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Abstract

Background Dysregulated microRNA (miRNA) expression could provide a mechanism linking firefighter exposure to
increased cancer risk.

Objective To determine if changes in longitudinal miRNA expression in firefighters are associated with occupational
exposures.

Methods Whole blood MiRNA was evaluated in 52 new recruits prior to live-fire training and 20-37 months later. Linear
mixed effects models adjusted for age, ethnicity, BMI, and batch effects were used to determine associations separately for
all fires and structure fires only between employment duration, cumulative fire-hours and fire-runs, and time since most
recent fire with (1) nine a priori and (2) the full array of 799 miRNAs.

Results For multivariable models including all fires, two a priori miRNAs were associated with employment duration and
four with time since most recent fire. For multivariable models restricted to structure fires, three a priori miRNAs were
associated with employment duration and one with fire-runs. Additional miRNAs from the full array were associated with
employment duration for all fires and/or structure fires. In general, tumor suppressive miRNAs decreased and oncogenic
miRNAs increased with exposure.

Significance Changes in miRNAs may serve as biomarkers of exposure effects and a mechanism for increased cancer risk in
firefighters.

Keywords Cancer - Epidemiology * Workplace Exposures

Introduction probable carcinogens [1-5]. Within the past decade, the epi-

demiological evidence that cancer risk is elevated among
Firefighting is a hazardous occupation involving exposure to  firefighters compared to the general population has grown
toxic combustion byproducts, including many known and  [6-10]. Notably, an evaluation of ~30,000 career firefighters
in the United States (US) found excess overall cancer mor-
tality and incidence (increases of 9 and 14%, respectively), in
addition to increased incidence and mortality for cancers
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Despite the number of epidemiologic studies linking
firefighting to excess cancer risk, there is limited information
on the cellular mechanisms that lead to cancer in firefighters.
Partly due to this lack of mechanistic evidence, an assess-
ment by the International Agency for Research on Cancer
concluded that firefighting was only possibly carcinogenic in
humans [12]. Epigenetic modifications, such as dysregulated
microRNA (miRNA) expression and DNA methylation, are
changes in gene expression that are heritable, reversible
(do not affect DNA sequence), and critical steps in the cancer
pathway that have been associated with the regulation
of oncogenes and tumor suppressor genes [13—15]. These
epigenetic modifications have been proposed as biomarkers
of cancer risk and exposure, and a limited number of studies
have previously examined epigenetic modifications among
firefighters [16-18].

MiRNAs are small non-coding RNAs involved in the
regulation of cell cycle progression, apoptosis, and cell dif-
ferentiation, with reported oncogenic or tumor-suppressive
roles, though these may vary depending on which gene is
targeted and which cancer is considered [19-21]. Our previous
research comparing incumbent and new recruit firefighters
identified nine dysregulated miRNAs with previously pub-
lished associations with cancer or cancer pathways [16].
However, there are no prior published studies evaluating
potential associations between longitudinal changes in miRNA
and interim firefighting exposures. This information could be
useful to advance future efforts to identify firefighters at
increased cancer risk, to provide intermediate endpoints for
cancer prevention interventions, and to provide evidence for
causation in firefighter workers’ compensation cancer claims.

In our current analysis we evaluated whole blood
samples, collected from newly recruited firefighters prior
to live-fire training and again ~2 years later, for miRNA
expression levels and determined if changes in expression
were associated with measures of occupational exposure.
We hypothesized that after ~2 years of employment in the
fire service, we would be able to identify differential
miRNA expression patterns among newly recruited fire-
fighters that were associated with employment duration,
surrogate measures of fire exposure (cumulative hours at
fire and cumulative number of fires), and/or most recent
fire exposure, and that changes in these miRNAs would be
associated with increased cancer risk based on published
studies in the general population.

Materials and methods
Study participants

All study protocols and materials were approved by the
University of Arizona Institutional Review Board (IRB).

Study participants provided written informed consent. New-
recruit firefighters with no previous live-fire exposures were
recruited from the Tucson Fire Department (TFD) between
2015 and 2016. Participant age, race, ethnicity, height, and
weight were collected from health records and current
tobacco usage was assessed at study enrollment via survey.
Participants who reported current tobacco usage were
excluded from analyses. Height and weight were used to
calculated body mass index (BMI) (kg/mz) and classified
using World Health Organization -categories: normal
(18.5-24.9), overweight (25.0-29.9) and obese (>30). Bio-
logical samples including blood, urine and buccal cells were
collected at baseline and blood samples were collected
again after a period of 20 to 37 months, at which time a
follow-up survey was administered. Employment duration,
the total months between baseline and follow-up, was
calculated.

Measures of fireground exposures

Cumulative hours at fire (fire-hours) and cumulative number
of fires (fire-runs) were collected from TFD response
records and assessed as surrogate measures of chronic
fireground exposure. This information included the type of
fire (structure fire, vehicle fire, other), date and time of the
fire, and duration of the fire response (minutes). The time
between the blood draw at follow-up and the new recruit’s
most recent response to a fire call (days since most recent
fire exposure) was calculated. Fire-hours, fire-runs, and
days since most recent fire exposure were determined for:
(1) all fire types (structure, vehicle, and other); (2) structure
fires only; and (3) non-structure fires only. Other fires, or
non-structure non-vehicle fires, consisted of outside vege-
tation (i.e., grass, brush, forest, crop) fires, outside trash
fires, outside fires involving property of value (e.g., storage,
equipment), and unclassified fires.

