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Abstract
Background Sinonasal adenocarcinoma is a rare cancer, encompassing two different entities, the intestinal-type 
sinonasal adenocarcinoma (ITAC) and the non-intestinal-type sinonasal adenocarcinoma (non-ITAC). Occurrence of 
ITAC is strongly associated with exposure to hardwood dusts. In countries with predominant exposure to softwood 
dust the occurrence of sinonasal adenocarcinomas is lower and the relative amount of non-ITACs to ITACs is higher. 
The molecular mechanisms behind the tumorigenic effects of wood dust remain largely unknown.

Methods We carried out whole-genome sequencing of formalin-fixed paraffin-embedded (FFPE) samples of 
sinonasal adenocarcinomas from ten wood dust-exposed and six non-exposed individuals, with partial tobacco 
exposure data. Sequences were analyzed for the presence of mutational signatures matching COSMIC database 
signatures. Driver mutations and CN variant regions were characterized.

Results Mutation burden was higher in samples of wood dust-exposed patients (p = 0.016). Reactive oxygen species 
(ROS) damage-related mutational signatures were almost exclusively identified in ITAC subtype samples (p = 0.00055). 
Tobacco smoke mutational signatures were observed in samples of patients with tobacco exposure or missing 
information, but not in samples from non-exposed patients. A tetraploidy copy number (CN) signature was enriched 
in ITAC subtype (p = 0.042). CN variation included recurrent gains in COSMIC Cancer Gene Census genes TERT, SDHA, 
RAC1, ETV1, PCM1, and MYC. Pathogenic variants were observed most frequently in TP53, NF1, CHD2, BRAF, APC, and 
LRP1B. Driver mutations and copy number gains did not segregate by subtype.

Conclusions Our analysis identified distinct mutational characteristics in ITAC and non-ITAC. Mutational signature 
analysis may eventually become useful for documentation of occupation-related cancer, while the exact mechanisms 
behind wood dust-driven carcinogenesis remain elusive. The presence of homologous recombination deficiency 
signatures implies a novel opportunity for treatment, but further studies are needed.
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Introduction
Sinonasal cancers are a rare group of malignant solid 
tumors originating in the nasal cavity and paranasal 
sinuses. In 2019, the incidence of sinonasal cancer in 
Finland was 1.6 per 100,000 person-years in men and 0.7 
per 100,000 person-years in women [1]. They are often 
detected only at an advanced stage [2], and the location 
makes treatment difficult [3].

Sinonasal adenocarcinomas are divided into intestinal-
type adenocarcinomas (ITAC) and non-intestinal-type 
adenocarcinomas (non-ITAC), with variable growth pat-
terns and differentiation. Intestinal-type sinonasal ade-
nocarcinoma (ITAC) is enriched in patients who have 
occupational exposure to wood dust, leather dust, form-
aldehyde, arsenic, nickel and chromium, and unspecific 
exposures related to textile manufacturing and construc-
tion industries [4]. Paint mists and organic solvents have 
been implicated as well [5, 6]. Sinonasal adenocarcinoma 
has a particularly strong association to wood dust expo-
sure [5, 6].Histologically ITACs resemble malignant and 
normal forms of intestinal epithelium, and they can be 
distinguished immunohistochemically from non-ITACs 
by their expression of intestinal markers CDX2, CK20, 
and SATB2 [7]. ITAC is particularly strongly associated 
with exposure to hardwood dusts. In exposure to soft-
wood dusts, occurrence of sinonasal adenocarcinomas 
is clearly lower, and the relative amount of non-ITACs to 
ITACs is higher.

Chronic inflammation has been posited as a likely 
driver of sinonasal carcinogenesis. When compared with 
sinonasal squamous cell carcinoma, sinonasal adenocar-
cinomas have on average a clearly higher COX-2 expres-
sion, as 12 out of 13 COX-2 expressing tumors were ITAC 
[8]. Inflammatory mechanisms are also supported by 
cultured cell lines expressing interleukins when exposed 
to different wood dusts [9]. A direct genotoxic effect of 
wood dust has been established [9, 10], with especially 
dust generated from composite wood products leading to 
acute DNA damage [10]. Used methods have measured 
biomarkers present only after short-term exposure, and 
thus the quantity and nature of damage accumulated over 
longer periods of exposure is unclear. Human bronchial 
epithelial cells can transform to a pre-cancerous pheno-
type in wood dust exposure in vitro, with DNA repair 
mechanisms malfunctioning in the transformed cells 
[11].

Mutational signatures derived from whole genome 
sequences of cancers can provide valuable clues to the 
etiopathogenesis of the disease [12]. To characterize 
mutation landscapes of ITACs and non-ITACs with and 
without exposure to wood dust we performed whole-
genome sequencing (WGS) from archived formalin-fixed 
paraffin-embedded (FFPE) tumor DNA from 16 patients 

with documented wood dust exposure histories (10 
exposed and 6 non-exposed).

