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In 2019, a pair of studies described the whole-genome
sequencing (WGS)–based characterization of over 100 Burkitt
lymphomas (BLs).1,2 Panea et al2 analyzed 101 patients repre-
senting sporadic, endemic, and HIV-associated clinical variants.
Some of their conclusions were consistent with Grande et al1

and others were contradictory and/or pointed to potential
novel features of this disease. Panea et al nominated some new
BL-related genes and highlighted the novelty of clustered
noncoding mutations. To understand the factors leading to the
divergent conclusions, we reanalyzed the sequencing data from
Panea et al, which revealed several irregularities in their results
that suggest serious errors in data processing.

On reviewing the mutations reported in supplemental Table 2 of
Panea et al (Panea_S2), we noted that 936 (40.1%) variants were
attributed to at least 2 of 101 patients. It is exceedingly
improbable for cancers from different individuals to share many
identical mutations, with the exception of hotspot mutations,
because of strong selective pressure. Although 264 variants were
attributed to loci that are affected by aberrant somatic hyper-
mutation, a process that increases the local mutation rate, most
variants reported in multiple patients (672, 72%) were outside
these regions and have no known biological explanation.

In a recent erratum,2 the authors clarified that exome data from
these same patients, which were merged with the WGS data
before depositing, were not used for their analyses. Accord-
ingly, we first prepared separate binary alignment map (BAM)
files from their deposited data that contained only the genome
or exome reads based on read group information
(supplemental Table 1; supplemental Figure 1A, available on
the Blood website). For each variant reported in Panea_S2, we
computationally evaluated the genome data for any supporting
evidence. We considered any variant “corroborated” if at least
1 uniquely mapped read from that sample supported the
mutant allele (supplemental Figure 1B). This is more lenient
than the criteria described by the authors and should theoreti-
cally corroborate every variant reported, but the existence of
1388 (~30%) variants were not corroborated by this approach
using either their original BAM files or the genome BAM files
(supplemental Figure 1B; supplemental Tables 2-4).

Surprisingly, many of the duplicated variants could be corrob-
orated in 1 patient but not in another, with a consistent pattern
restricted to 27 samples (Figure 1A). Using clustering, we
identified the cases with a pattern of mutations that could
not be corroborated in a given sample tended to be corrobo-
rated in only 1 other sample, a pattern we refer to as directional
data cross-contamination. Under the assumption that this was
caused by the accidental combining of sequencing data from
unrelated patients during the original analysis, we combined
reads from the genome of the suspected contaminant
(per directional pair) in silico and repeated our analysis
(supplemental Figure 1C). This enabled the resolution of 643
of these uncorroborated variants, leaving 745 unresolved. The
directional contamination pattern was almost exclusively
observed among the African cohort (affecting 25 of 32 cases).

Given the large disparity between the actual data and the
reported mutations, we considered the possibility that the
observed data contamination could have been restricted to
Panea_S2 rather than having influenced any of the main results.
Upon scrutiny, the mutations presented in Figure 2 of Panea
et al and the counts in supplemental Table 5 (Panea_S5) appear
consistent with Panea_S2, indicating that this issue affected
most, if not all, of their downstream analyses.

Although data quality cannot explain the reporting of variants
with 0 read support, we were interested in how comparable the
data were among the genomes sequenced because batch effects
such as coverage can influence estimates of global mutation
burden. We used Picard (CollectWGSMetrics) to calculate the
average coverage of the genomes, which showed a broad range
(~1× to 27.8×, mean = 14.1×) (Figure 1B). This was surprising
because the authors claimed they were “targeting a mean
genome coverage of 75×.” This also revealed a large disparity in
sequencing depth among samples, with cases in the African
cohort generally having high coverage relative to the others. We
found that the variants that could be corroborated in the raw data
commonly had minimal read support (Figure 1C). These dis-
crepancies between the reported results and the raw data have
implications on some conclusions. Repeating the gene-wise
comparison of mutation frequency between patients with EBV+

and EBV− using the corroborated mutations caused a loss of
significance for 1 gene and a gain of 4 genes with a significant
association (Figure 1D). Panea et al reported a difference in
mutation load between patients with EBV type 1 and EBV type 2
as a novel finding, a difference which was not reproduced when
we used only the corroborated variants (Figure 1E).

A second intriguing pattern was found in uncorroborated
mutations in the sporadic and HIV cases, affecting 17 cases.
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Figure 1. Patterns of uncorroborated mutations and directiona data contamination. (A) A heatmap showing a subset of the mutations reported in the 101 patients coloring each
based on read support in the sequencing data from the sample specified (“corroborated,” blue), uncorroborated in data from this patient but present in data from a sample identified
as a potential contaminant (“data contamination,” yellow), or with no read support in either (“uncorroborated,” red). The patients are arranged according to their subtype