MicroRNA expression measurement

The protocols used for sample collection and processing
have been previously reported [16]. Levels of miRNA
expression were measured using an nCounter Human v3
miRNA expression panel (NanoString Technology, Inc.,
Seattle, WA), a profile of 799 curated and clinically rele-
vant human miRNAs from miRBase v21, in addition to
5 housekeeping genes and 20 assay controls (6 positive,
8 negative, and 6 ligation controls) [22, 23] in four batches
analyzed in 2016, 2017, 2018, and 2019. The expression
panel accounts for more than 95% of all observed
sequencing reads in miRBase 21 [24]. Raw counts from
each gene were normalized against background genes. The
overall assay performance was assessed through evalua-
tion of positive controls.
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Statistical analysis

In order to normalize and remove unwanted variation (batch
effects), we adopted the Removing Unwanted Variation-III
method (RUV-II), which makes vital use of pseudo-
replicates and control genes [25]. In our miRNA design, we
purposely measured the same sample at all four time points
(2016, 2017, 2018 and 2019), serving as pseudo-replicates.
The NanoString platform also includes housekeeping genes
and negative and positive control genes on their array.
RUV-III (i) takes residuals from the replicate expression
measurements and estimates one aspect of the unwanted
variation; (ii) takes the results of (i) together with the
expression values of the negative controls, and estimates
another aspect of the unwanted variation; and (iii) combines
the results from (i) and (ii) into an estimate of the unwanted
variation and subtracts that from the data. Relative Log
Expression (RLE) plots were used to diagnosis batch cor-
rection, using the “ruv” R package (https://cran.r-project.
org/package=ruv). RUV-III corrected miRNAs were then
analyzed using the limma software package [26] to deter-
mine the association between fireground exposures and
miRNA expression at follow-up to expression at baseline.
Linear mixed effects models with Empirical Bayes estima-
tors were adopted and adjusted for age, ethnicity, BMI, and
batch effects [27]. MiRNAs were considered to be differ-
entially expressed if the p value was less than 0.05 after
Bonferroni adjustment [28]. All statistical analyses were
performed using R (version 3.4.1).

The exposures of interest were employment duration,
measures of chronic fireground exposure (fire-hours and
fire-runs) and acute fireground exposure (days since most
recent fire exposure). Employment duration was included
as a proxy for cumulative firefighter exposures of all types,
including but not limited to chemical exposures and shift-
work. Fire-runs and fire-hours were considered the fire-
ground exposures of greatest interest, due to their use as
measures of cumulative fireground exposure in previous
firefighter research [7, 29]. These exposures were treated
as continuous variables in our models. Days since most
recent fire was included in our models to adjust for
potential confounding of acute exposures on the associa-
tion between chronic fireground exposures and differential
miRNA expression. As a novel potential confounder,
several definitions were considered for days since most
recent fire: continuous log-transformed days, categorized
at the median value, categorized at tertile values, and
categorized at quartile values. For categorical definitions,
the categories representing the longest number of days
since fire exposure (more than the median, the third tertile,
the fourth quantile) served as the reference value. The
definition that explained the most variation of data for each
miRNA was selected based on highest Akaike information
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criteria (AIC), using separate models adjusted for age,
BMI and ethnicity [30].

We also hypothesized that firefighters would face
increased risk of exposure from structure fires compared to
vehicle or other fire types. Previous research has shown that
median urinary concentrations of polycyclic aromatic
hydrocarbon (PAH) metabolites after a fire incident were
greatest among firefighters who performed interior opera-
tions at structural fires, such as fire attack and rescue [1] and
that mean respirable particles measured at vehicle fires was
lower than at structural fires [2, 3]. Therefore, we stratified
analyses by fire type (all fires, or structure fires only). For
analyses considering all fires, all fire-hours, all fire-runs, and
days since most recent fire were included as covariates, in
addition to age, BMI and ethnicity. For analyses consider-
ing only structure fires, structure fire-hours, structure fire-
runs, and days since most recent structure fire were included
as covariates, in addition to age, BMI and ethnicity.

The outcome of interest was differential expression of
miRNAs. Two sets of miRNA markers were considered: (1)
nine a priori markers significant in our previous analysis
comparing new recruits to incumbent firefighters [16]; and
(2) the full array of miRNAs. The effects of employment
duration, fire-hours, fire-runs, and days since most recent
fire exposure on differential miRNA expression were first
evaluated in separate models adjusted for age, ethnicity,
BMI, batch effects and Bonferroni correction (referred to as
the univariable models) to compare to values reported in our
previous cross-sectional study of incumbent and new recruit
firefighters [16]. Second, models containing employment
duration, either fire-hours or fire-runs, and days since most
recent fire, in addition to age, ethnicity, BMI, batch effects
and Bonferroni correction (referred to as the multivariable
models) were run. Fire-hours and fire-runs were expected to
be highly correlated, so they were examined in separate
multivariable models. Differential expression, comparing
expression at follow-up to expression at baseline, was pre-
sented as log-fold changes (log,FCs) and fold changes
(FCs) with accompanying p values and 95% confidence
intervals (95% Cls). Based on Bonferroni correction, p
values <0.05/n (where n is the number of statistical tests
performed) were considered statistically significant.

Our previous study presented select cancer associations
for the nine a priori miRNAs [16]. To interpret findings
from our current analyses of the full array of miRNAs, the
select cancer associations of significant full array miRNAs
with an absolute FC >1.25 were also evaluated. Given that
previous studies have used absolute FC >1.5 to identify
potential diagnostic and prognostic miRNAs in cancer
samples [31-33], we assumed that 25% might represent a
reasonable threshold for increased risk of exposure. When
published evidence of an association between miRNA
expression and cancer risk could be found, one reference
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per miRNA was presented. The reference was selected
regardless of reported direction of association (increased or
decreased FC), instead based on the following additive
criteria: (1) the study utilized blood samples, (2) the asso-
ciation was also validated in an independent sample set, (3)
the association with the specific cancer was also found in
other studies, and (4) the association with the specific
cancer was also found using other sample types (e.g., tissue
and/or cell lines). In the case that no published studies using
blood samples could be found, the criteria were applied to
studies using tissue samples.