Materials and methods
Sample set
We utilized archived Finnish sinonasal adenocarcinoma 
samples, a subset of a previously gathered and studied 
sample set from a multinational project concerning TP53 
mutation status in wood dust-related sinonasal cancer 
[13]. In this sample set, the individuals or their next-of-
kin were contacted for background interviews concern-
ing occupational exposure to wood dust and tobacco 
smoking habits, and wood dust exposure level and proba-
bility was subsequently evaluated by a panel of industrial 
hygienists based on industry, occupation, and period of 
employment of the individual. Whole genome sequenc-
ing was performed for FFPE tumors of 16 sinonasal 
adenocarcinoma patients (Table 1). We considered indi-
viduals with definite or probable wood dust exposure as 
exposed, and individuals with possible exposure as unex-
posed. Information on wood dust type and level of expo-
sure was available in our study, but we did not consider 
these finer-resolution variables due to the small amount 
of sequenced samples and thus low statistical power of 
any subsequent analyses. Similarly, tobacco smoking was 
treated as a binary variable based on known smoking 
habits, without detailed consideration of exposure length, 
and those only exposed to second-hand smoking were 
classified as non-exposed. Samples were evaluated by HE 
stainings and immunohistochemistry (CK20 and CDX-2 
stainings). Demonstration of intestinal differentiation 
was required for inclusion in the ITAC group, while lack 
of it led to inclusion in the non-ITAC group.

Sample preparation
The phenol-chloroform method was used to extract DNA 
from FFPE tissues. Different whole genome library prep-
aration approaches were used to optimize the quality of 
sequence data. Libraries were prepared both in-house 
and by BGI Tech Solutions (PRC). All Illumina platform 
sequencing libraries were prepared using KAPA library 
amplification kits (Roche, CH), while BGISEQ-500 
libraries were prepared at the sequencing service pro-
vider using the platform’s proprietary method. For KAPA 
libraries, either sonication using a Covaris sonicator 
(Covaris, Inc., USA) or S1 nuclease (Promega Corpora-
tion, USA) treatment was applied [14, 15]. NEBNext 
FFPE DNA Repair Mix (New England Biolabs, USA) was 
used in the preparation of a subset of KAPA libraries.

We initially ordered sequencing from BGI Tech Solu-
tions using both Illumina X Ten (Illumina, USA) and 
BGISEQ-500 (BGI Tech Solutions, PRC). Sequencing 
libraries were produced by the service provider for this 
round. As the performance of these platforms has been 
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estimated as more or less equal [16], and our summary 
quality control was in agreement, we decided to continue 
with Illumina technology as it allowed us control over 
library preparation.

In our first library preparation test round we followed 
standard KAPA HyperPrep kit library preparation pro-
tocol, with the exception of adding an enzymatic repair 
step using NEBNext FFPE DNA Repair Mix after DNA 
shearing with a Covaris sonicator (Covaris, Inc., USA), 
or replacing sonication with S1 nuclease (Promega, USA) 
treatment. These libraries were sequenced at Macrogen 
(Macrogen Europe BV, NL) with the NovaSeq 6000 plat-
form (Illumina, USA), which was used for all remaining 
sequence data production in the project. The final library 
preparation protocol is presented in Additional file 1.

WGS data processing
Overlapping raw sequence reads were error-corrected 
using BBMerge [17] from the BBTools suite version 37.62. 
Adapter sequences were removed with Trimmomatic 
version 0.39 [18]. Trimmed reads were aligned to human 
reference genome GRCh38 using BWA-MEM2 version 
2.1 [19]. Read groups were added to aligned reads using 
the AddOrReplaceReadGroups tool from GATK version 
4.1.9 [20]. When applicable, multiple libraries from the 
same sample were merged using SAMtools version 1.11 
[21]. Duplicate reads were removed using MarkDupli-
cates from GATK. Remaining reads were sorted using 
SAMtools, after which GATK tools BaseRecalibrator 
and ApplyBQSR were applied. Our variant calling pipe-
line followed GATK best practices workflow for somatic 
short variant discovery, running the GATK release 4.0.4.0 
tools SplitIntervals, M2, SumSubVcfs, MergeVCFs, Sum-
Floats, MergeBamOuts, CollectSequencingArtifactMet-
rics, CollectF1R2Counts, LearnReadOrientationModel, 
CalculateContamination, Filter, FilterByOrientationBias, 
FilterAlignmentArtifacts, oncotate_m2, and Funco-
tateMaf [20]. We used an in-house panel of normals of 
30 samples.

Single base substitution-, indel-, and doublet signature 
analyses
Single nucleotide variants (SNVs) and indels passing all 
filters in GATK’s FilterMutectCalls tool were further fil-
tered using BasePlayer [22], excluding calls with allelic 
depth less than 20, and less than three alternative allele 
reads. In the absence of paired normal tissue samples, we 
filtered germline variants by removing all variants with 
GnomAD v3 [23] all-population allele frequency over 
0.00001, or variant allele fraction more than 0.35. Single 
base substitution (SBS), indel (ID), and doublet base sub-
stitution (DBS) mutational signatures were called using 
SigProfiler v1.1.4 [24]. SNV signatures were additionally 

extracted with a hierarchical Dirichlet process (HDP) 
mutational signature analysis method [25].

