcinoma.
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Figure 2. Number of reads per exome per megabase of capture region in The Cancer Genome Atlas breast cancer patients. Sequencing depths are illustrated as the
number of reads per exome per megabase of the capture region. From left to right are sequencing coverage data from all individuals captured by NimbleGen kits, fol-
lowed by those captured by NimbleGen hg18 Exome v2, NimbleGen SeqCap EZ Exome v2, and NimbleGen SeqCap EZ Exome v3 kits. Mann-Whitney U test 2-sided P val-
ues are shown for all comparisons. The earlier sample batch using the older NimbleGen hgl8 Exome v2 kit was sequenced at 1.70-1.78 million reads per megabase of
targeted region on average, which was statistically significantly higher compared with exome batches captured by the 2 more recent kits: NimbleGen SeqCap EZ
Exome v2 and v3. Sequencing depths did not differ between ancestrally African and European exomes processed by the same capture kit. Patient allocations by race
were unbalanced among 3 exome capture kits: ancestrally European patients were statistically significantly enriched, whereas ancestrally African patients were statis-
tically significantly underrepresented (2-sided P <.001; 2-sample proportions z test) in the NimbleGen hg18 Exome v2 batch in which the sequencing depths were sta-

tistically significantly higher.

capture kits and sequenced at higher depths (Figure 2;
Supplementary Figure 5, available online). For example, the
majority of BRCA exomes was processed using 3 versions of
NimbleGen exome capture kits: 1) NimbleGen hgl8 Exome v2;
2) NimbleGen (Roche NimbleGen, Inc., Pleasanton, CA) SeqCap
EZ Exome v2; and 3) NimbleGen SeqCap EZ Exome v3.
[Although the exome capture kits were designed based on
older human genome reference builds, all reads were mapped
to the GRCh38 reference as part of TCGA M3 project (8).] As
shown in Figure 2, the oldest kit, NimbleGen hgl8 v2 Exome,
was used to process 65.2% (380 of 583) ancestrally European
tumor specimens and 23.5% (38 of 162) ancestrally African
tumors, as well as 60.3% (351 of 582) European germline and
23.6% (38 of 161) African germline specimens. The statisti-
cally significant enrichment of ancestrally European patients
(2-sided P <.001; 2-sample proportions z test) and the statisti-
cally significantly higher sequencing depths (number of reads
per exome per megabase of targeted capture region) in this
earlier sample batch were likely the reasons for the overall
higher sequencing coverages of ancestrally European exomes
in the BRCA dataset. Later sample batches using the
NimbleGen SeqCap EZ Exome v2 and v3 kits were enriched
with ancestrally African patients (76.5% of African tumors

and 76.4% of the African germline) and sequenced at statisti-
cally significantly lower coverages (Figure 2). Sequencing
depths did not differ by ancestry for specimens processed by
the same exome capture kit. Note that the read lengths
across all sample batches were comparable (between 48 and
50 base pairs). Therefore, the imbalanced allocations of an-
cestrally African and European patients among sample
batches sequenced at different depths are likely the reason
for overall lower sequencing depths of ancestrally African
patients in BRCA, UCEC, and KIRC (Figure 2; Supplementary
Figure 5, available online). For KIRC, we could not map all
exome capture kit names provided by TCGA to known kits
and could not establish a clear timeline of sample process-
ing. However, the 2 sample batches processed by Custom V2
Exome Bait and NimbleGen SeqCap EZ Exome v2 kits were
statistically significantly enriched with ancestrally European
samples and sequenced at statistically significantly higher
depths, whereas the samples captured by the Roche SeqCap
EZ HGSC VCRome kit, which was presumably designed later
by scientists at the Human Genome Sequencing Center at
Baylor College of Medicine to use as a clinical research kit,
were all ancestrally African and were sequenced at lower
depths (Supplementary Figure 5, available online).
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The reasons underlying lower sequencing coverages among
African exomes for COAD, PRAD, and LUAD remain unknown.
Regardless of the cause, lower sequencing depths of tumor and
germline exomes likely resulted in less-complete data, underde-
tection of both germline variants and somatic mutations, and
inferior variant quality among patients with African ancestry.