Results
Study participants and occupational exposures

Of 90 new recruit firefighters offered participation, 89
(99%) consented and were enrolled. Twenty (22%) of the
89 were excluded because they lacked a blood sample
collected at baseline or follow-up, 10 (11%) were excluded
because they left the fire department before follow-up, 3
(3%) were excluded due to poor RNA yield, and 4 (4%)
were excluded because they failed quality control testing for
miRNA, leaving 52 individuals (58%) in the study. The
participants were all male, mostly white and non-Hispanic
(Table 1). At study enrollment, the average participant was
28.2 years of age. The period of follow-up ranged from 20
to 37 months. For all fire types, the average time spent at all
fires combined was 27.0 h and the average number of fires
was 49.2. The median time between the follow-up blood
sampling and most recent fire was 26 days. Employment
duration was moderately correlated with time at fires, fire-
runs, and days since most recent fire, with correlation
coefficients of 0.43, 0.46, and 0.36, respectively. Time at
fires was highly correlated with fire runs but not days since
most recent fire, with correlation coefficients of 0.86 and
0.21, respectively. Fire runs and days since most recent fire
had low correlation (coefficient 0.06).

When restricted to structure fires, the average time
spent at all structure fires combined over the follow-up
period was 13.2 h, the average number of structure fire-
runs was 15.7, and the median time since most recent
structure fire was 41.5 days. Employment duration was
not highly correlated with time spent at structure fires,
structure fire-runs, and days since most recent structure
fire (correlations coefficients of 0.19, 0.23, and 0.04,
respectively). However, time spent at structure fires was
highly correlated with structure fire-runs (correlation
coefficient 0.89) as expected, while days since most recent
structure fire had low correlation with either structure fire-
hours or structure fire-runs (correlation coefficients 0.14
and 0.01, respectively).

Table 1 Characteristics of new recruit firefighters at enrollment, N = 52.

N (%)
Age (years)
<29 37 [71]
30-39 11 (21)
40 4

Mean + SD (range: min—max) 28.2+6.0 (19.1-45.6)

Body mass index (kg/m?)

Normal (18.5-24.9) 18 (15)
Overweight (25.0-29.9) 28 [54]
Obese (230) 6 (11)
Mean + SD 26.4+3.7
Race
White 50 [96]
Other 2(7)
Ethnicity
Hispanic 5 (10)
Non-Hispanic 47 [90]
Fire exposure between enrollment and follow-up
Average employment duration 26.5+4.3
(months) + SD
All fire incident types
Average cumulative time at fire 27.0+8.6
(hours) + SD*
Average cumulative number of fire 49.2+15.0
runs + SD*

Days since most recent fire at follow-up, 26 (15.8, 112.5)

median (IQR)

Structure fire incidents only

Average cumulative time at structure fires 13.2+6.7
(hours) + SD*
Average cumulative number of structure  15.7+7.3

fire runs = SD?

Days since most recent structure fire, 41.5 (18, 141.5)

median (IQR)

SD standard deviation, IQR interquartile range.

%Length of time over which this value accumulated varied by
individual (range: 20-37 months).

Fireground exposure and differential miRNA expression

Results are provided separately for all fires and structure
fires only. The univariable and multivariable model results
restricted to non-structure fires closely followed results of
the all fire models, with the same significant miRNAs
for each of the models, and the same direction of the
coefficients.

Univariable analyses of a priori markers, all fires

In our univariable models (adjusted for age, ethnicity, BMI,
batch effects, and multiple comparisons) considering all fire
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Table 2 Differential miRNA expression of a priori miRNAs by fire type exposure: separate models adjusted for age, BMI, ethnicity, batch effects.

miRNA Incumbents vs new New recruits (follow-up vs baseline measurement)b
recruits®
Employment Fire-hours Fire-runs Most recent fire®
duration
All fires FC 95% CI FC 95% CI FC 95% CI FC 95% CI FC 95% CI

hsa-miR-1260a 055 043 071 096 093 1.00 098 094 101 095 0.89 1.01 08 069 1.07
hsa-miR-548h-5p 0.59 051 0.9 1.05 102 1.08 1.04 102 107 1.09 1.04 114 1.02 0.83 1.26
hsa-miR-145-5p 044 032 061 096 093 098 097 094 099 094 090 098 083 072 096
hsa-miR-4516 056 048 065 097 095 099 098 096 1.00 096 093 1.00 092 0.82 1.03
hsa-miR-331-3p 060 052 070 097 094 099 098 096 1.00 096 092 1.00 0.84 070 1.01
hsa-miR-181a-5p  0.62 0.53 0.72 099 097 1.02 099 097 102 099 095 1.03  0.81 0.70 0.92
has-miR-5010-3p 159 141 181 113 110 116 110 1.08 131 120 115 126 144 114 182
hsa-miR-374a-5p 1.72 140 213 1.03 099 107 1.03 1.00  1.06 1.05 099 1.11 1.09 0.89 134
hsa-miR-486-3p 335 259 433 115 110 121 112 107 116 123 114 132 220 1.66 291
Structure fires

