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Abstract

The ends of chromosomes shorten at each round of cell division, and this process is thought to be
affected by occupational exposures. Occupational hazards may alter telomere length homeostasis
resulting in DNA damage, chromosome aberration, mutations, epigenetic alterations and
inflammation. Therefore, for the protection of genetic material, nature has provided a unique
nucleoprotein structure known as a telomere. Telomeres provide protection by averting an
inappropriate activation of the DNA damage response (DDR) at chromosomal ends and preventing
recognition of single and double strand DNA (ssDNA and dsDNA) breaks or chromosomal end-to-
end fusion. Telomeres and their interacting six shelterin complex proteins in coordination act as
inhibitors of DNA damage machinery by blocking DDR activation at chromosomes, thereby
preventing the occurrence of genome instability, perturbed cell cycle, cellular senescence and
apoptosis. However, inappropriate DNA repair may result in the inadequate distribution of genetic
material during cell division, resulting in the eventual development of tumorigenesis and other
pathologies. This article reviews the current literature on the association of changes in telomere
length and its interacting proteins with different occupational exposures and the potential
application of telomere length or changes in the regulatory proteins as potential biomarkers for
exposure and health response, including recent findings and future perspectives.
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Introduction

As humans, we hope to enjoy a long and healthy life, but longevity tends to be dictated by
our genes inherited from our parents. To protect our genome, nature evolved a cap-like
structure at the end of chromosomes known as telomeres, that are composed of tandem
repeats of hexanucleotides 5'-TTAGGG-3" DNA sequences shielded with a group of six
proteins called shelterin (Fig. 1). This complex facilitates the formation of hairpin like
structure (T-loop and the D-loop) to safeguard chromosomal ends from degradation and
activating the DNA damage response (DDR) (de Lange, 2005a; Greider, 1991; Griffith,
Comeau, Rosenfield, et al., 1999). The term telomere was introduced by Muller and is
derived from two Greek words, telos (terminus) and meros (part) (Muller, 1938). Telomeres
avoid deleterious chromosomal fusions by covering the natural ends of linear chromosomes
and distinguishing them from resembling DNA breaks. Apart from protecting our genome
from degradation and chromosomal end-to-end fusion, telomeres also play a critical role in
DNA repair mechanisms of dsDNA breaks with nonhomologous end-joining (NHEJ) to
stabilize a broken genome, maintain the replicative potential of the cells, and serve as
substrates for telomerase enzymes (Blackburn, 1990; de Lange, 2005b; Grach, 2013;
Greider, 1996; Haber, 1999; Muller, 1938; Oeseburg, de Boer, van Gilst, & van der Harst,
2010). In the 1960s, Hayflick and Moorhead, using normal human fibroblasts, confirmed
that the cells can divide up to 40 to 60 cycles with shortening of telomeres. This
phenomenon of telomere shortening was named the ‘Hayflick Limit” (Hayflick, 1965;
Hayflick & Moorhead, 1961). Telomere length shortens with age with each round of cell
division (Fig. 2A), consequently resulting in an end-replication problem (Watson, 1972;
Greider & Blackburn, 1989 and Olovnikov, 1973. This problem occurs because of the
incapability of the DNA polymerase enzyme to completely replicate the 5 ends of the
lagging strand due to unavailability of 3’-OH group to which a nucleotide can be added. The
end-replication problem is avoided by the enzyme telomerase replicating the leading strand
(5”-3") before the RNA primer, with an -OH group, synthesizes the lagging strand (3'-5")
by the conventional DNA replication mechanism. To some extent, end replication is also
untangled by the shelterin complex proteins with the recruiting of the enzyme telomerase
(Giraud-Panis, Teixeira, Geli, & Gilson, 2010; Palm & de Lange, 2008; Price, Boltz,
Chaiken, et al., 2010; Stewart, Wang, Chaiken, et al., 2012 and Wu, Liu, Ni, et al., 2012).