HDP de novo analysis was pursued as a means to 
extract novel signatures from the data, which would then 
be analyzed in detail. However, the observed components 
varied greatly in terms of credibility intervals of mutation 
categories comprising each component. This is due to the 
limited amount of samples which affected the amount of 
data available for inference. Furthermore, direct cosine 
similarity comparison using mean values and forgoing 
the use of credibility information in the presence of such 
variability is not robust. Thus, de novo signature analysis 
was considered only suggestive of HRD signature SBS3 
(Additional file table S1), with emphasis placed on other 
methods during mutational signature results analysis.

Mutational signature data can be presented as scaled to 
each samples’ mutation count total, which presents rela-
tive contributions of different mutation processes within 
the tumor. We have chosen this approach due to large 
variability in mutation rates within the sample set, as 
relative importance of signatures were difficult to discern 
in samples with fewer total mutations. Clusterings and 
heatmaps may also be presented without such scaling. 
This affects the clustering and potentially visual interpre-
tations as well, due to which both versions are presented 
in Additional file 2 figures S1–9.

Copy number variant calls
First, we ran copy number variant (CNV) analysis with 
ASCAT [26], which failed to create CNV segments for 
the majority of samples due to low FFPE sample qualities. 
We were able to produce CNV segments with Control-
FREEC v11.6 [27]. We used visualizations from ASCAT 
to adjust Control-FREEC “coefficientOfVariation” param-
eter and to validate the CNV calls (Additional file 2, Fig. 
S10). Resulting segments were merged if there were adja-
cent events with the same genotype and copy number. 
Due to low tumor cell percentage and non-existent allelic 
imbalance signals (Additional file 2, Fig. S10), we used 
the sample SNC72 as a control for all other samples.

Copy number signature analysis
We used CNV segment results of Control-FREEC as an 
input to SigProfilerMatrixGenerator v1.2 [28] and then 
ran the resulting matrix through SigProfilerExtractor [24] 
v1.1.4 with default parameters to extract copy number 
(CN) signatures.

Driver mutation analysis
We used ActiveDriver [29] to rank driver gene mutations 
in the sample set, with an input variant set consisting of 
all short variants passing all FilterMutectCalls filters, with 
an allele frequency of less than 0.0001 in the complete 
GnomAD set. To define the elements of interest for the 
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ActiveDriverWGS analysis, all protein-coding sequence 
regions were extracted from Ensembl gene annotation 
release 104. A further analysis focusing on genes found 
in the COSMIC Cancer Gene Census (CGC) [30] was 
also produced. Mutation calls in sinonasal adenocarci-
noma driver genes reported in previously published lit-
erature [31–34] were studied in detail; we excluded all 
GnomAD variants from unfiltered variant call files to 
remove germline variants, while minimizing the risk of 
not detecting mutations due to varying tumor cell per-
centages and intra-sample clonality. Remaining mutation 
calls were curated by inspecting read-level sequence data 
with BasePlayer [22] and finally filtering out variants pre-
dicted benign by the majority of tools in VarSome aggre-
gated predictions [35]. All CGC genes were examined 
for doublet mutations matching the DBS2 signature. To 
compare TP53 mutation calls produced by WGS and an 
earlier Sanger sequencing effort of the same sample set 
[13], all GnomAD variants were excluded from variants 
passing FilterMutectCalls filters and no further filtering 
was carried out. Significant genes in CNV peak regions 
were called by inserting the list of genes in each region to 
VarElect [36] and prioritizing genes present in CGC.

Results
Mutation burden is significantly higher in sinonasal 
adenocarcinomas with wood dust exposure
We quantified SNV counts both overall and subsetted 
by assignment to specific mutational signatures, group-
ing the samples by wood dust exposure status and his-
tological subtype (Fig. 1a and b). We found a significant 
trend (p-value = 0.016) of increased point mutation bur-
den in the samples from patients with wood dust expo-
sure (Fig. 1a). Mutation burden was not associated with 
histological subtype (p = 0.10, Wilcoxon rank-sum test 
Fig. 1a), and histological subtype was not associated with 
wood dust exposure status (p = 0.12, Fisher’s exact test). 
ITACs had lower tumor cell percentage estimates than 
non-ITACs (mean 43.8% vs. 71.9%, p = 0.023, Wilcoxon 
rank-sum test). Tumor cell percentage was not associated 
with wood dust exposure status (p = 0.15, Wilcoxon rank-
sum test).

