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Cancer-related changes and low-to-moderate exposure to welding fumes: A longitudinal 
study
by Ulrike Maria Dauter, MSc,1 Ayman Alhamdow, PhD,1 Andrea Cediel-Ulloa, MSc,1,2 Anda Roxana Gliga, PhD,1 Maria Albin, 
PhD,1, 3 Karin Broberg, PhD 1, 3

Dauter UM, Alhamdow A, Cediel-Ulloa A, Gliga AR, Albin M, Broberg K. Cancer-related changes and low-to-moderate exposure 
to welding fumes: A longitudinal study. Scand J Work Environ Health. 2022;48(1):21–30. doi:10.5271/sjweh.3988

Objective   This study tested for an association between early cancer-related biomarkers and low-to-moderate 
exposure to fumes from welding mild steel.
Methods   Male, non-smoking participants from southern Sweden were recruited and examined (N=338, 171 
welders and 167 controls); of these, 78 welders and 96 controls were examined on two occasions six years apart. 
Exposure to welding fumes was evaluated by measuring respirable dust, welding years, and cumulative exposure. 
DNA methylation of CpG sites within the cancer-related genes AHRR, F2RL3, and B3GNTL1 was measured by 
pyrosequencing and relative mitochondrial DNA copy number and telomere length were measured by qPCR in 
whole-blood samples. Multivariate models were used for longitudinal analysis.
Results   Median exposure to respirable dust was 0.7 mg/m3 at both timepoints, adjusted for use of personal 
protective equipment. Compared with controls, welders showed a significant decrease over time in DNA meth-
ylation of B3GNTL1 CpG1 and CpG4 [adjusted for age, body mass index, and smoking: β=-0.66, standard error 
(SE)=0.28; β=-0.48, SE=0.24, respectively]. In addition, exposure to respirable dust and cumulative exposure 
was associated with a decrease in methylation of F2RL3 CpG2 among all welders (adjusted β=-0.67, SE=0.23 
and β=-0.03, SE=0.02, respectively). No significant associations were found for AHRR, mitochondrial DNA 
copy number, or telomere length.
Conclusion   Low-to-moderate exposure to welding fumes was associated with a small effect on selected early 
epigenetic biomarkers of cancer. The direction of the methylation pattern (lower methylation of specific CpG 
sites) indicates early lung cancer-related changes associated with mild steel welding.

Key terms   AHRR; B3GNTL1; DNA Methylation; F2RL3; lung cancer; mitochondrial DNA; occupational 
exposure; respirable dust; telomere length.
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Welders are exposed to high levels of welding particles 
(fine and ultrafine), gases, and ultraviolet radiation, and 
in some cases, co-exposure to asbestos and solvents may 
take place (1). In 2017, the International Agency for 
Research on Cancer (IARC) classified welding fumes as 
“carcinogenic to humans” (Group 1) (1, 2). This clas-
sification was based on epidemiological studies showing 
an increased lung cancer risk in welders and is valid 
for both mild and stainless steel welding (2). The main 
carcinogenic components of welding fumes are consid-
ered to be respirable particles that are 20–1000 nm in 
size and consist of a mixture of different metals, such 
as iron, manganese, chromium, and nickel. However, 

the composition of welding fumes varies, depending on 
the type of electrode used (mild steel or stainless steel) 
as well as the type of welding process (eg, gas or arc 
welding) and coating of the metals.

Protection of workers from adverse effects of welding 
fumes, including setting relevant occupational exposure 
limits (OEL), remains an important concern for public 
health. Worldwide, approximately 11 million people work 
as welders and an additional 110 million are exposed to 
welding particles at work (1). In Sweden, 13 000 people 
work as welders (3) and >250 000 are exposed to welding 
fumes at work (4). The Swedish occupational exposure 
limit (OEL) is 2.5 mg/m3 for inorganic respirable dust (5), 

This work is licensed under a Creative Commons Attribution 
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however, this OEL is not health-based. Thus, it is also not 
clear if this limit is sufficiently protective with regard to 
cancer risk. In a cohort study from 2008, an increased 
risk for lung cancer was observed among 'ever weld-
ers' [standardized incident ratio: 1.35, 95% confidence 
interval (CI) 1.06–1.70], with suggested dose–response 
associations with duration of welding as well as cumula-
tive exposure (6). Moreover, a cohort study and two case–
control studies found associations between occupational 
welding and lung cancer (7–9).

The mechanisms underlying the carcinogenicity of 
welding fumes are not fully understood and numerous 
mechanisms have been suggested. Studies have reported 
systematic inflammation (10, 11), oxidative stress (12, 
13), and immune suppression (14) among welders 
following exposure to welding fumes. Previously, our 
cross-sectional studies of low-to-moderately exposed 
Swedish welders found only limited evidence of inflam-
mation and mild increased oxidative stress measured as 
8-hydroxydeoxyguanosine in urine (15, 16). We did, 
however, find changes in cancer-related biomarkers: 
shorter telomeres (16), an increase in mitochondrial 
DNA copy number (mtDNAcn) among welders com-
pared to controls (17). A more recent study observed 
associations with cancer-related proteins (18).