Elizabeth Blackburn and colleagues were awarded a Nobel prize for the discovery of “how
chromosomes are protected by telomeres and the enzyme telomerase” in 2009. When
telomeres become critically short, they activate DDR machinery or enter senescence (Fig.
2B) by arrest in the G1 phase of the cell cycle to prevent impending DNA damage. Cellular
senescence is a complex process and could be beneficial (van Deursen, 2014) or deleterious
(Baker, Childs, Durik, et al., 2016; Baker, Wijshake, Tchkonia, et al., 2011), depending on
the circumstances and tissue-specific conditions. Senescent cells have been implicated in the
development of pulmonary fibrosis (Schafer, White, lijima, et al., 2017), atherosclerosis
(Childs, Baker, Wijshake, et al., 2016), liver steatosis (Ogrodnik, Miwa, Tchkonia, et al.,
2017) and other age-related diseases (Adnot, Amsellem, Boyer, et al., 2015). The
measurement of telomere length homeostasis and the expression of proteins that regulate
telomeres have been proposed as potential biomarkers to assess various occupational
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exposures and possibly predict future development of disease pathologies. Here, we discuss
how occupational exposures may impact telomere homeostasis and cause dysfunctional
shelterin proteins contributing to DNA damage signaling and how altered telomeres and
their associated regulatory proteins can be the source of genome instability leading to the
induction and/or progression of occupational diseases and prognosis.

2. Telomere function, regulation and dysregulation

Telomeres are a duplex of G-rich tandem DNA sequences of TTAGGG repeats that prevent
the recognition of chromosomal ends as dSDNA breaks, and thus conserve genomic stability.
Single stranded G-rich telomeric DNA overhang ends consist of approximately 50 to 400
nucleotides beyond the complementary C-rich strand protruding toward the double-stranded
region of the telomere (Doksani & de Lange, 2014). Telomeres are needed at the end of
chromosomes to solve the end-replication problem, but they shorten during each cell
division leading to cell cycle arrest, cellular senescence, and apoptosis. However, some
telomere or possible associated regulatory proteins mutations, could by-pass cells from
undergoing excessive telomere attrition thereby preventing cells from becoming senescent,
leading to cell immortality and potentially increasing the prognosis of cellular
immortalization and cancer (Meyerson, Counter, Eaton, et al., 1997; Shammas, 2011).
Telomere length is maintained by an enzyme called telomerase (Blackburn, Greider,
Henderson, et al., 1989; Greider & Blackburn, 1985). The telomerase is a reverse
transcriptase ribonucleoprotein complex composed of telomerase reverse transcriptase
(TERT), coupled with telomerase RNA component (TERC) (Gilson and Geli, 2007,
Londono-Vallejo & Wellinger, 2012) that synthesize de novo the addition of TTAGGG
repeats at the end of telomeres, thereby controlling excessive telomere shortening in
multiplying cells (Greider & Blackburn, 1985, 1989).

Thus, the question becomes, how does the enzyme telomerase prevent excessive telomere
shorting? DNA is double stranded, and its replication occurs from 5" to 3”, which always
has an -OH group available at the end to add another nucleotide, therefore allowing for the
leading strand to replicate. However, the problem is with the lagging strand where the
daughter strand cannot be elongated from 3’ to 5" because of the absence of the -OH group.
Hence, no nucleotide can be added at the end of the lagging strand, resulting in an end
replication problem. Telomerase is a reverse transcriptase that binds to the 3" overhang of
the parent DNA, generating -OH groups that are available to the daughter DNA of the
lagging strand and maintain telomere length.