SNV mutational signature profiling with SigProfiler 
identifies APOBEC signatures and ROS damage
We observed APOBEC SBS signatures SBS2 and SBS13 
in the mutational signature analysis conducted with Sig-
Profiler (Fig. 1c). Samples were concurrently positive for 
both signatures, and the signatures clustered together 
in hierarchical clustering. APOBEC signature positivity 
did not segregate with wood dust exposure or histologi-
cal subtype. We observed MUTYH deficiency signature 
SBS36 in five wood dust-exposed samples, and a mutu-
ally exclusive reactive oxygen species (ROS) damage 

signature SBS18 with a very similar mutation spectrum, 
in two exposed and two non-exposed samples. Only one 
sample carried a potential loss-of-function mutation in 
MUTYH. Due to the high similarity of signatures SBS18 
and SBS36 and the lack of somatic MUTYH mutations 
in the majority of samples, we compared these possi-
bly ROS-induced signatures concurrently to detect any 
association with wood dust exposure or tumor subtype 
(Fig.  1b). We detected a statistically significant enrich-
ment of ROS damage-type mutations in ITAC subtype 
tumors (p = 0.00055, Wilcoxon rank-sum test), and a bor-
derline significant association with wood dust exposure 
(p = 0.062, Wilcoxon rank-sum test).

Copy number, SNV, and indel mutational signature 
analyses identify homologous recombination deficiency as 
a potential novel feature in sinonasal adenocarcinoma
When sorted by cosine similarity, homologous recom-
bination deficiency (HRD) signature SBS3 was among 
the best matches to de novo mutational process compo-
nents extracted with HDP, with these novel components 
being present in the majority of samples (Additional file 
2: Fig. S4 & Table S1). SBS8, a signature with HRD as a 
proposed etiology, was observed predominantly in wood 
dust-exposed samples in the SigProfiler analysis (Fig. 1c). 
Indel signature analysis with SigProfiler extracted among 
others ID6, an indel signature associated with HRD, 
which was observed in five samples (Additional file 2: Fig. 
S6).

CNVs appear as a frequent feature in beta allele fre-
quency (BAF) segment plots of the sample set (Addi-
tional file 2: Fig. S10). CN signature analysis identified 
two signatures: tetraploidy signature CN2 and HRD 
signature CN17 (Table 2, Additional file 2: Figs. S8, S9). 
Neither CN signature was statistically significantly asso-
ciated with wood dust exposure. CN2 was more common 
in ITAC subtype tumors (mean 12.4 variants vs. 2.3 vari-
ants, p = 0.042, Wilcoxon rank-sum test) and CN17 was 
more common in non-ITAC subtype (mean 15 variants 
vs. 6.4 variants, p = 0.07, Wilcoxon rank-sum test). HRD-
associated SBS signature SBS8 was mostly present in 
samples positive for CN2 but not CN17 (4 out of 5 sam-
ples). Signature associations to tobacco exposure were 
not tested due to a large proportion of samples missing 
tobacco exposure data.

SNV, doublet, and indel tobacco exposure signatures are 
detectable from FFPE DNA
DBS signature analysis detected tobacco signature DBS2 
in the sample set, with activity in samples with known 
tobacco exposure or missing data (Table  3). Based on 
signature presence in different analyses, at least three of 
the samples with missing tobacco smoke exposure data 
would be from smokers. Tobacco signature SBS4 was 
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observed in one sample with SigProfiler (Fig.  1c), and 
in five samples with HDP. Samples that were positive 
for SBS signatures were also positive for DBS2, with the 
exception of SNC48, which had very few mutations over-
all, and a small proportion of total activity identified as 
SBS4 in the HDP analysis. Indel signature ID3, associated 
with tobacco smoking, was observed in two individu-
als with unknown smoking background and one known 
smoker. The known smoker was not positive for other 
tobacco-associated signatures. Practically no activity for 

any of the smoking signatures was detected in samples 
lacking tobacco exposure.

Driver mutation analysis
No significantly enriched mutated genes were detected 
in the complete gene set analysis. When focusing the 
analysis on genes present in CGC, only TP53 remained 
statistically significantly enriched after false discov-
ery rate correction (p = 0.039, Chi-square tests and 

Fig. 1 (a) Single nucleotide variant (SNV) counts of samples grouped by wood dust exposure and histological subtype. Sample difference tested with 
Wilcoxon rank-sum test. (b) Sums of mutations in signatures SBS18 and SBS36 grouped by wood dust exposure and histological subtype. Sample dif-
ference tested with Wilcoxon rank-sum test. (c) Single base substitution signatures of wood dust-exposed and non-exposed tumors produced with the 
SigProfiler method, with hierarchical clustering utilizing cosine distance and average linkage method. Signature activities are scaled as proportion of 
contribution to each sample’s total mutation count. An unscaled image is presented in Additional file 2 (Fig. S1)
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Benjamini-Hochberg-adjusted p-values calculated by 
ActiveDriverWGS).