hsa-miR-1260a 055 043 071 096 093 1.00 094 0.83 1.05 094 0385 1.04 1.00 0.81 1.25
hsa-miR-548h-5p  0.59 0.51 069 1.05 1.02 108 117 1.08 128 113 1.05 122 1.12 094 135
hsa-miR-145-5p 044 032 061 096 093 098 093 086 1.01 094 0388 1.00 0.82 0.66 1.00
hsa-miR-4516 056 048 065 097 095 099 094 089 1.00 095 090 1.00 09 077 1.06
hsa-miR-331-3p 0.60 052 070 097 094 099 094 0.87 1.0o1 095 089 101 083 070 0.99
hsa-miR-181a-5p  0.62 053 0.72 099 097 1.02 101 094 109 100 094 107 074 0.61 0.90
has-miR-5010-3p 159 141 181 113 110 116 135 124 148 130 120 139 137 1.07 1.77
hsa-miR-374a-5p 172 140 213 1.03 099 107 107 097 120 107 097 116 1.10 0.89 135
hsa-miR-486-3p 335 259 433 115 110 121 138 121 160 135 120 152 181 133 245

Associations significant after Bonferroni correction are in bolded text.
FC fold-change, CI confidence interval.
A priori markers were identified and originally presented in Jeong et al.[16].

®Models also adjusted for age, BMI, ethnicity, batch effects, and Bonferroni correction. For employment duration, effect is for a 6-month increase.
For fire-hours, effect is for a 10-h increase. For fire-runs, effect is for a 10-fire increase.

“The best measure of time since most recent fire exposure (continuous log-days, split at median, split at tertiles, or split at quantiles) was selected
for each miRNA by the highest Akaike information criteria (AIC) value. For time since most recent fire exposure, effect is the earliest exposure
compared to later exposure(s). hsa-miR-548h-5p and hsa-miR-374a-5p used time split at the median. Hsa-miR-1260a, hsa-miR-145-5p, hsa-miR-
4516, hsa-miR-331-3p, hsa-miR-181a-5p, hsa-miR-5010-5p, and hsa-miR-486-3p used time split at quantiles.

incidents, employment duration, fire-hours, and fire-runs
were all significantly associated with differential expression
of the same four a priori miRNAs (Table 2). These included
one miRNA with decreased expression (miR-145-5p) and
three with increased expression (miR-548h-5p, miR-5010-
3p, and miR-486-3p). Days since most recent fire exposure
was associated with three of the nine a priori miRNAs
(miR-181a-5p, miR-5010-3p, and miR-486-3p). Levels of
these three miRNAs comparing baseline and days since
most recent fire categories are shown in Fig. 1.

Univariable analyses of a priori markers, structure fires only
In univariable models (adjusted for age, ethnicity, BMI,
batch effects, and multiple comparisons) considering only

structure fire incidents, structure fire-hours and structure
fire-runs were associated with differential expression of

SPRINGER NATURE

three out of four of the same a priori miRNAs from the
analysis of all fire incidents, with miR-145-5p losing sta-
tistical significance (Table 2). Days since most recent
structure fire were associated with three a priori miRNAs.

Multivariable analyses of a priori markers, all fires

Many of the associations seen in our univariable a priori
models lost significance in the multivariable models
(Table 3). Employment duration was only significantly
associated with miR-5010-3p in the fire-hours and fire-runs
models, after adjustment for days since most recent fire
exposure, age, BMI, and ethnicity. None of the nine a priori
miRNAs were significantly associated with fire-hours or
fire-runs after adjustment for Employment duration, days
since most recent fire exposure, and age, BMI, and ethni-
city. Days since most recent fire exposure was associated



Longitudinal evaluation of whole blood miRNA expression in firefighters

905

Most Recent Fire Categories (in days) $ <= 26 days $ > 26 days Most Recent Fire Categories (in days) E $ $ E
7 <= 15.8 days 158-26 days ~ 26-112.5days > 112.5days
8.0
7.5 6
Q joN
®° i
Z o
5 — =
170 % ¥
x = x
IS €
: 7] .
3 ] 35
= =
6.5
6.0
4
Baseline Follow-up Baseline Follow-up
Most Recent Fire Categories (in days) é $ $ $
<=15.8 days 15.8-26 days 26-112.5 days >112.5 days
11
10
Q
T
©
©
b
x
E
o 9
17}
=
8
Baseline Follow-up

Fig. 1 Expression of microRNAs (miRNAs) among firefighters
with fold-changes significantly associated with days between most
recent fire and follow-up blood draw. MiRNA expression of miR-
181a-5p, miR-5010-3p, and miR-486-3p was measured among 52 new

with miR-181a-5p and miR-486-3p in the fire-hours and
fire-runs models. R? values for the models varied from
0.056 to 0.472.

Multivariable analyses of a priori markers, structure
fires only

Most of the associations seen in the univariable analyses
restricted to structural fires lost significance in the

recruit firefighters prior to live-fire training and again ~2 years later
using an nCounter Human v3 miRNA expression panel. Within box-
plots, the center horizontal line represents the median value and dots
represent outliers.

multivariable models (Table 3). Employment duration in
both structure fire-hours and structure fire-runs models
was significantly associated with changes in two a priori
miRNAs (miR-5010-3p and miR-486-3p). Additionally,
employment duration in models adjusted for structure fire-
runs (but not structure fire-hours) was found to be associated
with expression of miR-1260a. Increasing employment
duration was associated with increased expression of
miR-5010-3p and miR-486-3p and decreased expression of

SPRINGER NATURE
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Table 3 Multivariable parameter estimates of differential miRNA expression for a priori markers: employment duration, fire exposures and most
recent fire exposure®®,

miRNA Model with fire-hours Model with fire-runs

Employment Fire-hours Most recent fire  R? Employment Fire-runs Most recent fire  R?