Telomeres, the repetitive DNA sequence (TTAGGG) 
at the end of the chromosomes, help maintain DNA 
integrity (19). During mitosis, telomeres shorten, and 
the telomere length (TL) limits how many times a cell 
can divide. Lifestyle factors and occupational and envi-
ronmental stressors can accelerate telomere shortening 
or induce increases in TL. Shorter telomeres can result 
in chromosomal aberrations (20), a key change in car-
cinogenesis, whereas longer telomeres may result in 
higher proliferative potential and accumulation of muta-
tions (21). Earlier case–control studies of lung cancer 
have shown shorter telomeres among lung cancer cases 
(22, 23), but more recent case–control and prospective 
studies revealed longer telomeres in association with 
lung cancer, especially adenocarcinomas (24–28).

The mtDNAcn provides another biomarker for early 
cancer-associated changes. The mitochondrial DNA 
(mtDNA) lacks introns and histones, and has a limited 
capacity for DNA repair, making it vulnerable to oxida-
tive DNA damage (29). A prospective cohort study of 
male smokers from Southwest Finland suggested that 
mtDNAcn increases in cancer patients compensating for 
the low mtDNA functionality (30).

Changes in DNA methylation of CpG sites of cancer-
related genes play a major role in cancer and are spe-
cific for some carcinogens (31). Tobacco smoking has 
repeatedly been associated with hypomethylation of 
specific CpG sites in genes such as AHRR (encod-
ing aryl-hydrocarbon receptor repressor) and F2RL3 
(encoding F2R like thrombin/trypsin receptor 3) (32) in 

peripheral blood cells. Hypomethylation of cg03636183 
in F2RL3 (referred to as F2RL3 CpG2 in the current 
study) predicts lung cancer risk (33–35). Our previous 
cross-sectional study of non-smoking welders showed 
that F2RL3 CpG2 hypomethylation was associated with 
working as a welder, previous smoking, and exposure 
to respirable dust (36). Additional evidence shows that 
lower CpG cg05575921 methylation in AHRR (referred 
to as: AHRR CpG3 in the current study) predicts lung 
cancer and lymphoblastic leukemia (34). Hypomethyl-
ation of PC (pyruvate carboxylase; CpG cg10151248) 
and B3GNTL1 (beta1,3-N-acetylglucosaminyltrans-
ferase-like protein 1; CpG cg13482620; referred to 
as B3GNTL1 CpG6 in the current study), were also 
shown to be associated with lung cancer development 
independent of smoking in a recent cohort study (37). 
Therefore, exploration of epigenetic changes provides 
useful information to assess cancer risk.

The aim of this study was to evaluate early cancer-
related changes, including TL, mtDNAcn, and DNA 
methylation of selected genes, in a cohort of Swedish 
welders exposed to low-to-moderate levels of welding 
fumes and measured six years apart.

Methods

Study design

A cohort of male welders and non-exposed controls from 
southern Sweden (Södra sjukvårdregionen) was estab-
lished in 2010 (15). Baseline examination (timepoint 1) 
included 101 welders working in small- and medium-
sized welding companies, and 127 age-matched controls 
working as gardeners and janitors for a municipality or 
as workers in food-storage facilities. The control group 
had very low or no occupational exposure to particles, 
including welding fumes (15). Inclusion criteria were 
being a non-smoker for at least the previous six months 
and being male. Follow-up was conducted six years after 
the baseline recruitment (years 2016/2017, timepoint 2). 
The drop-out rate was 23% (N=23) among welders and 
24% (N=31) among controls; mainly due to retirement 
and closing of one of the companies. During follow-up 
additionally 70 welders and 40 controls were recruited. 
Based on the questionnaire data a few current smokers, 
who had been nonsmokers at baseline, were identified 
at timepoint 2 (2 welders, 3 controls).

In total, the study cohort included 338 individuals: 
171 welders and 167 controls. Of these 338 individuals, 
142 (78 welders, 96 controls) were examined at both 
timepoint 1 and timepoint 2, whereas 164 were exam-
ined only at timepoint 1 or timepoint 2 (93 welders, 71 
controls).
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All participants were asked to complete a question-
naire, including questions about country of birth, educa-
tion, personal and family history of cancer, diet, physical 
activity, smoking history, use of snus (Swedish moist 
tobacco), alcohol, current residency, as well as exposure 
to particle/ smoke during leisure time.

Peripheral blood from welders and controls was col-
lected at both timepoints by the same nurse.

Exposure assessment

A structured questionnaire was used for controls and 
welders to gain information about their occupational 
history, including their present and past workplaces, type 
and duration of jobs, and whether they were exposed 
to welding or diesel fumes. Additionally, welders were 
asked about the type of welding they performed at 
work, how many hours they spent welding on average 
per work week, their individual work station, use of 
area-level or point-source exhaust, as well as their use 
of personal respiratory, noise, and eye protection devices 
while welding.