In the comparison of results from Sanger sequenc-
ing and WGS, TP53 mutation statuses were concordant 
in six out of eight samples when using positive Sanger 
sequencing results produced earlier [13] as reference 
(Table  4). Exact variant calls were reproduced in three 
samples, with one additional sample having a one-base 
position difference between WGS and Sanger variant 

calls. Two TP53 Sanger-sequenced mutation-positive 
samples were not detected by WGS, while WGS detected 
one low allele fraction mutation in a sample observed as 
wild-type with Sanger sequencing. In one sample, WGS 
detected a second TP53 mutation alongside a mutation 
detected with Sanger sequencing. Unspecified TP53 exon 
mutations have been detected by capillary electrophore-
sis single strand conformation polymorphism (CE-SSCP) 
analysis in four samples [13], without successful subse-
quent validation by Sanger sequencing. The mutation sta-
tus of these exons could not be validated by WGS, either.

Analyzing mutation status of previously reported sino-
nasal adenocarcinoma driver genes revealed no signifi-
cant association of mutations with either ITAC subtype 
or wood dust exposure. The most significant enrich-
ment was for PIK3CA mutations in non-ITAC subtype 
(four mutations in non-ITAC tumors and zero muta-
tions in ITAC tumors, p = 0.077, Fisher’s exact test) and 
CTNNB1 mutations by wood dust-exposure (five wood 
dust-exposed samples positive and zero non-exposed, 
p = 0.093, Fisher’s exact test). The most often mutated 
driver genes were NF1 and CHD2 (Fig. 2). We observed 
two BRAF nonsense mutations Arg239Stop and Arg-
558Stop in our data, each in two samples, and a KRAS 
Gly12Ala substitution mutation. EGFR was mutated in 
two samples, causing Gly63Arg and Val308Ile substitu-
tions, while Leu858Arg was not observed. Nonsynony-
mous BRCA1 and BRCA2 mutations were detected, but 
none of these were predicted to be pathogenic.

Copy number analysis revealed copy number gain 
peaks at 5p15.3 (11 out of 16 samples), 7p21.3-p22.1 
(11 samples), 8p21.3-p22 (10 samples), and 8q24.13 
(8 samples). A loss peak was observed at 5q14.3-q15 (6 
samples). The gain peaks overlap TERT and SDHA in 
chromosome 5, RAC1 and ETV1 in chromosome 7, and 
PCM1 in chromosome 8p with another peak near MYC 
in 8q. EGFR amplification was observed in ITAC samples 
SNC78, SNC105, SNC214, and SNC229, with no obser-
vations in non-ITAC samples (p = 0.077, Fisher’s exact 
test). Copy number variants did not associate with his-
tological subtype or wood dust exposure history. Figures 
of copy number variation and a table of sample-specific 
results for the most commonly affected genes is available 
in Additional file 2 (Fig. S11, Table S2).

Analyzing the occurrence of doublet mutations match-
ing the DBS2 signature mutation spectrum in genes 
present in CGC, we observed a CC > AA mutation at 
2:47836001–47,836,002, causing a splice site mutation 
and replacing Trp196 with cysteine in the gene FBXO11, 
and a GG > TT mutation at 3:30674125–30,674,126, 
causing replacements Met425Ile and Ala426Ser in the 
tumor suppressor gene TGFBR2. These doublet muta-
tions occurred in SNC105 and SNC19, respectively, both 
samples being from smokers.

Table 2 Sample exposure status and CN variants assigned to CN 
signatures
Sample Tobacco Wood dust Subtype CN2 CN17
SNC142a, b NA exposed ITAC 22 0
SNC12 NA exposed ITAC 0 16
SNC78a NA exposed ITAC 19 0
SNC105 smoker exposed ITAC 19 0
SNC214a smoker exposed ITAC 13 11
SNC229 smoker exposed ITAC 17 23
SNC19a smoker exposed ITAC 9 0
SNC41 non-smoker non-exposed ITAC 0 1
SNC131b NA exposed non-ITAC 0 24
SNC176 non-smoker exposed non-ITAC 0 21
SNC233b smoker exposed non-ITAC 2 5
SNC48 NA non-exposed non-ITAC 0 3
SNC232b non-smoker non-exposed non-ITAC 5 6
SNC186b non-smoker non-exposed non-ITAC 9 14
SNC215a smoker non-exposed non-ITAC 0 32
Table sorted by subtype. SNC72 was used as a control sample in CN calling and 
thus is not present in the result table. ITAC = intestinal-type adenocarcinoma. 
Columns CN2 and CN17 contain the count of variants matching COSMIC 
signatures for tetraploidy and homologous recombination deficiency, 
respectively. a=sample positive for SBS8 in SigProfiler analysis. b=sample 
positive for ID6 in SigProfiler analysis