Impact of Disparate Sequencing Depths on Variant
Calling and Variant Quality

First, we investigated the consequences of disparate sequencing
depths on germline variant calling, focusing on TCGA BRCA

patients because the BRCA cohort enrolled the largest number
of self-reported Black patients (confirmed by genetic ancestral
inference) and had the biggest differences in sequencing depths
between ancestrally European and African exomes. TCGA did
not report germline variants at the individual level, so we per-
formed multisample joint genotype calling as described in the
methods. Previous studies have reported that the sensitivity for
singleton variant detection declines statistically significantly
once read depth falls below 10 reads (10). Thus, we categorized
sequencing depths into 3 groups: low (positions covered by 1-10
reads), medium (11-39 reads), and high (>40 reads).
Interestingly, even though overall sequencing depths did not
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differ between ancestrally African and European exomes within
each of the capture kit batches as shown in Figure 2 (lower
panel), germline exomes from ancestrally African patients still
had a higher than expected percentage of genomic positions
with low coverages by all 3 kit batches (Figure 3, A;
Supplementary Table 2, available online). The observed overrep-
resentation of low-coverage positions within batch as well as
the overall lower sequencing depth across all batches in ances-
trally African patients suggested that variant detection could be
impaired compared with ancestrally European patients. Indeed,
the BRCA cohort MAFs of the germline variants located at low-
coverage positions were substantially lower than the population
MAFs documented by 1000G (11) for both ancestral groups but
more so for that of African (Figure 3, B; Supplementary Figure 6,
available online). These data suggest that germline variants

A NimbleGen hg18 Exome v2

NimbleGen SeqCap EZ Exome v2
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would have been underreported among ancestrally African
patients in TCGA.

We further studied the observation that even with compara-
ble sequencing depths between ancestrally African and
European exomes (samples processed in the same batch by the
same exome capture kit), disproportionally higher numbers of
exome positions from patients of African ancestry had insuffi-
cient or low coverages (Figure 3, A). We found that the capture
regions were more polymorphic for ancestrally African com-
pared with European exomes. As shown in Figure 3 (Figure 3, C),
the MAFs of variants located within the exome capture regions
were statistically significantly higher among the African popu-
lation of 1000G compared with those of the European popula-
tion. We speculate that the exome capture probes might be less
effective for ancestrally African genomes.
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Genomic positions were categorized into 3 groups based on read coverage: low-coverage positions (positions covered by 1-10 reads per patient), medium-coverage posi-
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Lower sequencing depths among ancestrally African exomes
also impacted somatic mutation detection. Even though the
overall sequencing depths between the tumor exomes of ances-
trally African and European patients were not different within
batches (Figure 2, upper panel), the tumor exomes from ances-
trally African patients were enriched with low-coverage posi-
tions (<10 reads) (Figure 4, A) in the sample batch containing
the majority of ancestrally African patients (processed by the
NimbleGen SeqCap EZ Exome v3 kit). This enrichment of low-
coverage positions might have contributed to the overall lower
confidence of somatic mutation calls in ancestrally African
patients (Supplementary Figure 7, available online). Notably,
TCGA made every effort to report all somatic mutations, includ-
ing those covered by as few as 1, 2, or 3 alternative allele sup-
porting reads (Figure 4, B). However, even with this strategy of
high-sensitivity mutation calling, substantial numbers of so-
matic mutations would still have been missed at the low-
coverage positions. For example, as shown in Figure 4 (Figure 4,
C, lower panel), assuming 5x coverage (with 5 reads at the mu-
tation position), if only 1 alternative allele supporting read is re-
quired to call a somatic mutation, only the mutations with BAC
(fraction of reads supporting alternative alleles) of at least 20.0%
would have been detected. According to BAC values recorded in
TCGA mutation reports, 51.1% of detected somatic mutations
had BACs less than 20.0% and therefore would have been
missed if the read coverage were no more than 5 at those posi-
tions. Similarly, 22.0% of TCGA-reported somatic mutations had
BAC of no more than 10.0%, which would not have been
detected if the sequencing depths were below 10x (Figure 4, C,
middle panel). Supplementary Figures 8 and 9 (available online)
illustrate the same issue for the low-coverage positions in all 6
cancers, combined or separately. These observations imply that
because of the lower overall coverage as well as the dispropor-
tionally higher number of positions with insufficient coverages
in ancestrally African patients, many somatic mutations were
undetected, including some functionally important ones.