Personal respirable dust measurements

Personal sampling of respirable dust was performed for 
the welders and area-level dust monitoring was performed 
for the controls. A detailed description can be found in 
previous publications (16, 18, 38). Based on measure-
ments from timepoint 2, the major elements in the weld-
ing fumes were iron and manganese (iron median expo-
sure 0.5515 mg/m3; manganese 0.0896 mg/m3), whereas 
exposure to chromium and nickel was at much lower 
levels (chromium median exposure 0.0004 mg/m3; nickel 
0.0005 mg/m3) as described in an earlier paper (39).

The measured respirable dust concentrations were 
corrected for use of protective devices by a correction 
factor of 3, as described in earlier papers (16, 18, 38). At 
timepoint 2, five welders had new or different personal 
protective devices compared to at timepoint 1. One 
welder upgraded to a half-mask (correction factor of 2), 
whereas four welders had a new version of a powered 
air purifying respirator with a double visor (correction 
factor of 50).

To determine the respirable dust, the filtered samples 
were gravimetrically analyzed according to a validated 
method (40). The limit of detection was 0.05 mg/sample.

For welders with missing exposure data, we based 
their exposure on data from welders working in the same 
company and with the same work tasks.

At timepoint 1, 53 out of 101 welders had measured 
respirable dust concentrations and 48 had estimated 
concentrations. At timepoint 2, 103 welders had mea-
sured respirable dust concentrations, 20 had estimated 
concentrations, and no data was available for 22 weld-

ers. Finally, 22 welders had measured respirable dust 
concentrations for both timepoints 1 and 2.

Detailed information about area level dust moni-
toring in the control companies have been published 
previously (15, 18).

To reflect the actual exposure, respiratory dust con-
centrations adjusted for personal respiratory protection 
were used in the calculation of the cumulative exposure 
and the statistical analysis.

Cumulative exposure

The cumulative exposure (or cumulative dose) for time-
point 1 was estimated by multiplying the respirable dust 
data (adjusted by use of personal protection devices) and 
the reported years spent welding (18). Similar calcula-
tions were made for timepoint 2, adding the estimate 
from timepoint 1.

Telomere length, mtDNA copy number, and DNA methylation

DNA extraction from peripheral blood samples of weld-
ers and controls was done using the QIAmp DNA Blood 
Midi kit (Qiagen, Hilden, Germany). Relative TL was 
measured using quantitative PCR (qPCR) (LightCycler 
480, Roche, Basel, Switzerland) applying a SYBR 
Green-based assay established by Cawthon (41) as 
previously described (42, 43) with minor adjustments.

Similarly, the relative mtDNAcn was measured as 
the M/S ratio, with M as the mtDNAcn and S as the 
single-copy gene HBB.

Eleven CpG sites were investigated: three in AHRR 
(CpG1–CpG3 [CpG3 corresponds to cg05575921 Illu-
mina 450K]), two in F2RL3 (CpG1 and CpG2 [corre-
sponds to cg03636183]), and six in B3GNTL1 (CpG1–
CpG6 [CpG6 corresponds to cg13482620]). Supple-
mentary Table 1 provides detailed information about the 
genomic locations of all CpG sites.

More detailed information can be found in the 
supplementary material (https://www.sjweh.fi/arti-
cle/3988) under methods.

Statistical analysis

The continuous variables are presented as median and 
5–95th percentiles whereas categorical variables are 
presented as frequencies and percentages based on the 
total valid answers from the questionnaires. Evaluation 
of differences between exposure groups (welders and 
controls) were done with the Kruskal-Wallis rank-sum 
test followed by Dunn’s post hoc test when comparing 
three groups or more; Wilcoxon Unpaired Two-Sample 
test was used for continuous variables when compar-
ing two groups, and Fisher’s exact test was used for 
categorical variables.

https://www.sjweh.fi/article/3988
https://www.sjweh.fi/article/3988


24 Scand J Work Environ Health 2022, vol 48, no 1

Cancer-related changes and low-to-moderate exposure to welding fumes

A detailed method description regarding differences in 
epigenetic biomarkers between never and ever smokers, 
differences between recruitment groups and the relation-
ship between smoking and the outcome and exposure 
variables can be found in the supplementary material.

The correlation between selected variables of interest 
was analyzed using the R package corrplot. Spearman 
correlation was used, and the data were ordered by 
hierarchical clustering. The correlation coefficient was 
determined by the base R function cor.test.

Longitudinal analysis employing linear mixed mod-
els was used to evaluate associations between exposure 
groups and DNA biomarkers (CpG sites, mtDNAcn, 
TL), and fitted by using the lmer function from the lme4 
package in R. Participants were included as random fac-
tors (random intercepts) in the mixed model, whereas 
age, body mass index (BMI), smoking (if the partici-

pants ever smoked in their life) and group were included 
as fixed factors. The RsgGLM function from the R pack-
age MuMin was used to calculate the explained variance 
by fixed factors (R2

m) and random factors (R2
c). P-values 

were adjusted for multiple testing using the Benjamini-
Hochberg method. Sensitivity analysis was performed 
including (i) only controls who never welded and (ii) 
only never-smokers.