Telomerase activity depends on the expression of TERT and TERC as well as on the cell
type. For example, telomerase activity is nearly completely absent in somatic cells, whereas
it is sufficiently expressed in embryonic stem cells (Blasco, 2005). Due to mutations in
TERT (Horn, Figl, Rachakonda, et al., 2013; Liu, Zhang, Zhu, & Xing, 2018; Giines, Wezel,
Southgate, & Bolenz, 2018;), more than 90% of cancers have significant levels of telomerase
activity (Jafri, Ansari, Algahtani, & Shay, 2016; Kim, Piatyszek, Prowse, et al., 1994; Shay
& Bacchetti, 1997), whereas the other 10% maintain telomere length utilizing telomerase-
independent mechanisms involved in the conservation of telomere length, known as
alternative lengthening of telomeres (ALT) (Barthel, Wei, Tang, et al., 2017; Bryan,
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Englezou, Dalla-Pozza, Dunham, & Reddel, 1997; Cesare and Reddel, 2010; Reddel, 2003;
Lundblad & Blackburn, 1993). Maintenance of telomere length by a telomerease-
independent mechanism, such as ALT, involves activation during genetic modification.
Epigenetic irregularities [e.g., tumor protein 53 (p53)] promote approximately 15% of
human cancer cells proliferation because of its genetically unstable nature)(Cesare, Kaul,
Cohen, et al., 2009; Chen, Shen, Hsia, et al., 2017; Conomos, Pickett, & Reddel, 2013;
Henson, Neumann, Yeager, & Reddel, 2002; Lovejoy, Li, Reisenweber, et al., 2012; Min,
Wright, & Shay, 2017; Neumann, Watson, Noble, et al., 2013; Roake & Artandi, 2016).
Activation of ALT pathways can also occur by utilizing a homologous recombination (HR)
mechanism and its associated proteins, such as the MRN complex proteins (MRE11,
RADS50, NSB1), NBN, and other proteins involved in structural maintenance of telomeres,
including SMC5, SMC6, FANDCD2, FANCA, and FEN1 (Cesare et al., 2010; and Gocha,
Harris, & Groden, 2013). Furthermore, long non-coding RNA termed as telomeric repeat-
containing RNA (TERRA) are also involved in transcribing telomeric sequence by recruiting
telomerase (Cusanelli, Romero, & Chartrand, 2013) at the telomere, specifically at the sub-
telomeric region of 3" end of chromosome (Azzalin, Reichenbach, Khoriauli, Giulotto, &
Lingner, 2007). TERRA is an imperative regulatory factor in governing telomere length
through its interaction with various protein complexes, such as shelterin (TRF2) and trimeric
CST complex (CTC1, STN1, and TEN1) (Cusanelli et al., 2013).

To maintain telomere integrity, both telomeric strands (=ss and -ds) are shielded by a
shelterin complex, composed of six different proteins; telomere repeat factors 1 and 2 (TRF1
and TRF2), Trfl-interacting protein 2 (TIN2), tripeptidy! peptidase 1 (TPP1), protection of
telomere 1 (POT1), and repressor/activator protein 1 (RAP1)(Fig. 1). Two shelterin proteins,
TRF1, and TRF2, directly bind to ds-telomeric-DNA, whereas POT1 binds to ss-telomeric-
DNA and are held together by three other shelterin proteins, TIN2, TPP1, and RAP1,
preventing them from being recognized as sites of DNA damage. The shelterin subunit TIN2
bridges the ds- and ss-telomeric-DNA. Furthermore, two components of the shelterin
complex, TPP1 and POTL, are an integral part of telomerase activation through their
association with TERT (Sandin & Rhodes, 2014). The shelterin complex protects and
maintains telomeres by suppressing DNA repair machinery and formation of a T-loop
structure at the telomeres. Apart from maintaining and regulating telomere structure,
shelterin complex also prevent unwanted DNA repair. (de Lange, 2005a; de Lange, 2018).

