
demonstrated in the study of transmission ofM. bovis among
wild deer (6).

Although there is abundant literature regarding the caution
that immunocompromised patients should exercise around pets,
there is scarce discussion about the risks that immunocompromised
pets may pose to healthy pet owners. There are many conditions
for which household dogs are iatrogenically immunocompromised,
with modern treatments for inflammatory conditions in pets
including corticosteroids, as well as chemotherapeutic agents
and biologic agents such as tumor necrosis factor-a blockers (7).
This outbreak shows how an immunocompromised pet can be
the conduit for a zoonotic infection in cohabiting humans.
It raises the issue that immunocompromised pets may
potentially pose a risk to the health of their owners and other
close contacts.�
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To the Editor:

Lung adenocarcinoma (LUAD) rates among never-smoking women
in Xuanwei, China, are among the highest in the world among
never-smokers (1, 2) and are attributed to indoor air pollution from
smoky (i.e., bituminous) coal combustion. We have previously
reported that never-smoking female smoky coal users had a 100-
fold increased risk of lung cancer compared with smokeless (i.e.,
anthracite) coal users (2), demonstrating that smoky coal in
Xuanwei is one of the strongest environmental risk factors for any
cancer reported to date (3, 4). We also found that smoky coal used
earlier in life was more strongly associated with lung cancer risk (3)
and that one or more polycyclic aromatic hydrocarbons (PAHs),
such as 5-methylchrysene (5-MC), could be a key component of
coal carcinogenesis based on estimated air exposures linked to lung
cancer risk in epidemiologic studies (4). However, the underlying
mutational processes are unknown.

To comprehensively characterize the mutational landscape and
signatures in lung cancer associated with exposure to smoky coal, we
performed deep (tumor, 109.43; normal, 27.63) whole-genome
sequencing (WGS) in LUAD from Xuanwei (n=18) and Kunming
(n=6), a control area with no Xuanwei smoky coal exposure. We also
analyzed all LUADWGS raw data from the PCAWG (Pan-Cancer
Analysis ofWhole Genomes) study (5), in which smoking status was
defined by the presence of the tobacco smoking–associated single
base substitution signature 4 (SBS4) in the tumor genomes. Details
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regardingWGS and downstream bioinformatic analyses are
described in our previous publication (6). To investigate the
relationship between patterns of exposure to smoky coal and
mutational signatures, we conducted an exposure assessment of
smoky coal use as previously described and systematically
investigated the genomic alterations induced by different PAH
exposures in LUAD (3, 4). Analyses were conducted using the NIH
High-Performance Computing Biowulf cluster (https://hpc.nih.gov).

Demographic, exposure, and genomic feature data are shown
in Table 1. The tumor mutational burden for Xuanwei samples
was strikingly sevenfold higher than in samples from Kunming
(Wilcoxon rank-sum test; P, 0.001) and in samples from
nonsmokers in the PCAWG study (P, 0.001), but it was not
significantly different compared with smokers in the PCAWG study
(P=0.14) (Table 1). In contrast, frequencies and patterns of copy

number and structural alterations did not substantially differ between
Xuanwei and Kunming or PCAWG LUAD tumors, suggesting that
tumors from smoky coal exposure arise through distinct mutagenic
processes. Overall, five of six tumors from Kunming had subclonal
mutation clusters, with a total subclonal mutation ratio of 9.82%. In
contrast, only 4 of 18 tumors from Xuanwei had subclonal mutation
clusters, with a total subclonal mutation ratio of 1.07% (Fisher’s exact
test; P=0.015), suggesting that smoky coal exposure drives tumor
clonal more than subclonal expansion.

In Xuanwei tumors, p.S768I mutations were the most recurrent
EGFRmutations (n=8; 66.67%) as previously reported (7).
Interestingly, seven of these Xuanwei tumors carried double
nonsynonymous EGFRmutations, and the most frequent partners
of the p.S768I EGFRmutation were p.G719A (n=3) and p.G719C
(n=2). The high frequency of specific EGFR double mutations

Table 1. Comparison of Demographics, Xuanwei Smoky Coal Exposure and Genomic Features of Lung Adenocarcinoma
Tumors in Cases from Xuanwei, Kunming, and the Pan-Cancer Analysis of Whole Genomes Study

Xuanwei Kunming PCAWG PCAWG
Nonsmokers Nonsmokers Smokers Nonsmokers

(n=18) (n=6) (n=21) (n=17)