Mixed models were used for evaluating associa-
tions between measurements of exposure (separate 
analyses for welding years, respirable dust in mg/m3 
and cumulative exposure in years) and DNA biomarkers, 
where welders were included as random factors (random 
intercepts), and age, BMI, smoking (ever smoked) were 
included as fixed factors. Sensitivity analysis included 
(i) only welders with measured respirable dust data for 
at least one timepoint and (ii) only never-smokers.

Table 1A. Characteristics of welders and controls divided by timepoint.

Continuous variables Timepoint 1 Timepoint 2 P-value welders a  P-value controls a 

  Welders N=101 Controls N=127 Welders N=145 Controls N=134
Median (5–95th 

percentile)
Median (5–95th 

percentile)
Median (5–95th 

percentile)
Median (5–95th 

percentile)
Age (years) 41 (23–60) 43 (23–56) 47 (27–64.8) 48 (29–62)
Welding years 7 (1–24) 0 (0–11.7) 11 (2–30) 0 (0–9) 0.002
Respirable dust (mg/m3) b 1.3 (0.2–4.2) 1.24 (0.1–5.5) 0.673
Respirable dust adjusted (mg/m3) c 0.7 (0.2–4.2) 0.7 (0.1–2.4) 0.353
Cumulative exposure d 4.6 (0.4–46.7) 8.44 (0.8–35.8) 0.060
Body-mass index (kg/m2) 27.7 (21.8–34.4) 27.1 (22.4–33.9) 28.5 (22.6–37.1) 27.8 (22.2–34.7) 0.168 0.160

Table 1B. Characteristics of welders and controls divided by timepoint.

Categorical variables e Timepoint 1 Timepoint 2 P-value welders a P-value controls a

Welders N=101 Controls N=127 Welders N=145 Controls N=134

N (% relative to the 
total valid answers)

N (% relative to the 
total valid answers)

N (% relative to the 
total valid answers)

N (% relative to the 
total valid answers)

Country of birth (Sweden) 74 (73) 119 (94) 99 (69) 122 (92)
Education (university or higher) 4 (4) 17 (13) 10 (7) 18 (14) 0.197 i 0.532 i
Residence (large and small cities) f 26 (26) 57 (45) 23 (16) 63 (47) 0.074 j 0.710 j
Exposure to particles from a hobby g 29 (29) 20 (16) 24 (17) 25 (19) 0.370 0.518
Smoking history (ever smoked) 47 (47) 47 (37) 63 (44) 50 (38) 0.697 0.609
Smoking status (current)
Non-smoker 96 (95) 124 (98) 135 (94) 128 (96) 0.642 0.505
Party smoker 5 (5) 3 (2) 6 (4) 3 (2)
Smoker 0 (0) 0 (0) 3 (2) 2 (2)
Current snus use 28 (28) 24 (19) 45 (31) 28 (21) 0.554 0.666
Alcohol intake (3+ times/week) 2 (2) 4 (2) 3 (2) 5(4) 0.790 k 0.919 k
Vegetable intake (5+ times/week) 59 (58) 82 (65) 83 (58) 95 (71) 0.733 l 0.685 l
Physical activity (moderate/high) h 39 (39) 53 (42) 69 (48) 64 (48) 0.046 m 0.767 m
Cancer history 0 (0) 2 (1) 7 (7) 2 (2) 0.025 0.963
Family cancer history 16 (17) 26 (20) 32 (22) 32 (24) 0.520 0.698
a P- values to showcase the differences at timepoint 1 and timepoint 2, Wilcoxon Unpaired Two-Sample test was used for calculation of the continuous variables, 

Fisher’s exact test for categorial variables. 
b Estimated or measured by personal sampling. 
c  Adjusted values considering the use of personal respiratory protection equipment.
d Calculated values based on adjusted respirable dust data and years spent welding. 
e Categorization refers to “yes” or “no” unless stated otherwise.
f Towns and countryside compared to small and large cities. 
g Particle exposure during leisure time activities, including welding fumes, dust, engine exhaust or engine diesel. 
h Physical activity for a minimum of 30 minutes per week that involves sweating. 
i Statistical test based on five different categories of education ranging from secondary school to university studies. 
j Statistical test for four different categories of current residence ranging from large city to country side. 
k Statistical test for six categories of alcohol intake, ranging from every day to never. 
l Statistical test based on eight categories ranging from three or more per day to never. 
m Statistical test based on four categories ranging from sedentary to intensive physical activity.
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All statistical analysis was performed in R 3.6.1 (44).

Ethical approval

The study was done in accordance with the 1964 Hel-
sinki Declaration. All study participants gave their 
informed consent to take part in the study, and the 
Regional Ethical Committee of Lund University, Swe-
den, approved the study (2010/132).