Table 3 Tobacco smoke exposure status and doublet base 
substitution count by DBS signature
Sample Tobacco exposure DBS2 DBS78B
SNC12 NA 10 0
SNC131a, b,c NA 288 0
SNC142b NA 49 86
SNC78b, c NA 140 0
SNC48b NA 0 15
SNC176 non-smoker 0 6
SNC186 non-smoker 0 32
SNC232 non-smoker 2 0
SNC41 non-smoker 1 7
SNC105 smoker 33 0
SNC19 smoker 34 0
SNC214b smoker 196 0
SNC229 smoker 5 66
SNC233 smoker 0 10
SNC215c smoker 0 24
SNC72 is missing from the DBS analysis as the sample did not contain any 
doublet mutations. DBS78B is a composite signature of DBS4, DBS6, DBS7, and 
DBS11. a=SBS4 activity called in sample by SigProfiler. b=SBS4 activity called in 
sample by HDP (Additional file 2: Fig. S2). c=ID3 called in sample by SigProfiler
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Discussion
We have performed whole-genome sequencing for 16 
archival FFPE samples of sinonasal adenocarcinoma to 
study any possible mutational signatures and driver genes 
shared by the sample set, and the association between 
mutational landscape and environmental exposures. 
Although the sample material was challenging, as archi-
val FFPE tumor tissues were utilized instead of fresh 
tissue samples, we were able to extract novel charac-
teristics for this tumor type. We used multiple different 
approaches to strengthen the confidence of our findings.

There were several limitations to this study, the most 
definitive of which was the small sample size. Lack of 
statistical power impeded determination of association 
between mutational characteristics and exposure infor-
mation, especially in tobacco smoke exposure where 
data was incomplete. In driver gene enrichment analysis, 
systematically testing every gene for mutation enrich-
ment left no genome-wide significant associations after 
adjusting for multiple comparisons. Both ITACs and 
non-ITACs can be subdivided into more defined sub-
types, but due to the small number of cases in our analy-
sis, we have preferred to carry out the analysis using this 
main distinction. The second issue was low tumor cell 
percentage in some samples. This limited our ability to 
detect SNVs in areas of low coverage, and thus we may 
not have detected some significant driver mutations. Our 
third issue was the use of FFPE material; aged paraffin 
blocks have accumulated damage and this caused noise 
in the variant analysis. The effects of FFPE damage were 
mitigated with sequencing library preparation method 
choices, multiple library sequencing, and maximizing 

sequencing coverage. While we assume sequencing arti-
facts to be diluted by true positive signals in mutation 
signature analysis, we have focused our driver mutation 
calling efforts to a limited subset of genes, allowing man-
ual curation of the WGS mutation calls.

Due to limited resources and high variability in the 
availability of healthy tissue for sequencing, we did not 
have germline sequence data for the individuals. We 
removed germline variants with two procedures: by 
removing all variants present in the GnomAD data-
set, and with a heuristic method based on variant allele 
fractions. As tumor cells amount to only a minority of 
the cells within the samples, allelic fractions of somatic 
heterozygous variants of tumor cells are lower in the 
sequencing library than those of germline variants, unless 
copy number events have also occurred in the region. 
The threshold value of 0.35 was chosen by inspecting the 
variant allele fraction distribution of each sample.

Strand-split artifact reads (SSARs) have been described 
as a feature of FFPE high throughput sequencing data, 
being almost completely absent from sequence data gen-
erated from fresh-frozen tissue DNA [15]. SSARs are 
chimeric, non-contiguous reads thought to arise from 
single-stranded DNA annealing together. By definition 
SSARs have a supplementary alignment occurring on 
the opposite strand within 500 base pairs of the primary 
alignment. Using S1 endonuclease during DNA extrac-
tion has been shown to improve sequencing library 
quality [14]. S1 has also been observed to mitigate the 
negative quality effects of SSARs, when used as a pre-
treatment to a conventional sonic shearing workflow [15]. 
In the initial stages of our study, we evaluated the effects 

Table 4 Comparison of TP53 mutation calls from Sanger sequencing and WGS.
Holmila et al. 2010 WGS

sample TP53 genotype exons change TP53 genotype exons change
SNC12 mutated 5*, 7 Gly244Cys Het(3/22) 7 Arg248Gln
SNC19 WT - - WT - -
SNC41 mutated 6*, 7* - WT - -
SNC48 WT - - WT - -
SNC72 WT - - Het(3/30) 8 Arg282Gln
SNC78 mutated 7 Arg249Gly Het(7/15) 7 Gly244Asp
SNC105 WT - - WT - -
SNC131 mutated 5 Asp184Ala WT - -
SNC142 mutated 5 Tyr163Cys Het(10/70), Het(25/55) 5, 7 Tyr163Cys, Asn235Ser
SNC176 WT - - WT - -
SNC186 mutated 7 Cys242Gly Het(13/26) 7 Cys242Phe
SNC214 mutated 5 Thr155Pro Het(34/66) 5 Thr155Pro
SNC215 WT - - WT - -
SNC229 mutated 8* - WT - -
SNC232 mutated 5*, 7 Gly245Val WT - -
SNC233 mutated 5 Cys135Tyr Het(5/22) 5 Cys135Tyr
TP53 genotype presented as status in capillary electrophoresis single strand conformation polymorphism (CE-SSCP) and Sanger sequencing results from Holmila 
et al. 2010 and genotype calls with relative depth of alternative allele sequence reads in WGS. ∗=exon mutation detected only in CE-SSCP, with exact mutation 
unknown
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of S1 endonuclease treatment in pre-extracted DNA, 
with additional preprocessing with an enzymatic repair 
mix in some tests. Libraries produced with S1 treatment 
were not sonicated, as FFPE DNA is already severely 
fragmented, and sequencing libraries are subjected to 
fragment size selection during production. Due to the 
small amount of samples, and the small size of individual 
samples, the amount of material placed severe limitations 