duration duration

B p value f p value f p value B p value f p value f p value
All fires
hsa-miR-1260a  —0.082 0.342  0.055 0.673 —0.061 0.754 0.056 —0.137 0.117 0.085 0268 —0.096 0.624 0.064
hsa-miR-548h-5p —0.009 0.892  0.166 0.097 —0.266 0.130 0.182 0.051 0443  0.037 0525 —0.287 0.110 0.162
hsa-miR-145-5p —0.076  0.179  0.041 0.633 —0.105 0416 0.115 —0.055 0.340 0.003 0947 —-0.103 0.433 0.112
hsa-miR-4516 —0.045 0312  0.008 0.902 0.014 0.892 0.072 —0.046 0.308  0.006 0.880 0.0116 0.909 0.072
hsa-miR-331-3p —0.059 0.298  0.088 0.301 —0.210 0.201 0.152 —-0.085 0.136  0.076 0.124 —-0.235 0.145 0.163
hsa-miR-181a-5p —0.022 0.673  0.085 0.284 —0.398 0.001 0.146 —0.005 0.921 0.032 0483 —0.406 0.001 0.140
hsa-miR-5010-3p  0.182 0.003  0.007 0.935 —0.121 0491 0.449 0.212 <0.001 -0.025 0.633 —0.115 0.510 0.450
hsa-miR-374a-5p  0.039 0.632  0.011 0.931 —0.011 0.953 0.046 —0.008 0.926 0.050 0.484 —0.034 0.855 0.049
hsa-miR-486-3p 0.080 0.360 —-0.077 0.559 1.015 <0.001 0.463 0.145 0.098 —-0.109 0.155 1.048 <0.001 0.472
Structure fires
hsa-miR-1260a  —0.178 0.006  0.272 0.122 0.262 0.179 0.108 —0.207 0.004 0.299 0.078 0.271 0.163 0.113
hsa-miR-548h-5p  0.065 0.177  0.099 0.459 —0.154 0.304 0.181 0.100 0.071 —-0.005 0.967 —0.131 0.380 0.174
hsa-miR-145-5p —0.112  0.010  0.147 0.223 0.043 0.749 0.132 —0.125 0.012  0.159 0.172 0.049 0.713 0.134
hsa-miR-4516 —0.053 0.125 0.015 0.878 0.089 0.403 0.079 —0.061 0.113  0.035 0.701 0.088 0.403 0.080
hsa-miR-331-3p —0.111 0.008  0.204 0.075 —0.059 0.641 0.140 -0.117 0.014 0.241 0.037 —0.195 0.202 0.158
hsa-miR-181a-5p —0.020 0.640  0.244 0.027 —0.666 <0.001 0.188 —0.013 0.776  0.189 0.081 —0.656 <0.001 0.174
hsa-miR-5010-3p  0.230 <0.001 —0.052 0.659 —0.261 0.051 0472 0.247 <0.001 —0.088 0.440 —0.248 0.061 0.473
hsa-miR-374a-5p —0.033  0.581 0.192 0.250 0.014 0941 0.088 —0.051 0453 0302 0.075 —0.114 0.610 0.112
hsa-miR-486-3p 0.197 0.005 —0.392 0.028 0.634 0.020 0477 0.254 <0.001 —-0.504 0.004 0.679 0.012 0.496

Models also adjusted for age, BMI, ethnicity, batch effects, and Bonferroni correction. Associations significant after Bonferroni correction are in

bolded text.

A priori markers were originally identified in Jeong et al. [16].

*For employment duration, effect is for a 6 month increase. For fire-h, effect is for a 10 h increase. For fire-runs, effect is for a 10 fire increase.

Based on the highest Akaike information criteria (AIC), the best measure of time since most recent fire was selected (continuous, split at median
value, split at tertile values, or split at quartile values). Hsa-miR-1260a, hsa-miR-145-5p, hsa-miR-4516 and hsa-miR-5010-3p used time split at
median value. Hsa-miR-548h-5p used time split at tertiles. Hsa-miR-331-3p, hsa-miR-181a-5p, hsa-miR-374a-5p and hsa-miR-486-3p used time

split at quartiles.

miR-1260a. In contrast to analyses of all fires, structure fire-
runs, but not structure fire-hours was significantly inversely
associated with differential expression of miR-486-3p after
adjustment for employment duration and time since most
recent structure fire. Time since most recent structure fire was
significantly associated with miR-181a-5p. R* values varied
from 0.056 to 0.496.

Full miRNA array analyses

Restricted to structural fires, nine miRNAs from the full
array with absolute fold changes >1.25 were associated with
employment duration in multivariable analyses following
full adjustment for either fire hours or fire runs, and days
since most recent fire exposure, as well as age, BMI, and
ethnicity (Table 4). These included eight miRNAs after
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adjusting for structure fire-hours and most recent structure
fire and eight miRNAs after adjusting for structure fire-runs
and most recent structure fire, with seven miRNAs in
common. The expression of five miRNAs decreased and
expression of four miRNAs increased longitudinally. Four
of the five miRNAs with decreased expression have tumor
suppressive roles in cancer and all miRNAs with increased
expression have oncogenic roles in cancer. MiR-422a had
decreased expression at follow-up and is reported to have a
tumor suppressive role in colorectal cancer [34]. MiRNAs
with increased expression (miR-525-3p, miR-548ad-3p and
miR-548k) have reported oncogenic roles in hepatocellular,
breast, and esophageal cancers, respectively [35-37].
Table 5 displays the log,FCs and p values for employment
duration, time since most recent structure fire, and either
fire-hours or fire-runs with miRNAs from the full array that
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Table 4 Significant fold-changes of differential miRNA expression for full array markers: employment duration adjusted for chronic fireground
exposure (structure fire-hours or structure fire-runs) and time since most recent structure fire®Pe,