Results

Characteristics of the study participants

Table 1 details the demographics and lifestyle factors 
of the study participants. No significant differences 
between welders and controls were observed in age, 
BMI, or smoking status, and both groups had relatively 
healthy lifestyles, with low alcohol consumption, 
regular exercise, a balanced diet, and little tobacco 
consumption, apart from a few ‘party smokers’ (table 
1). No difference was observed for respirable dust 
levels between timepoint 1 and 2. Increases in physical 
activity and cancer history were found at timepoint 2 
in the welding group. The respirable dust concentra-
tions adjusted for use of personal protective equip-
ment (PPE) showed a median of 0.7 mg/m3 at both 
timepoints, but there was a wider range at timepoint 1 
compared to timepoint 2.

Table 2 provides information about the DNA meth-
ylation, TL, and mtDNAcn at the different timepoints. 
Significant differences in methylation status between 

never- and ever-smokers were found for five sites, all of 
which had higher methylation in never-smokers: AHRR 
CpG1 (4.6%), AHRR CpG2 (4.8%), AHRR CpG3 (5.6%), 
F2RL3 CpG1 (2.0%), and F2RL3 CpG2 (2.1%), as well as 
for mtDNAcn (0.5%) (supplementary table S2).

No significant difference in characteristics was found 
when comparing dropouts at timepoint 1 with the new 
recruits at timepoint 2, or between dropouts at timepoint 
1 and the remaining individuals. Use of snus differed 
between new recruits and cohort welders in timepoint 
2, otherwise no differences were found (supplementary 
table S3).

To evaluate their relationships at each timepoint, we 
plotted lifestyle factors, exposure measures, and DNA 
biomarkers in a correlation heatmap (supplementary 
figure S1a and b). Age and BMI were significantly cor-
related with TL (age: P<0.001, rS=-0.32 at timepoint 1 
and -0.31 at timepoint 2; BMI: rS=-0.19 at timepoint 1 
and -0.17 at timepoint 2). The mtDNAcn was signifi-
cantly positively correlated with TL (P<0.001, rS=0.25 
at timepoint 1 and 0.32 at timepoint 2). Smoking status 
(ever- or never-smoker) was significantly correlated 
with differences in methylation of AHRR CpG1–3, and 
F2RL3 CpG1–2 (P<0.001) (supplementary table S2). 
Based on these significant correlations, age, BMI and 
smoking status were selected as covariates for the linear 
mixed model analysis.

Telomere length and mtDNAcn and welding

No significant differences in TL or mtDNA were 
observed between welders and controls or when exam-
ining different exposure measures among the welders 
over time (table 3, table 4).

Table 2. Median methylation status of the selected CpG sites of the genes in welders and controls including the 5th and 95th percentile as well as the 
median mitochondrial DNA copy number and median telomere length for timepoint 1 and timepoint 2 for both groups.

  Timepoint 1 (2010–2011) Timepoint 2 (2016–2017)

  Welders N=101 Controls N=127 Welders N=145 Controls N=134

Median (5–95th percentile) Median (5–95th percentile) Median (5–95th percentile) Median (5–95th percentile)
AHRR 

CpG1 75.0 (60.9–82.5) 75.6 (60.6–83.6) 74.6 (56.6–84.7) 75.4 (60.6–83.8)
CpG2 68.0 (55.9–73.2) 68.1 (54.0–74.0) 67.4 (53.9–75.0) 67.9 (53.1–73.9)
CpG3 87.8 (73.8–94.7) 88.3 (75.8–94.4) 87.1 (74.3–94.4) 88.1 (73.8–94.1)

F2RL3
CpG1 72.1 (66.7–75.5) 72.6 (67.3–75.2) 72.0 (65.8–75.9) 71.6 (66.4–75.1)
CpG2 92.6 (85.3–100.0) 91.5 (85.1–98.7) 92.3 (87.0–100.0) 93.0 (84.1–99.5)

B3GNTL1
CpG1 98.2 (93.0–100.0) 98.9 (95.1–100.0) 98.3 (93.3–100.0) 98.5 (93.9–100.0)
CpG2 96.9 (95.6–97.8) 96.9 (95.7–97.8) 97.0 (96.1–97.8) 96.9 (95.6–97.7)
CpG3 96.2 (91.7–100.0) 95.1 (90.6–100.0) 95.7 (90.5–100.0) 95.8 (91.5–100.0)
CpG4 95.8 (91.4–100.0) 97.0 (91.9–100.0) 96.0 (91.8–100.0) 96.4 (91.5–100.0)
CpG5 98.2 (95.1–100.0) 98.0 (94.8–100.0) 98.6 (95.3–100.0) 98.1 (95.3–100.0)
CpG6 95.8 (91.5–99.1) 95.9 (92.8–99.5) 96.1 (92.5–99.4) 96.0 (91.7–99.4)

mtDNA a 1.1 (0.8–1.5) 1.1 (0.8–1.5) 1.1 (0.8–1.6) 1.2 (0.8–1.7)
Telomere length 0.9 (0.7–1.2) 0.9 (0.7–1.2) 1.0 (0.7–1.3) 0.9 (9.7–1.2)
a Mitochondrial DNA copy number.
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DNA methylation and welding

Welders showed significantly lower methylation of 
B3GNTL1 CpG1 (P=0.016, linear mixed model analysis, 
adjusted for age, BMI, and ever smoking) and CpG4 
(P=0.046) (table 3) compared with controls. No signifi-
cant differences between exposure groups were found 
for AHRR or F2RL3, but effect estimates for AHRR were 
in general negative: all CpG sites showed lower meth-
ylation in welders compared with controls. Welders also 
showed an increase of methylation of B3GNTL1 CpG5 
(P=0.006) compared with controls. The associations 
were still significant for B3GNTL1 CpG1 and CpG5 
after adjusting for multiple testing.