Demographics and coal exposure*
Age, yr, median (range) 55 (44–64) 61 (52–66) 70 (41–81) 64 (52–79)
Sex, M/F 1/17 0/6 13/8 5/12
Cumulative tons Xuanwei smoky coal

burned in home before age 18 yr, median
(range)

102 (3–170) 0 0 0

Cumulative tons Xuanwei smoky coal
burned in home age >18 yr, median
(range)

130 (0–364) 0 0 0

Tumor molecular characteristics
Tumor mutational burden† (median) 7.55 1.05 13.15 1.63
Percentage of genomic alterations by copy

number, median
79% 84% 84% 78%

Structural variants, median 77 92 66 71
Whole-genome doubling, no. of tumors (%) 11 (61.11%) 4 (66.67%) 12 (57.14%) 11 (64.75%)
Kataegis,‡ no. of tumors (%) 10 (55.55%) 3 (50.00%) 14 (66.67%) 8 (47.06%)

Tumor driver mutations, no. of tumors (%)
EGFR mutation 12 (66.67%) 3 (50.00%) 2 (9.52%) 3 (17.65%)
EGFR (double mutations) 7 (38.89%) 0 (0%) 0 (0%) 1 (5.88%)
EGFR (hotspot) p.S768I, 8 (44.44%) p.L858R, 2 (33.33%) No hotspot No hotspot
KRAS mutation 1 (5.56%) 0 (0%) 5 (23.81%) 2 (11.76%)
TP53 mutation 9 (50.0%) 1 (16.67%) 11 (52.38%) 4 (23.53%)
SFTPB (noncoding) 2 (11.11%) 0 (0%) 3 (14.29%) 1 (5.88%)
ALK (fusion) 0 (0%) 2 (33.33%) 0 (0%) 0 (0%)
CDKN2A deletion 5 (27.78%) 0 (0%) 3 (14.29%) 3 (17.65%)

Tumor mutational signatures,§ median no. (%)
mutations assigned to each signature
COSMIC Signature SBS4 18,646 (80.3%) 0 (0%) 26,887 (69.9%) 0 (0%)
COSMIC Signature DBS2 106 (47.44%) — 781 (100%) —
COSMIC Signature ID3 644 (100%) — 1,007 (100%) —

Definition of abbreviations: DBS=doublet base substitution; ID= insertions and deletions; SBS=single base substitution.
*No cases from Xuanwei or Kunming had a history of tuberculosis. Nine of 18 cases from Xuanwei and no cases from Kunming had a family
history of lung cancer. One of 18 cases from Xuanwei and no cases from Kunming had a history of previous noncancer lung disease.
Seventeen of 18 and 2 of 6 cases from Xuanwei and Kunming, respectively, had a history of exposure to environmental tobacco smoke.
Seventeen of 18 cases from Xuanwei had lived in a home where smoky coal combustion was not ventilated to the outside by a chimney. None
of these variables were statistically significantly associated with the mutational signatures presented in the table and were not included in
analytical models. Tumor stage: Xuanwei (seven IA, three IB, two IIA, four IIIA); Kunming (one IA, three IB, one IIA, one IIB).
†Tumor mutational burden estimated as the number of mutations per megabase.
‡Kataegis, a pattern of localized hypermutations identified in cancer genomes.
§Signature deconvolution analysis performed by SigProfilerExtractor algorithm and using COSMIC mutational signatures version 3 as reference
(10); COSMIC: Catalogue of Somatic Mutations in Cancer (https://cancer.sanger.ac.uk/signatures).
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only in Xuanwei tumors suggests a distinct mutagenic process and
selection pressure for EGFRmutations during tumorigenesis caused
by the smoky coal exposure. No additional significant differences in
molecular and clinical features were identified between Xuanwei and
smokers or nonsmokers in PCAWG samples (Table 1).