miRNA Employment Employment Select cancer association®  Proposed role Reference

duration duration

Adjusted for Adjusted for

structure fire-hours structure fire-runs

and most recent and most recent

structure fire structure fire

FC 95% CI FC 95% CI
hsa-miR-494-3p 0.60 054 066 065 059 072 Prostate* Oncogene Cai and Peng [39]
hsa-miR-422a 074 070 078 0.77 073 0.82 CRC* Tumor suppressor  Zheng et al. [34]
hsa-miR-26a-5p 076 0.70 083 076 0.69 0.83 HCC* Tumor suppressor  Tan et al. [53]
hsa-miR-92a-3p 078 073 083 0.79 073 0.84 CRC Tumor suppressor  Slattery et al. [40]
hsa-let-7f-5p - - - 0.80 0.73 0.87 CRC* Tumor suppressor  Ghanbari et al. [54]
hsa-miR-548a-3p .30 1.16 146 - - - Prostate* Oncogene Nguyen et al. [55]
hsa-miR-556-3p .32 1.17 148 134 1.18 1.53 Osteosarcoma* Oncogene Xie et al. [41]
hsa-miR-548ad-3p 1.38 121 158 1.39 120 1.60 Breast Oncogene Sugita et al. [36]
hsa-miR-525-3p 143 129 160 144 128 1.63 HCC Oncogene Augello et al. [35]

FC fold-change, CI confidence interval, CRC colorectal cancer, HCC hepatocellular carcinoma.

Effect for employment duration is an increase of 6 months. Models adjusted for employment duration, chronic fire exposure (fire-hours or fire-
runs), time since most recent fire (see footnote a), age, BMI, ethnicity, Bonferroni correction, and batch effects.

®An absolute FC >1.25 was applied to statistically significant miRNAs associated with length of service presented here.

“Cancer association shown was selected based on the following criteria: (1) when possible reported association based on serum samples rather than
tissue samples or cell assays, (2) reported association was validated in at least one other dataset, and (3) association reported in multiple types of
samples (serum, tissue, cell lines, etc). Select cancer associations based on circulating samples are indicated with an asterisk (*).

Table 5 Parameter estimates of statistically significant miRNAs from full miRNA expression panel associated with employment duration and
adjusted for structure fire-hours or structure fire-runs and time since most recent structure fire*>*.

miRNA Model with structure fire-hours Model with structure fire-runs
Employment Structure fire- Most recent R? Employment Structure-fire- Most recent R?
duration hours structure fire duration runs structure fire
B p value f p value B p value § p value B p value B p value

hsa-miR-494-3p  —0.735 <0.001 —-0.392 0.025 —-2.229 <0.001 0.778 —0.615 <0.001 —0.504 0.003 —2.247 <0.001 0.794
hsa-miR-422a —0.439 <0.001  0.297 0.071 —1.321 <0.001 0.795 —0.370 <0.001  0.349 0.003 —1.346 <0.001 0.774
hsa-miR-26a-5p —0.394 <0.001  0.272 0.120 0.403 <0.001 0.535 —0.403 <0.001  0.263 0.009 0.405 <0.001 0.756
hsa-miR-92a-3p —0.366 <0.001  0.259 0.005 1.295 <0.001 0.618 —0.345 <0.001 —0.312 0.247 1.329 <0.001 0.611
hsa-let-7f-5p - - - - - - - —0.324 <0.001  0.243 0.007 0.388 0.008 0.443
hsa-miR-548a-3p 0.382 <0.001  0.259 0.103 0.398 0.017 0.480 - - - - - - -

hsa-miR-556-3p 0.396 <0.001  0.283 0.022 0.408 <0.001 0.407 0424 <0.001  0.299 0.077 0.548 <0.001 0.408
hsa-miR-548ad-3p  0.469 <0.001  0.314 0.009 —1.960 0.008 0.426 0471 <0.001 -0.403 0.002 —1.948 0.009 0.426
hsa-miR-525-3p 0.519 <0.001 -0.325 0.136 0.552 <0.001 0.568 0.529 <0.001 —-0.338 0.118 —0.623 <0.001 0.570

Models also adjusted for age, BMI, ethnicity, batch effects, and Bonferroni correction. Associations significant after Bonferroni correction are in
bolded text.

pf Log,FC, FC fold-change.
“For employment duration, effect is for a 6 month increase. For fire-hours, effect is for a 10 h increase. For fire-runs, effect is for a 10 fire increase.

®Based on the highest Akaike information criteria (AIC), the best measure of time since most recent fire was selected (continuous, split at median
value, split at tertile values, or split at quartile values). Hsa-miR-26a-5p, hsa-miR-548a-3p, hsa-miR-556-3p and hsa-let-7{-5p used time split at the
median. Hsa-miR-494-3p, hsa-miR-422a, hsa-miR-92a-3p and hsa-miR-548ad-3p used time split at quantiles. Hsa-miR-525-3p used time split at
the median for the model adjusted for structure fire-hours and time split at tertiles for the model adjusted for structure fire-runs.

“An absolute FC >1.25 was applied to statistically significant miRNAs associated with length of service presented here.
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were found to have be significantly associated with
employment duration above the absolute FC of 1.25. We
did not observe any significant associations between struc-
ture fire-hours or structure fire-runs and differential
expression of miRNA, but changes in four miRNAs (three
in the structure fire-hours models and three in the structure
fire-runs models, with two overlapping) were associated
with most recent structure fire exposure. In these adjusted
models, R* values varied from 0.480 to 0.795.