Sensitivity analysis including (i) only controls who 
had never welded, showed a decrease of the effect 
estimates of B3GNTL1 CpG1, which became nonsig-
nificant (P=0.076, β=-0.54, SE=0.30) whereas the effect 
increased for CpG4 and remained significant (P=0.11, 
β=-0.66, SE=0.26). Sensitivity analysis including (ii) 
only individuals who had never smoked, showed simi-
lar directions of effect estimates as the main analysis 
(supplementary table S4). The effect estimates increased 
from the main analysis for B3GNTL1 CpG1 and CpG4 
and remained significant (CpG1 β=-1, SE=0.41 and 
CpG4 β=-0.69, SE=0.33). Welders also showed a sig-
nificant increase in methylation of B3GNTL1 CpG5 in 
both sensitivity analyses: (i) P=0.012, β=0.42, SE=0.17, 
(ii) P=0.014, β=0.56, SE=0.23 (supplementary table S3).

Dose–response relationships with DNA methylation among 
welders

Respirable dust (adjusted for PPE) and cumulative 

exposure showed the strongest associations with DNA 
methylation in the welders (N=220–223) (table 4). A 
significant decrease in methylation was observed for 
F2RL3 CpG1 (P=0.015) and CpG2 (P=0.004) with 
increasing respirable dust. Cumulative exposure was 
also associated with lower methylation of F2RL3 CpG1 
(P=<0.001) and CpG2 (P=0.048). No associations were 

Table 3. Association of (epi)genetic markers/sites in welders and con-
trols using linear mixed modelling for analysis. The models are adjusted 
for age, body mass index, and smoking (ever smoking).

Exposed vs 
Unexposed

R2
m (%) β (SE) P-value P-value  

adjusted a
N b

AHRR
CpG1 2 -0.78 (0.89) 0.382 0.608 504
CpG2 1 -0.56 (0.76) 0.457 0.776 504
CpG3 3 -0.46 (0.80) 0.565 0.916 504
F2RL3
CpG1 5 -0.01 (0.31) 0.985 0.575 504
CpG2 1 0.62 (0.44) 0.160 0.097 504

B3GNTL1
CpG1 1 -0.66 (0.28) 0.016 0.034 503
CpG2 2 -0.01 (0.06) 0.912 0.955 503
CpG3 0 0.03 (0.26) 0.904 0.919 503
CpG4 0 -0.48 (0.24) 0.046 0.144 503
CpG5 2 0.45 (0.16) 0.006 0.034 501
CpG6 1 0.00 (0.19) 0.989 0.936 501

mtDNA c 1 -0.03 (0.03) 0.231 0.515 504
Telomere 
length

4 0.01 (0.02) 0.503 0.638 504

a Benjamini-Hochberg adjustment. 
b Number of observations. 
c Mitochondrial DNA copy number

Table 4. Association of the epigenetic markers/sites among welders 
with the exposure variable expressed as respirable dust (adjusted for 
use of personal protective equipment), cumulative exposure, and years 
spend welding, using linear mixed modelling for analysis. The models 
are adjusted for age, body mass index, and smoking (ever smoking).

  R2
m (%) β (SE) P-value P-value  

adjusted a
N b

Respirable dust
AHRR

CpG1 1 0.25 (0.38) 0.505 0.574 223
CpG2 0 -0.20 (0.30) 0.504 0.972 223
CpG3 6 -0.12 (0.38) 0.754 0.817 223
F2RL3
CpG1 6 -0.40 (0.16) 0.015 0.049 223
CpG2 5 -0.67 (0.23) 0.004 0.016 223

B3GNTL1
CpG1 7 0.28 (0.11) 0.016 0.063 223
CpG2 7 0.04 (0.04) 0.227 0.374 223
CpG3 0 0.00 (0.15) 0.987 0.968 223
CpG4 1 0.06 (0.15) 0.705 0.716 223
CpG5 1 -0.04 (0.09) 0.677 0.879 221
CpG6 2 0.02 (0.12) 0.876 0.962 221

mtDNA c 1 0.01 (0.01) 0.681 0.792 222
Telomere length 3 0.00 (0.01) 0.649 0.802 222
Cumulative exposure

AHRR
CpG1 2 -0.03 (0.03) 0.275 0.561 222
CpG2 1 -0.03 (0.03) 0.231 0.522 222
CpG3 6 -0.02 (0.03) 0.431 0.500 222