to our optimization efforts. Data from the first test round 
suggested that either applying an enzymatic repair step, 
or an S1 nuclease treatment without sonication, modestly 
improved oxidative artifact error rates as calculated by 
Picard’s CollectOxoGMetrics tool (Additional file 2: Fig. 
S12). Alignment-related metrics appeared quite similar 
between the different treatments, with the level of vari-
ability within this subset also being possible due to batch 

Fig. 2 Mutation status of previously reported sinonasal adenocarcinoma driver genes. Columns represent samples, and rows represent genes. Color 
indicates type of mutation, with darker hue signifying the presence of additional missense mutation calls in the same gene, in the same sample.
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effects (Additional file 2: Table S3). The second tested 
method consisted of incubating sample DNA with an 
enzymatic repair mix prior to S1 treatment. This method 
proved to be effective in removing SSARs (Additional file 
2: Fig. S15) and was chosen as the final library prepara-
tion protocol for this study. However, due to the limited 
amount of libraries produced with S1 treatment with-
out enzymatic repair, it is difficult to determine whether 
the repair step is needed, and if equal results would be 
achieved with S1 alone. A comparison of all sequencing 
libraries is provided in Additional file 2 Table S3. SSAR 
artifact reduction when the protocol is applied is shown 
in Additional file 2 Fig. S16, and key alignment metrics in 
Additional file 2 Table S4.

Analysis of samples from wood dust exposed indi-
viduals and cell lines have demonstrated the presence 
of short-term damage following exposure, with in vivo 
long-term effects remaining less known due to limita-
tions of the employed assays [10]. Furthermore, while 
cell line results indicate mutagenic potential in a range 
of different wood species [9], only exposure to dust from 
composite wood products as compared to natural wood 
caused a statistically significant difference in DNA dam-
age in workers [10]. Here, we have observed a statistically 
significant increase in total mutation burden in sinona-
sal adenocarcinomas from wood dust-exposed individu-
als, indicating that short-term mutagenic effects of wood 
dust extrapolate to the accumulation of mutations over a 
longer time period. Wood dust type was not considered 
in our analysis.

While epidemiological studies have consistently 
associated wood dust exposure with risk for sinonasal 
adenocarcinoma, pathological studies associate ITAC 
specifically with hardwood dust exposure [37]. The sig-
nificant association of ITAC subtype and sums of ROS 
damage-associated SBS signatures 18 and 36 is in agree-
ment with previous information of COX-2 expression 
being a feature of ITACs [8]. COX-2 expression is known 
to be induced by ROS [38], and ROS generation by wood 
dust has been described [39]. Thus our results support 
the idea that persistent inflammation caused by wood 
dust drives specifically ITAC subtype development. Even 
though MUTYH deficiency has been proposed to play a 
role in the etiology of SBS36, we detected only one such 
mutation in our dataset, and thus it is possible that the 
accumulation of signature-matching oxidative damage 
was driven by some other mechanism than deficiencies in 
base excision repair.

APOBEC mutations are associated with inflammation-
related interferon-gamma gene expression signature in 
head and neck squamous cell carcinoma [40]. Here, we 
did not observe any difference in APOBEC signature 
mutation count by either wood dust exposure or his-
tological subtype, and only partial overlap with ROS 

signatures. SBS10b, a signature caused by polymerase 
epsilon (POLE) exonuclease domain mutations, observed 
in a subset of the samples, was possibly a false positive 
signal caused by FFPE artifacts as only one sample with 
activity in this signature carried a nonsynonymous POLE 
mutation, which was predicted functionally benign. Fur-
thermore, the SBS10b signature consists predominantly 
of C > T mutations which are a common artifact in FFPE-
derived DNA. SBS2 is similarly a signature character-
ized by C > T mutations, and was mutually exclusive with 
SBS10b, suggesting that the activity of these two signa-
tures may be generated by sequencing artifacts caused 
by FFPE damage. However, APOBEC signature SBS13 
was concurrently observed with SBS2; SBS13 is charac-
terized by a dissimilar mutation profile to SBS2, and was 
not observed in samples only positive for SBS10b, which 
increases our confidence in this finding. Mismatch repair 
(MMR) pathway genes have been found to remain nor-
mally expressed in ITACs [41], with a single sample in a 
set of 41 ITACs displaying microsatellite instability [42]; 
our results agree with this as we did not observe any sig-
nificant activity in mutational signatures associated with 
defective DNA mismatch repair, nor did we observe 
mutations in MMR genes.