The results of all other full miRNA analyses are descri-
bed below. In our univariable models (adjusted for age,
ethnicity, BMI, batch effects, and multiple comparisons) for
all fires, employment duration, fire-hours and fire-runs were
all significantly associated with over 50% of miRNAs in the
full array, and time since most recent fire exposure was
associated with over 20% of all miRNAs (results not
shown). When we considered the full array of miRNAs in
multivariable models for all fires, employment duration was
associated with four miRNAs (miR-422a, miR-525-3p,
miR-548ad-3p and miR-548k) with absolute fold changes
>1.25 (Supplementary Table 1). In the multivariable models
of all fires, no miRNAs were significantly associated with
fire-hours or fire-runs. In our univariable models restricted
to structure fires, employment duration, structure fire-hours,
and structure fire-hours were each significantly associated
with over 50% of all miRNAs in the full array and time
since most recent structure fire exposure was associated
with over 20% of all miRNAs (results not shown).

Discussion

The results of this study build on our previous comparison
of incumbent and new recruit firefighters which identified
nine whole blood miRNAs with at least 50% difference in
expression between the two groups [16]. Using these nine
miRNAs as a priori markers in our current analysis, we
found three (miR-1260a, miR-5010-3p and miR-486-3p) in
the multivariable models that were significantly associated
with employment duration in the new recruits, all of which
were in the same direction of effect as in the previous study,
albeit of lesser magnitude. The consistency of these findings
between the previous and current study suggests that these
miRNAs may serve as biomarkers of cumulative effect in
firefighters. In addition, nine novel miRNAs out of the full
array panel with longitudinal fold changes of at least 25%
were also found to be associated with employment duration
in multivariable models restricted to structural fires, as well
as four miRNAs with longitudinal fold changes of at least
25% associated with employment duration in multivariable
models for all fires, with three of the miRNA present in both
all fire and structural fire models. Given the overall pattern
of reduction in tumor suppressor miRNAs and increase in
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oncogenic miRNAs, these findings also provide potential
mechanisms linking firefighting to increased cancer risk. In
relation to cumulative measures of fireground exposure, in
the fully adjusted models restricted to structural fires one a
priori miRNA was associated with fire-runs, suggesting a
potential dose-response relationship with exposure to pro-
ducts of combustion. Furthermore, the statistically sig-
nificant association between some miRNAs and most recent
fire demonstrates the importance of considering both
chronic and acute exposures.

A limited number of previously published studies have
also evaluated epigenetic modifications among firefighters.
In our two previous studies, we compared incumbent to
new recruit firefighters for significant differences in miR-
NAs and DNA methylation using full array panels of
markers [16, 18]. For miRNAs, we identified nine markers
with a statistically significant >50% difference in expres-
sion in incumbent firefighters compared to new recruits.
Results from an enrichment analysis of miRNA clusters
also identified associations with stem cells, inflammation
pathways, carcinomas, Burkitt’s lymphoma, and mela-
noma, among others [16]. Our previous study of DNA
methylation at cytosine-guanine dinucleotides (CpG) sites
among firefighters identified four with a statistically sig-
nificant >50% difference in methylation in incumbents
compared to new recruits [18]. We were also able to
demonstrate that genome-wide methylation could predict
with accuracy incumbent and new recruit status as well as
employment duration among incumbent firefighters.
Another study examined DNA methylation among fire-
fighters at four specific genes and observed decreased
methylation at the promoter region of one gene, DUSP22,
in firefighters compared to non-firefighters, correlated with
employment duration but not age [17]. The authors also
demonstrated through in vitro tests that decreased DUSP22
promoter methylation was inducible by low-dose benzo[a]
pyrene [17], one of a large number of PAHs formed as a
combustion byproduct of organic materials. Certain PAHs,
including benzo[a]pyrene, are known or probable carci-
nogens [38]. Based on these associations, the authors
concluded that PAHs, a pervasive fire service exposure [4]
may contribute to certain cancer risk through epigenetic
mechanisms in firefighters due to chronic occupational
exposure.

Surrogate fireground measures have been associated with
cancer risk among firefighters in a pooled-cohort analysis of
three metropolitan career fire departments in the US,
including significantly increased lung cancer and mortality
risk associated with fire-hours and similar but non-
significant associations with fire-runs as well as a margin-
ally significant association between leukemia mortality and
fire-runs but not fire-hours [7]. In our multivariable models
of a priori miRNAs, structure fire-runs, but not all fire-runs,
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were significantly associated with decreased expression of
miR-486-3p. The direction of this association for structure
fire-runs was unexpected as in this same model miR-486-
3p increased significantly with employment duration and
also non-significantly with most recent fire. This differ-
ence in outcomes between structure fire-runs and all fire-
runs may be explained by higher exposures of certain
combustion byproducts at structure fires compared to
vehicle fires [3]. Previous epidemiologic studies of fire-
fighter cancer that were able to assess for dose-response
relationships have typically not differentiated between all
fires and structure fires [7]. The biological consequences of
the negative association of miR-486-3p with structure fires
remains to be determined. Similar to some other miRNAs,
miR-486-3p has been shown to manipulate several target
genes, in this case acting as an oncogene for some cancers
(colon, laryngeal squamous cell cancers) and a tumor
suppressors for other cancers (oral squamous cell, lung,
cervical cancers) [21, 31].