F2RL3
CpG1 10 -0.04 (0.01) <0.001 <0.001 222
CpG2 3 -0.03 (0.02) 0.048 0.105 222

B3GNTL1
CpG1 7 0.02 (0.01) 0.011 0.017 222
CpG2 6 0.00 (0.00) 0.511 0.544 222
CpG3 0 0.00 (0.01) 0.977 0.977 222
CpG4 2 0.01 (0.01) 0.504 0.689 222
CpG5 1 0.00 (0.01) 0.512 0.698 220
CpG6 2 0.00 (0.01) 0.682 0.702 220

mtDNA c 1 0.00 (0.00) 0.615 0.861 221
Telomere length 3 0.00 (0.00) 0.510 0.637 221
Welding years

AHRR
CpG1 1 0.02 (0.08) 0.776 0.874 245
CpG2 0 0.02 (0.07) 0.807 0.955 245
CpG3 4 0.07 (0.08) 0.336 0.428 245

F2RL3
CpG1 4 -0.02 (0.03) 0.484 0.532 245
CpG2 1 0.01 (0.04) 0.746 0.909 245

B3GNTL1
CpG1 3 0.06 (0.03) 0.080 0.088 245
CpG2 6 -0.01 (0.01) 0.315 0.636 245
CpG3 0 0.00 (0.03) 0.893 0.975 245
CpG4 1 -0.01 (0.02) 0.647 0.803 245
CpG5 1 0.02 (0.02) 0.324 0.569 243
CpG6 2 -0.03 (0.02) 0.160 0.273 243

mtDNA c 1 0.00 (0.00) 0.587 0.698 244
Telomere length 3 0.00 (0.00) 0.389 0.527 244
a Benjamini-Hochberg adjustment. 
b Number of observations. 
c Mitochondrial DNA copy number.
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found with welding years (N=243–245). Significance 
remained after adjustment for multiple testing for F2RL3 
CpG1 in associations with respirable dust and cumula-
tive exposure, and for F2RL3 CpG2 in association with 
respirable dust exposure.

Sensitivity analysis, including only welders with at 
least one measured data point for respirable dust (ie, 
without the welders with assessed exposure to respirable 
dust, N=183–186 depending on CpG site) or cumula-
tive exposure, did not change the significance level or 
markedly change the effect estimates, and the results 
still showed a decrease in methylation with increasing 
exposure to welding fumes (supplementary table S5). In 
the sensitivity analysis of respirable dust among welders 
who had never smoked (N=123–125) (supplementary 
table S6), the association for F2RL3 CpG1 became 
non-significant and the effect estimates changed (from 
β=-0.40, SE=0.16 to β=0.01, SE=0.2), whereas the effect 
estimates for F2RL3 CpG2 remained similar, but became 
non-significant, to the main analysis (from β=-0.67 
SE=0.23, P=0.004 to β=-0.59, SE=0.35, P=0.091). There 
was no association with cumulative exposure in welders 
who had never smoked (supplementary table S6).

B3GNTL1 CpG1 showed significant positive asso-
ciations with respirable dust (β=0.28, P=0.016) and 
cumulative exposure (β=0.02, P=0.011) (table 4). After 
adjustment for multiple testing, the association with 
cumulative exposure remained significant.

Discussion

In this study, we investigated early lung cancer-related 
biomarkers in relation to occupational exposure to 
welding fumes. We found a significant decrease in DNA 
methylation of B3GNTL1 CpG1 and CpG4 in welders 
compared with controls. A dose–response effect was 
observed in that F2RL3 CpG1 and CpG2 methylation 
decreased with increasing personal respirable dust con-
centrations and cumulative exposure to welding fumes. 
In general, the effect estimate of the association with 
the selected biomarkers was subtle. However, since the 
respirable dust levels were below the limit of the current 
Swedish OEL (2.5 mg/m3), this study stresses that even 
exposure levels below the current OEL may be associ-
ated with epigenetic changes that could increase the risk 
of developing lung cancer.

B3GNTL1 encodes a transmembrane protein, has 
13 exons, and is on chromosome 17; it is expressed in 
several tissues, including in lung tissue. The B3GNTL1 
protein is involved in the metabolism of proteins and 
O-linked glycosylation (45), but the mechanism link-
ing B3GNTL1 with cancer is unknown. Hypomethyl-
ation of B3GNTL1 was observed in colorectal tumors 

in comparison to adjacent tissue (46). More recently, 
hypomethylation of B3GNTL1_cg13482620 (CpG6) was 
associated with an increased risk of lung cancer among 
non-smokers (37). Here, we observed hypomethylation 
of B3GNTL1 CpG1 and CpG4 in welders compared with 
controls. These sites are close to one another, but most 
likely not within the regulatory region of B3GNTL1. The 
effect estimates of the two CpG sites increased when 
only including never-smokers, supporting the idea that a 
decrease in DNA methylation of B3GNTL1 is not associ-
ated with smoking. We did not observe a dose–response 
relationship in the welding group in association with 
welding fume exposure, actually a positive effect esti-
mate (hypermethylation) was observed with increasing 
exposure to respirable dust and cumulative exposure. 
The demethylation of specific sites of B3GNTL1 may 
thus be linked to exposures we have not accounted for in 
our study cohort, which warrants further investigation.