Discussion

We studied exome sequencing data qualities in 7 TCGA cancer
types with more than 50 self-reported Black patients. The ge-
netic inference of ancestries confirmed self-reported race with
very few exceptions. Ancestrally African exomes were covered
at statistically significantly lower sequencing depths compared
with ancestrally European exomes for BRCA, PRAD, LUAD,
UCEG, KIRC, and COAD. Using BRCA as an example, we demon-
strated that this ancestral difference likely resulted from se-
quencing exomes in different temporal batches using different
exome capture kits. Exomes processed using the oldest kit were
sequenced at higher depths regardless of ancestry; however,
the overrepresentation of ancestrally European patients in the
early batches led to higher depths overall among the European
exomes. Note that ideally a multivariate regression model si-
multaneously evaluating the contribution to sequencing depth
from tumor purity, capture kit, sample collection and sequenc-
ing centers is preferred. Unfortunately there are many missing
values in each variable, especially for tumor purity and capture
kit. Therefore we instead chose to evaluate each factor
separately.

In addition, higher polymorphisms among ancestrally
African genomes within the targeted exome regions might fur-
ther hinder the ability to sufficiently capture and sequence

African-specific variants. It has been reported that the human
reference genome is racially biased (12). The human reference
genome was derived from 13 anonymous volunteers from
Buffalo, New York, where the ethnic populations are almost all
European (German, Irish, Polish, and others). The human refer-
ence genome, therefore, is mostly European as well. Because
the exome capture baits were designed based on the reference
genome, the capture efficiency would be subjected to this
known racial or ancestral bias. The statistically significantly
higher MAFs from ancestrally African exomes may lead to a
higher degree of mismatches and lower capture efficiency be-
tween the baits and their targeted regions, which may result in
higher percent of variant positions in ancestrally African
patients covered by a lower number of reads. This speculation
is based on MAF data alone. We compared the coverage differ-
ences of the regions surrounding high vs low polymorphisms
and did not observe a statistically significant difference (data
not shown). Because the capture efficiency and coverage is also
heavily influenced by other factors such as the GC content, the
role of high MAF in determining the final sequencing coverage
of a region may not be directly visible.

We also examined the impact of the biased reference ge-
nome on variant calling and read mapping. For somatic muta-
tion calls, the overall variant qualities were lower in tumors
from patients of African ancestry compared with those of
European ancestry. For germline variant calls, we did not ob-
serve differences between ancestrally African and European
patients in the overall variant quality using variant GQ values
(data not shown). The current best practice for germline geno-
typing is multisample joint genotyping, which calls variants us-
ing reads from all samples. This approach helps increase calling
sensitivity and alleviate some of the impact from lower se-
quencing depth. We did not observe a higher proportion of mis-
aligned reads in ancestrally African exomes (data not shown),
probably because the read aligner scored alignment confidence
based on specificity. Even if there are a small number of mis-
matches and gaps between the read and the reference genome,
the read is still considered aligned with high confidence if it
cannot be placed elsewhere in the genome.

For the other 26 cancer types in TCGA, fewer self-reported
Black patients were studied and therefore not included in this
analysis. Similarly, we did not study the other racial minority
groups (Asian, Pacific Islanders, etc) because of small cohort
sizes. Our findings serve as a reminder to those who utilize
TCGA datasets in their research that there is potential underde-
tection of both germline variants and somatic mutations among
ancestrally African individuals. These data highlight the need
to consider epidemiological factors when designing and con-
ducting future genomic and genetic studies. The scientific com-
munity and TCGA might consider resequencing residual DNAs,
if still available, from these Black cancer patients with con-
firmed African ancestry. Alternatively, additional ancestrally
African patients could be sequenced at high coverage to com-
pensate for the current disparity.
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Data Availability

Germline and primary tumor exome BAM files aligned to the
GRCh38 reference assembly, as well as protected somatic MAF
files containing TCGA-called somatic mutations, were down-
loaded from TCGA Repository of the Genomic Data Commons
(GDC) (https://portal.gdc.cancer.gov/). Patient and sample meta-
data (including race, sample collection sites and sequencing
centers, etc.) were obtained using the R package TCGAbiolinks.
Exome capture kit data and sequencing dates were downloaded
using the GDC API (https://gdc.cancer.gov/developers/gdc-appli-
cation-programming-interface-api). Tumor purity values were
taken from a published TCGA paper (9). BED files for three
NimbleGen kits were downloaded from https://sequencing.
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roche.com/en/support-resources/discontinued-products/seqcap-
ez-exome-v3-kit.html (SeqCap EZ Exome v3), https://web.archive.
org/web/20161106062747/ (hgl8 Exome v2), and https://web.ar-
chive.org/web/20141010064923/ (SeqCap EZ Exome v2). The Jupyter
notebook, bash scripts, and R scripts used to conduct the analyses
are available at the GitHub repository https://github.com/dpwick-
land/Racial_Disparities_in_Exome_Read_Depth.
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