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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.
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Significance—Changes in miRNAs may serve as biomarkers of exposure effects and a 

mechanism for increased cancer risk in firefighters.
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Introduction

Firefighting is a hazardous occupation involving exposure to toxic combustion byproducts, 

including many known and probable carcinogens [1–5]. Within the past decade, the 

epidemiological evidence that cancer risk is elevated among firefighters compared to the 

general population has grown [6–10]. Notably, an evaluation of ~30,000 career firefighters 

in the United States (US) found excess overall cancer mortality and incidence (increases of 

9 and 14%, respectively), in addition to increased incidence and mortality for cancers of 

the lung, digestive tract, and kidney [6]. Associations between lung cancer and leukemia 

mortalities and surrogate fireground exposures were also reported, specifically cumulative 

fire-hours and cumulative fire-runs, respectively [7]. A meta-analysis study reported elevated 

risk in firefighters of cancers of the prostate, testes, colon, rectum, bladder, thyroid, and 

pleura as well as non-Hodgkin lymphoma and melanoma [11]. Other studies using cancer 

registry data from California and Florida have also observed elevated cancer risks among 

firefighters, including melanoma, multiple myeloma, leukemia, and esophageal, prostate, 

brain, and kidney, testicular, thyroid and colon cancers [9, 10].

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 assessment 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 differentiation, 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 published 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.
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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 

firefighters 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/m2) 

and classified using World Health Organization categories: normal (18.5–24.9), overweight 

(25.0–29.9) and obese (≥30). Biological 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 vegetation (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 relevant 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 
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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 

evaluation of positive controls.

Statistical analysis

In order to normalize and remove unwanted variation (batch effects), we adopted the 

Removing Unwanted Variation-III method (RUV-III), 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 correction, 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 determine the association between fireground exposures and 

miRNA expression at follow-up to expression at baseline. Linear mixed effects models with 

Empirical Bayes estimators were adopted and adjusted for age, ethnicity, BMI, and batch 

effects [27]. MiRNAs were considered to be differentially 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 shiftwork. 

Fire-runs and fire-hours were considered the fireground 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 association 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 

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 
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incident were greatest among firefighters who performed interior operations 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 considering 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 presented as log-fold changes 

(log2FCs) and fold changes (FCs) with accompanying p values and 95% confidence intervals 

(95% CIs). 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 

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 association 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 
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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).

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 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 three out of four of the same a 

priori miRNAs from the analysis of all fire incidents, with miR-145–5p losing statistical 
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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 ethnicity. Days since most 

recent fire exposure was associated with miR-181a-5p and miR-486–3p in the fire-hours and 

fire-runs models. R2 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 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 

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. R2 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 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 log2FCs 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 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 structure fire-hours or structure fire-runs and differential expression of 

Jung et al. Page 7

J Expo Sci Environ Epidemiol. Author manuscript; available in PMC 2021 October 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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, R2 values varied from 0.480 to 0.795.

The results of all other full miRNA analyses are described 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 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 products of combustion. 

Furthermore, the statistically significant 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 miRNAs and DNA methylation using 

full array panels of markers [16, 18]. For miRNAs, we identified nine markers with a 

statistically significant >50% difference in expression in incumbent firefighters compared 
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to new recruits. Results from an enrichment analysis of miRNA clusters also identified 

associations with stem cells, inflammation pathways, carcinomas, Burkitt’s lymphoma, 

and melanoma, among others [16]. Our previous study of DNA methylation at cytosine

guanine dinucleotides (CpG) sites among firefighters identified four with a statistically 

significant >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 firefighters 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 carcinogens [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 marginally 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, 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 difference 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 firefighter 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 
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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 significant 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 dysregulated miRNA [17, 45]. Additionally, while miRNA expression has not 

been examined for potential associations with shiftwork to our knowledge, aberrant DNA 

methylation 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 needed 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 cessation 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 
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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 longitudinal 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 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 samples 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 measurement. 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 additional 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 firefighter occupational exposures 

(shiftwork, stress, and other factors in addition to combustion byproducts) requires further 

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 provides evidence that alterations of miRNA 

expression may serve as a mechanism linking firefighter exposures to increased cancer risk.
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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 recruit firefighters prior to live-fire training and again ~2 years later using an 

nCounter Human v3 miRNA expression panel. Within boxplots, the center horizontal line 

represents the median value and dots represent outliers.
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Table 1

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

N (%)

Age (years)

 ≤29 37 [71]

 30–39 11 (21)

 ≥40 4(7)

 Mean ± SD (range: min–max) 28.2 ±6.0 (19.1–45.6)

Body mass index (kg/m2)

 Normal (18.5–24.9) 18 (15)

 Overweight (25.0–29.9) 28 [54]

 Obese (≥30) 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 (months) ± SD 26.5 ±4.3

All fire incident types

 Average cumulative time at fire (hours) ± SD
a 27.0±8.6

 Average cumulative number of fire runs ± SD
a 49.2±15.0

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

Structure fire incidents only

 Average cumulative time at structure fires (hours) ± SD
a 13.2 ±6.7

 Average cumulative number of structure fire runs ± SD
a 15.7 ±7.3

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

SD standard deviation, IQR interquartile range.

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