In an earlier cross-sectional study at timepoint 1, we 
found hypomethylation of F2RL3 CpG2 in the welders, 
in relation to exposure to respirable dust and among 
earlier smokers (36). In this study, we included a second 
timepoint and found that exposure to respirable dust was 
still associated with hypomethylation of F2RL3 CpG2, 
and CpG1, in welders over time. Hypomethylation of 
F2RL3 CpG1 and CpG2 was detected in our sensitivity 
analysis including only welders with measured respi-
rable dust levels as well, which suggests that exposure to 
welding particles may play a role in the hypomethylation 
of this gene. It should be noted that we did not analyze 
CpG3, CpG4 and CpG5 in this study.

F2RL3 is a protein-coding gene located on chromo-
some 19 and has two exons. It codes for protease-activated 
receptor-4, which is involved in the pathophysiology of 
neoplastic and cardiovascular disease (47). This protein 
takes part in blood coagulation, inflammation, and pain 
responses (48). Hypomethylation of F2RL3_cg03636183 
(CpG2) was strongly correlated with tobacco smoking 
(33) as well as an increased risk of lung cancer (35). 
We also observed hypomethylation of F2RL3 CpG1 and 
CpG2 in relation to smoking in our study. However, when 
excluding ever-smokers from our dose–response analysis 
in welders, we observed a decrease in the effect estimates 
and the R2m values, especially for CpG1 in association 
with respirable dust and cumulative exposure. When we 
excluded all welders who had ever smoked, the number 
of observations decreased from 220–223 to 125, which 
reduced the power of the analysis and thus could explain 
the drop in significance and effect estimates. The similar 
decrease in methylation in relation to smoking and respi-
rable dust might suggest that similar mechanisms affect 
the methylation pattern of specific genes; however, it is 
more likely that residual confounding factors interfered 
with our main analysis, such as tobacco consumption 
earlier in life.
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Two of the selected methylation sites, AHRR CpG3 
and F2RL3 CpG2, have been associated with tobacco 
smoking in previous studies (35, 49). In a recent case–
control study (N=552 pairs) lower methylation of both 
AHRR CpG3 and F2RL3 CpG2 in blood was associated 
with higher risk of lung cancer and the authors proposed 
that DNA methylation of the two studied CpG sites 
might be a predictor of future lung cancer (50). When 
comparing the selected biomarkers between never- and 
ever-smokers we also observed higher methylation of 
more than 4% for AHRR CpG1–3 and around 2% for 
F2RL3 CpG1–2 in the never-smokers (supplementary 
table S3). Similar results were found when only includ-
ing welders (supplementary table S7). No significant 
changes in the methylation of AHRR and F2RL3 could 
be observed when comparing welders and controls; 
however, we observed a decrease in methylation of 
F2RL3 in association with welding fume exposure, but 
to a lower extent than of smoking. The observed differ-
ences in methylation pattern, but not between exposure 
groups, could be due to the changes being related to 
smoking. Since our cohort consists of healthy workers 
and the welders are exposed to low amounts of particles, 
it is also possible that the follow-up time was not long 
enough to observe changes between exposure groups.

In previous cross-sectional studies based on study 
participants at timepoint 1, we found shorter TL in the 
welders (16) as well as an increase in mtDNAcn (17). 
These findings could not be confirmed in this study 6 
years later (timepoint 2). One possible explanation is 
that even though we were able to detect differences 
between welders and controls at timepoint 1, these dif-
ferences are no longer significant when including time 
in our statistical model. Differences at timepoint 1 might 
also be due to use of different materials or PPE, without 
influencing the respirable dust exposure. Another pos-
sible explanation might be differences in characteristics 
of the dropouts and new recruits; however, no significant 
differences between these two groups could be observed 
regarding mtDNAcn or TL (supplementary table S3).

A strength of this study is that the study groups 
consisted of non-smoking individuals at baseline. This 
is important because tobacco smoking is a major risk 
factor for lung cancer; therefore, we were able to study 
epigenetic changes in a population largely unaffected by 
an important co-exposure factor. Our study investigated 
lung cancer-related markers, but we measured the effect 
of welding on these biomarkers in blood and not lung 
tissue. Nevertheless, earlier studies have shown that 
blood-based biomarkers like the ones in the current 
study can predict lung cancer risk. Still the effect sizes 
were rather small and need to be interpreted with some 
caution. Another strength is that the exposure to welding 
fumes was assessed using multiple different measures. 
Still, there may be some misclassification of exposure 

since we were only able to measure respirable dust on 
one occasion during each timepoint, the calculation 
of the adjusted personal respirable dust exposure may 
introduce errors.

In conclusion, our study showed that welders had 
lower methylation of B3GNTL1 CpG1 and CpG4 com-
pared to controls as well as lower methylation of F2RL3 
CpG2 in association with respirable dust and cumulative 
exposure. Previous studies have associated both genes 
with future development of lung cancer. Components 
within the welding fumes likely play a role in the 
observed epigenetic modifications. The findings stress 
the need to further investigate the health effects of occu-
pational welding exposure and, if needed, to adjust the 
current OEL accordingly.
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