Previous studies have characterized chromosomal 
abnormalities in both sinonasal adenocarcinoma in gen-
eral [43], and focusing only on ITAC [44]. The peaks 
observed in our CN analysis are largely in agreement 
with these publications, which lends credibility to our 
results. While the gain peak at chromosome 8q in our 
data did not occur at proto-oncogene MYC, the peak hit 
approximately 550 kilobases to 5 megabases upstream 
of the gene, covering known MYC enhancers [45]. In 7 
out of 8 samples the CN gain covered the gene as well. 
The occurrence of MYC CN gain in sinonasal adenocar-
cinoma has been discussed before [43, 44] and our results 
add to the topic of MYC overexpression being a signifi-
cant feature in this cancer. TERT amplification, to our 
knowledge, has not been discussed in the context of sino-
nasal adenocarcinoma. While the loss peak in chromo-
some 5 contained no CGC genes, RAS suppressor gene 
RASA1 is a plausible candidate gene in this region, as its 
inactivation promotes RAS signaling activation and sub-
sequent tumorigenesis [46].

The apparent segregation of CN signatures CN2 and 
CN17 by histological subtype is surprising, especially 
as HRD-related SBS, ID and CN signature activity does 
not overlap well, for example samples positive for SBS8 
had limited CN17 activity at best. HRD signature SBS3 
has been previously observed in whole exome sequence 
data of a patient-derived ITAC cell line [47]. We did not 
observe similar mutations, however observation of these 
signatures warrants future study into the subject. Vali-
dation of this finding as a biological feature in sinonasal 
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adenocarcinoma would open new prospects for its treat-
ment, as poly-ADP ribose polymerase inhibitor (PARPi) 
treatment is effective in homologous recombination defi-
cient breast and ovarian cancer [48].

The presence of tobacco signatures in samples from 
smokers, but not in those of non-smokers, lend additional 
credibility to the notion that significant environmen-
tal exposures can be detected in technically challenging 
FFPE samples. The carcinogenic role of tobacco smoke is 
supported by our observation of DBS2-matching doublet 
mutations occurring in tumor suppressor genes FBXO11 
and TGFBR2 in the samples of two individuals with a 
smoking history.

Our SNV and indel analysis focused on already estab-
lished driver genes. Interestingly, we did not observe 
enrichment of any driver gene by subtype, possibly due to 
the limited size of the sample set.

TP53 was the only CGC gene to remain statistically sig-
nificantly enriched after correction for multiple testing, 
being mutated in 7 out of 16 samples (44%). TP53 variant 
calls produced from WGS data were partially discordant 
with Sanger sequencing results produced from the same 
samples a decade earlier, possibly due to accumulation of 
further damage over time, or due to differences in sample 
processing. When considering only the ITAC subtype, 4 
out of 8 samples (50%) had a mutation. This is in agree-
ment with values presented elsewhere, as studies focus-
ing on the ITAC histology have reported TP53 mutations 
in 58% [34] and 41% [49] of samples, and non-functional 
p53 in 42% of samples [50].

Approximately half of ITACs have EGFR copy num-
ber gains resulting from either chromosome 7 polysomy 
or focal gene amplification, with EGFR overexpression 
occurring in some 7–21% of samples [51, 52]. Overex-
pression is also observed in the absence of copy num-
ber variation [52]. In our sample set, we observed EGFR 
amplification in four out of eight ITACs studied. Our 
finding of truncating BRAF mutations in four samples is 
surprising, as oncogenic BRAF mutations predominantly 
increase the kinase activity, the most significant muta-
tion by far being substitution of BRAF’s 600th amino 
acid valine to a glutamic acid (V600E). The truncat-
ing BRAF mutations in this sample set have been previ-
ously observed in the context of other cancers [53–55]. 
We also observed missense BRAF mutations in some 
samples, however none of these were V600E or predicted 
pathogenic. BRAF V600E appears to be rare in sinona-
sal adenocarcinoma, as previous studies characterizing 
this mutation in ITACs have reported zero observations 
in 57 samples [52] and a single observation in 34 sam-
ples (2.9%) [51]. KRAS mutations have been observed in 
5.9% [51] and 12% of ITACs [52], and in 13% of a sample 
set consisting of both non-ITACs and ITACs [56], and 

thus encountering a single KRAS mutation in this study 
matches the reported rates of observation.

In conclusion, our results support that FFPE, a chal-
lenging but underutilized source material in medical 
genetic research, can be used in whole-genome stud-
ies of environmental exposure with certain precautions. 
The long-term mutagenic effect of wood dust exposure is 
demonstrated by the observations of increased mutation 
burden in exposed individuals and ROS mutational signa-
tures in ITAC subtype tumors. We were not able to con-
nect total mutation burden with any specific mutational 
signature or driver gene mutation. We have detected 
HRD signatures as a common feature in this tumor type, 
which has potential clinical significance. Inconsistency 
between different types of HRD mutational signatures, 
combined with our small sample size, underlines that 
further studies are needed to validate this finding. Sin-
gle base, doublet, and indel tobacco exposure signatures 
were observed in known smokers or those with missing 
data, but not in non-smokers.
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