We identified nine novel miRNAs with at least a 25%
fold longitudinal change associated with employment
duration in our full array analyses restricted to structural
fires. Four of the five miRNAs with decreased expression
are reported as being tumor suppressors and the four with
increased expression are reported as being oncogenic in
various cancers, including colorectal, liver, prostate, breast,
and bone cancers [35, 36, 39—41]. Of these, previous studies
have found that colorectal and prostate cancers are elevated
in firefighters [6, 8, 10, 11]. Given that both decreased
expression of tumor suppressive and increased expression
of oncogenic miRNAs have been associated with increased
risk of cancer diagnosis and prognosis [42], our current
findings could help explain the excess of certain cancers in
firefighters.

In most of our multivariable analyses, we did not observe
significant associations between surrogate measures of
fireground exposure and dysregulated miRNA expression.
Given the relatively small sample size of our current study,
we likely lacked sufficient power to detect additional sig-
nificant associations. However, the majority of firefighter
responses are to medical aid calls [43], and other firefighter
occupational factors, such as total call volume, stress,
shiftwork, and firehouse exposures like diesel exhaust,
might help explain dysregulated miRNA expression and
should be evaluated in future analyses. Psychological stress
can elicit alterations in human whole blood miRNA [44].
Other studies have observed that exposure to diesel exhaust
is associated with epigenetic modifications, including dys-
regulated miRNA [17, 45]. Additionally, while miRNA
expression has not been examined for potential associations
with shiftwork to our knowledge, aberrant DNA methyla-
tion has been observed in long-term night shiftworkers [46].
Finally, we did not include training fire hours in the

exposure metrics, as training fires burn different materials
(wood, hay and natural gas) than with the exception
of wood are present in fires in the community and
training fire hours were evenly distributed across the study
participants.

The current study findings are consistent with both
chronic and acute contributions of firefighter exposures to
longitudinal change in whole blood miRNA. Relative to our
prior study comparing whole blood miRNA in incumbent
firefighters with an average of 14.1 years of occupational
exposure compared to new recruits [16], the fold changes
over 20-37 months in some of the a priori miRNA markers
of the current study were lesser in magnitude. This suggests
that changes in at least some whole blood miRNA may
reflect cumulative exposure over multiple years, and that
larger and longer-term prospective cohort studies are nee-
ded to provide additional information on the slope of the
dose-response curve over time. Furthermore, while our
study found multiple miRNAs with significant associations
with time since most recent fire, additional research is also
needed to better understand the nature and timing of these
relationships. We were able to find a limited number of
other published studies on the relation of blood miRNA to
acute exposures. A study of steel plant workers examined
the effect of particulate matter on miRNA expression using
peripheral blood leukocytes (a component of whole blood)
and found that after three days of work, expression of two
of three candidate miRNAs were significantly different and
also correlated with blood oxidative stress or lead exposure
[47]. A controlled study of asthmatics exposed to diesel
exhaust collected whole blood samples from participants
before and six hours after exposure. This study reported that
expression of several miRNAs were associated with acute
moderate-dose diesel exhaust exposure [45]. Additionally,
some changes in miRNA appear to be reversible with ces-
sation of exposure. A small study reported that while
miRNA profile of smokers were significantly different than
that of non-smokers, after ~1 month the miRNA profile of
individuals who independently decided to quit smoking
during the study period resembled that of non-smokers [48].
Another study found that out of 34 miRNA dysregulated by
smoking in small airway epithelium, 22 returned to normal
within three months of cessation of exposure [49]. In vitro
studies have found increases in miRNA expression within
hours of exposure [50]. These collective findings indicate
the need to consider the contribution of both chronic and
acute exposures to epigenetic changes.

To our knowledge, this is the first longitudinal analysis
of epigenetic changes in firefighters and the first long-
itudinal assessment of surrogate fireground exposures
associated with changes in miRNA expression. We were
able to enroll a cohort of new-recruit firefighters with no
previous occupational smoke exposure and collect baseline
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blood samples prior to live-fire training, allowing us to
capture a more accurate assessment of miRNA expression
prior to any fireground exposures for comparison to sam-
ples collected ~2 years later. Collection of fire response
history for each study participant allowed us to examine
potential dose-response relationships between surrogate
fireground exposures and change in miRNA expression as
well as evaluate and adjust chronic surrogate measures of
fireground exposure (cumulative fire-hours and fire-runs)
for potential confounding by acute fireground exposures
(days between follow-up blood draw and most recent
fire response).

Despite our study’s strengths, there were limitations in
regards to both exposure assessment and miRNA mea-
surement. Though we were able to capture administrative
information regarding type of fire and our study sample
was limited to firefighters within the first two or three years
of their career (excluding ranks or responsibilities that
require tenure and additional training such as paramedics
or engineers), we were unable to account for potential
confounding by job assignment (e.g., interior or exterior
role at fire). In regards to miRNA measurement, our
samples collected at baseline and follow-up were analyzed
in four separate batches. To address batch effects, we
employed the newer RUV-III correction approach, rather
than older methods of batch effect correction such as the
ComBat function [51]. Use of methods such as ComBat to
remove batch effects in such a situation could lead to
biasing (usually deflating) group differences [52]. Finally,
the study findings are from one fire department and addi-
tional studies in other geographic locations are needed to
determine their generalizability.

In conclusion, consistent with previous research, our
study provides further evidence that miRNAs may serve as
biomarkers of cumulative exposure to firefighters, although
the influence of acute exposures and the entirety of fire-
fighter occupational exposures (shiftwork, stress, and other
factors in addition to combustion byproducts) requires fur-
ther investigation. Additionally, we observed significant
dose-response relationships between employment duration
and dysregulated expression of a priori miRNAs implicated
in cancers and cancer pathways. Together, our study pro-
vides evidence that alterations of miRNA expression may
serve as a mechanism linking firefighter exposures to
increased cancer risk.
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