934 7 SEPTEMBER 2023 | VOLUME 142, NUMBER 10 LETTERS TO BLOOD

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/142/10/933/2076373/blood_bld-2022-016505-m

ain.pdf by guest on 04 M
ay 2024



A
chr14−95713965−C−T
chr14−95713689−G−C
chr14−95713829−G−A
chr12−122021979−C−T
chr12−122022186−A−C
chr12−122022131−G−A
chr12−122022080−C−T
chr6−90296589−C−G
chr6−90296573−C−T
chr6−90296540−G−A
chr6−90296483−G−A
chr6−90296507−C−T
chr6−90296489−G−A
chr6−90296487−G−A
chr6−90296570−G−A
chr6−90296588−G−A
chr1−23559261−G−A
chr1−23559273−G−A
chr1−23559184−C−A
chr1−23559260−G−A
chr22−22887861−C−T
chr22−22888064−A−G
chr22−22888044−C−T
chr22−22888008−C−T
chr6−26156656−G−C
chr6−26156662−G−A
chr6−26156802−C−T
chr6−27146444−C−T
chr6−27146581−C−T
chr6−27146440−G−A
chr6−27146540−G−A
chr17−65056515−G−A
chr6−27810353−C−T
chr6−27810413−C−T

61
16

49
48

49
45

11
02

61
07

49
40

49
42

10
66

29
66

29
91

49
47

62
08

29
88

61
97

10
65

11
84

3
29

79
11

84
1

12
89

29
67

29
75

29
80

29
82

29
85

29
87

29
90

49
49

61
06

61
12

61
13

62
07

10
59

12
94

29
68

29
69

29
74

29
83

29
92

49
41

49
46

10
61

10
63

12
82

12
96

19
09

4
29

70
29

76
29

77
29

89
61

08
61

15
61

98
61

99
10

60
10

90
10

94
10

96
10

97
11

01
11

06
11

07
11

83
5

11
84

2
12

75
12

80
12

83
12

84
12

88
12

91
12

93
12

95
12

97
19

09
5

19
09

6
19

09
7

29
63

29
65

29
71

29
73

29
81

29
84

29
86

29
93

29
94

49
43

49
44

61
02

61
09

61
11

61
17 67
0

99
9

10
64

11
04

12
76

29
72

29
78

61
03

12
13

2
12

85
29

64

Corroborated

Uncorroborated

BACH2

HIST1H1E

HIST1H2BK

GNA13

HIST1H3H

IGLL5

ID3

BCL7A

TCL1A

C

A
R

ID
1A

C
TC

F
FB

X
O

11
H

IS
T1

H
2A

G
M

TO
R

P
C

B
P

1
P

TE
N

R
FX

7
TF

A
P

4
ZF

P
36

L1
B

M
P

7
C

H
D

8
P

V
T1

R
H

O
A

SI
N

3A
TM

SB
4X

P
IK

3R
1

R
N

F1
44

B
SM

A
R

C
A

4
TC

F3
B

TG
2

C
D

79
B

E
IF

4A
1

H
IS

T1
H

2A
L

D
D

X
3X

SN
TB

2

Gene

B
C

L7
A

C
X

C
R

4
E

TS
1

G
N

A
13 ID

3
K

M
T2

D
M

M
E

B
C

L6
G

N
A

I2
H

IS
T1

H
3J

D
N

M
T1

D
TX

1
TC

L1
A

H
IS

T1
H

1C
H

N
R

N
P

U
H

IS
T1

H
2A

M
IK

ZF
3

IG
LL

5
H

IS
T1

H
3H

M
C

L1
B

A
C

H
2

H
IS

T1
H

2B
K

H
IS

T1
H

1E
M

Y
C

40

Genes affected by prolific contamination

30

20Pa
tie

nt
s

10

0

B

[0 - 19]

[0 - 39]

[0 - 35]

[0 - 61]

ST-E00272:464:HH3YVCCXY:7

[0 - 25]

90,296,440 bp 90,296,460 bp 90,296,480 bp 90,296,500 bp 90,296,520 bp 90,296,540 bp 90,296,560 bp 90,296,580 bp 90,29

Sample
2966

Sample
6116

Sample
4948

Sample
6197

Sample
2965

Sample
6116

Sample
4948

Sample
6197
Sample
2965

Sample
4947

Sample
12132

[0 - 38]

[0 - 129]

[0 - 25]

[0 - 58]

[0 - 45]

[0 - 52]

26,156,660 bp 26,156,680 bp 26,156,700 bp 26,156,720 bp 26,156,740 bp 26,156,760 bp 26,156,780 bp 26,156,800 bp