To explore the mutational processes of Xuanwei tumors and
compare them with those from specific PAHs and their mutagenic

metabolites in experimental systems (8), as well as from smoking-
associated signatures in human studies (9), we performed de novo
mutational signature extractions for different types of somatic
mutations and identified three major signatures that showed high
cosine similarities to the tobacco smoking signatures: single base
substitution SBS288A (cosine similarity, 0.994 to SBS4), doublet base
substitution DBS78A (cosine similarity, 0.884 to DBS2), and small

Xuanwei (N = 17)
Coal exposure age <18

Kunming (N = 6)

Xuanwei study

de novo mutational signatures
(SBS288A/DBS78A/ID83A)

Xuanwei (N = 1)
Coal exposure age ≥18

Nonsmokers (N = 17)
Smokers (N = 21)

PCAWG study

SBS DBS ID

Figure 1. Cosine similarity distributions between the mutational profiles of each sample or de novo signatures (SBS288A/DBS78A/ID83A in
Xuanwei study only) and known polycyclic aromatic hydrocarbon–related signatures for SBS (left), DBS (middle) and ID (right) profiles. For the
Xuanwei study, the tumor sample NALC-0015-T01, which had almost no exposure to smoky coal before age 18, is colored orange. A cosine
similarity was used as a measure of closeness between two mutational patterns (profiles or signatures). This ranges between 0 and 1, where a
similarity of 1 represents identical mutational patterns and a similarity of 0 represents completely different mutational patterns. 5-MC=5-methylchrysene;
BaP=benzo[a]pyrene; BPDE=benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide; DBA=dibenz[a,h]anthracene; DBAC=dibenz(a,j)acridine;
DBADE=dibenz[a,h]anthracene-3,4-diol-1,2-epoxide; DBP=dibenzo[a,l]pyrene; DBPDE=dibenzo[a,l]pyrene-11,12-dihydrodiol-13,14-epoxide;
DBS=doublet base substitution; ID= insertions and deletions; SBS=single base substitution.
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insertion and deletion signature ID83A (cosine similarity, 0.986 to
ID3). These signatures were significantly enriched in Xuanwei tumors
compared with Kunming (SBS288A, 94.4% vs. 16.7%; DBS78A,
88.9% vs. 0%; ID83A, 94.4% vs. 0%; all Fisher’s exact test; P, 0.001).

SBS288Awas identified in 17 of 18 of the tumors fromXuanwei,
but in only 1 tumor fromKunming, which accounted for 88.16% and
0.82% of the total mutations in these two groups, respectively. Although
the tumormutational burden in Xuanwei was lower than in smokers
from the PCAWG study, the proportion ofmutations assigned to SBS4
was higher in Xuanwei than in PCAWG smokers (80.31% vs. 69.9%;
P=0.0088) (Table 1), which suggests that the smoky coal exposure
provides a highermutagenic contribution than tobacco smoking.

Compared with tumors from Kunming, the mutational spectra
and de novo signatures from almost all tumors in Xuanwei exhibited
very strong and almost identical cosine similarities to several
experimental PAH signatures (8), including 5-MC and
benzo[a]pyrene (Figure 1). These compounds have been identified
in coal combustion emissions (4) as well as other combustion
sources, including tobacco (8), and 5-MC has previously been
linked to lung cancer risk in Xuanwei (4).

We also investigated the relationship between patterns of
exposure to smoky coal and mutational signatures. We calculated
cumulative tons of smoky coal used in homes at,18 and>18 years
of age. We found that the number of mutations assigned to PAH-
related signatures (e.g., SBS288A) was more strongly associated
with cumulative tons of smoky coal exposure before 18 years of age
(beta =0.09; 95% confidence interval [CI], 0.06–0.12; P, 0.001, by
linear regression) than later in life (beta =0.04; 95% CI, 0.02–0.06;
P=0.002). Furthermore, including both age-related exposure
variables in a multivariable model to mutually adjust their effects, the
regression coefficient for the former association (,18 yr of age) was
minimally changed and remained statistically significant (beta =0.1;
95% CI, 0.04–0.16; P=0.0015), whereas the regression coefficient for
the latter association (age>18 yr) became null and nonsignificant
(beta =20.008; 95% CI,20.04 to 0.02; P=0.62). Interestingly, we
found that the one Xuanwei case (NALC-0015-T01) with almost
no exposure to smoky coal before age 18 had very low genomic
alterations and no SBS288A and ID83A detected, comparable to
unexposed cases from Kunming (Figure 1).

In summary, high mutational burden, EGFR double hotspot
mutations, and distinct PAHmutational processes associated with
early-life smoky coal exposure were identified in samples from
Xuanwei and likely contribute to the high lung cancer risk from
indoor coal exposure in Xuanwei. Given the ubiquity of coal used for
household heating and cooking and for electric power generation
worldwide, our results warrant further investigation (e.g., larger
sample sizes andmore diverse populations with different types and
levels of coal [10] and PAH exposure) into the distinct carcinogenic
processes of PAH in air pollution to identify possible preventive and
therapeutic interventions.�
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