BACH2

HIST1H1E

D
ire

ct
io

na
l

P
ro

lifi
c

P
ro

lifi
c

P
ro

lifi
c

L V S K G T L V Q T K G T G A S G S F K L N K K A A S G E A K P K A K K A G A A K A K K P A G A A K K P K

Figure 2. Patterns of uncorroborated mutations and prolific data contamination. (A) Corroboration status for variants reported among 9 representative regions affected
by clustered mutations according to Panea_S3. For each region, mutations reported in multiple patients are shown on a separate row, with blue boxes indicating the patient(s)
in which the variant could be corroborated and yellow boxes indicating uncorroborated mutations. The rows annotated with sets of arrows correspond to the variants labeled
as “prolific” in panel B. The reported existence each of these prolific variants was uncorroborated in multiple patients and typically only corroborated in 1 to 2 patients.
(B) Representative examples of prolific mutations that could not be corroborated. Integrative Genomics Viewer visualizations of the sequencing data for regions of the BACH2
(top) and HIST1H1E (bottom) genes include boxes outlining the locations of corroborated (dark blue) or uncorroborated (red) variants in individual genomes. Sample 2965 is
the source of both directional contamination (of sample 2966) and the other samples shown. Samples indicated with red arrows (A) or red labels (B) were indicated as mutated
in Panea_S2 but were absent from supplemental Table 3. (C) Effect of prolific contamination on the reported rate of mutations in affected genes. The red bars indicate genes
with significantly lower frequency in the reanalysis when compared to the mutations reported in Panea_S2. bp, base pair.

Figure 1 (continued) and Epstein-Barr virus (EBV) status. The rows are ordered based on hierarchical clustering with the dendrogram (left) showing the clustering based on mutations
reported in each patient. We noted that a minority of uncorroborated variants could not be resolved by any directional contamination, and these “unresolvable” variants appeared to
be more common among sporadic and HIV-associated BL cohorts. Genomes were classified based on the predominant pattern where this could be inferred. (B) The average
coverage depth for the genomes. (C) Box plot showing the distribution of reads supporting the nonreference allele for corroborated variants. Genomes with their variants supported
by a minimal number of reads (mean supporting reads, <4) are highlighted in yellow. (D) A forest plot showing the log-transformed odds ratio estimate from Fisher exact tests
comparing the mutation frequency of corroborated variants in EBV+ and EBV− cases. Genes with points above y = 0 had more mutations in EBV+ cases. SNTB2, the only gene
reported as enriched for mutations in EBV− cases, is no longer significant (q > 0.1, false discovery rate). Bold red type indicates a gene that is significantly associated with EBV status in
this analysis but not in other studies that have compared mutation frequency between EBV+ and EBV− BL.1,3 (E) The mutation burden of each patient based on the corroborated
variants is shown as a box-whisker plot with patients stratified on the reported EBV type. Cases that benefited from directional contamination are indicated in red triangles and the rest
are black points. Although a significant global difference is observed (Kruskal-Wallis test), post hoc pairwise tests show an insignificant difference between cases with type 1 and type 2
EBV (Wilcoxon rank-sum test).
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Specifically, a preponderance of variants that were attributed to
many samples but could generally be corroborated in only 1,
which we termed “prolific” data contamination (Figure 2). These
variants affected amore limited set of loci, mostly corresponding
to regions deemed to contain clustered mutations described in
supplemental Table 3 of Panea et al (Panea_S3). We encoun-
tered numerous discrepancies between the genomes and
mutations attributed to each region according to Panea_S2 and
Panea_S3, with the latter only documenting mutations in 81 of
the genomes. The 20 genomes absent from Panea_S3 were
among those with the lowest average coverage achieved, which
could explain their exclusion from that analysis. Despite having
been (presumably) excluded from that analysis, these genomes
hadmutations attributed to themwithin these regions according
to Panea_S2. Figure 2 shows some of these regions and high-
lights the uncorroborated variants with the prolific pattern. We
found additional discrepancies between these tables with many
additional samples having mutations reported only in Panea_S2
but not documented in Panea_S3. If only corroborated variants
are considered, 16 of the BL driver genes described in this study
are mutated in significantly fewer patients than reported (bino-
mial exact test) (Figure 2C). All these genes were affected by
examples of prolific contamination.

We then sought an explanation for the variants that could not
be explained by data cross-contamination from other genomes.
We checked for uncorroborated variants supported by exome
but not genome sequencing data, which revealed 146 muta-
tions across 39 patients that could only be corroborated by the
exome data, with 17 patients having at least 3 apparent exome-
derived mutations (supplemental Figures 1D and 2). This sug-
gests that the analysis in Panea et al relied on another source of
data to identify the variants reported in Panea_S2. These results
are concerning because they cannot be consolidated with the
analysis as described by Panea et al.

Although the effects on each conclusion from Panea et al has
not been evaluated, we demonstrated that ~30% of the
reported mutations are not supported by their WGS data, which
caused a significant inflation of the mutation prevalence of at
least 16 genes and the rate of coding mutations in 9 genes
(supplemental Figure 3). These lead to different associations
between mutation frequency of genes and EBV status and
negated the reported association between mutation load and
EBV type. We also noted that numerous mutations in each of
TP53 and EZH2 were identified in our analysis but not reported
in the study (supplemental Figures 4 and 5, respectively),
drawing further questions about the analytical approaches
936 7 SEPTEMBER 2023 | VOLUME 142, NUMBER 10
used. Collectively, we feel these issues draw into question the
validity of the remaining conclusions.
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Center for Genomic and Computational Biology and Department of Medicine, Duke University, Durham, NC
Rushton et al1 refer to our work on Burkitt lymphoma (BL)2

that identified the genetic drivers of different subgroups

of BL as well as functionally validated the drivers in BL
using a CRISPR screen and created the first in vivo model
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