The inhibition, removal, or dysfunction of the shelterin complex can result in alteration of
telomeres and DNA damage inducing two powerful transducing kinases, ataxia
telangiectasia and Rad3-related (ATR) and ataxia telangiectasia-mutated (ATM) (Fig. 3) that
could become inappropriately active at the telomeres resulting in hyper-resection of the 5
strand (Sfeir & de Lange, 2012). The double stranded shelterin component TRF2, suppresses
ATM signaling pathways and becomes activated during dsDNA breaks by associating with
the trimeric complex, MRN. The ATM kinase then phosphorylates the proteins in the
chromatin, resulting in the accumulation of DNA damage foci such as 53BP1, MRN,
YH2AX, and MDC1, and consequently marking that spot as a location of DNA damage
(Attwooll, Akpinar, & Petrini, 2009; Celli & de Lange, 2005; Deng, Guo, Ferguson, &
Chang, 2009; Dimitrova & de Lange, 2009; Stracker & Petrini, 2011). Shelterin component,
POT1 suppresses ATR signaling and becomes activated when ssDNA is at a break in the
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telomeric DNA by associating replication protein A (RPA) to ssSDNA, thus explaining the
elevated RPA level in S and G2 than in G1 at telomeres, as well as, the ATR kinase that
phosphorylates proteins in the chromatin and subsequently accumulates in DNA damage
foci which is then marked as a DNA damage site (de Lange, 2010). Other than
phosphorylating proteins in the chromatin and activating DNA damage foci, the stimulation
of ATM and ATR kinase can also enforce cell cycle arrest (through phosphorylation and
activation of cell cycle components, CHK1/CHK?2), activate p53 and inactivate CDC25
phosphatase (Fig. 4), thereby inhibiting the cell to transition from G1 to S phase where DNA
replication occurs (Churikov & Price, 2008; Denchi & de Lange, 2007; Gong & de Lange,
2010).

3. Telomeres in toxicology: Association with occupational exposures

The information on the toxic effects of occupational exposures involving telomeres is
limited. Exposure to various occupational hazards have been shown to cause alterations or
mutation in chromosomes, triggering various disease conditions (Reste, Zvigule, & Zvagule,
2014). However, the understanding of these exposures on telomere stability is lacking and
inconsistent because of aberrant telomere length after these exposures. For instance, both
occupational and environmental exposures could lead to binary telomere length (short or
long telomeres) resulting in inflammation, DNA damage, chromosome abnormality, and
epigenetic modifications that may contribute to development of diseases, such as diabetes,
fibrosis, neurodegeneration, abnormal cardiovascular events, and cancer (Armanios, 2012;
Fitzpatrick, Kronmal, Gardner, et al., 2007; Hou, Zhang, Gawron, et al., 2012; Hou, Zhang,
Wang, et al., 2012; Sampson, Winterbone, Hughes, Dozio, & Hughes, 2006; Shoeb,
Mustafa, et al., 2020; Srinivas, Rachakonda, & Hielscher, 2019; Uziel, Singer, & Danicek,
2007; Weisburger & Williams, 1983). Molecular mechanisms of aberrant telomere length
homeostasis due to occupational exposures are not fully understood. Due to the G-rich
terminal region, telomere 3" overhang has been observed to be more susceptible to oxidative
modifications of guanine residues (Fouquerel, Lormand, Bose, et al., 2016; Houben,
Moonen, van Schooten, & Hageman, 2008; Kawanishi & Oikawa, 2004). Because most
chronic diseases are non-genetic and may occur due to various exposures, assessing an
individual’s exposure history might be helpful in evaluating the origin of specific diseases
(Rappaport, 2011; Rappaport & Smith, 2010). However, this has been proven difficult
because of unknown and complicated exposure histories. Exposure assessment is important
for occupational epidemiological studies that measure telomere. This can allow correlating
exposure doses to alteration in telomere length homeostasis and provide meaningful
interpretation of occupational risk. Importantly, mechanisms of telomere length alteration in
workers exposed to various occupational hazards has not been well documented. Both
extremely long and critically short telomeres have been associated with increased risk of
cancer and other diseases. However, the mechanisms through which binary telomere length
may contribute to development of various diseases remain unclear. Therefore, identification
and quantification of telomere, its regulatory, and other telomere interacting proteins before,
during, and after occupational exposures should be imperatively considered and needs to be
systematically understood. Furthermore, analysis of telomere length homeostasis in isolated
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cells and tissues may allow for the development and discovery of potential biomarkers of
response in the assessment of toxicity associated with occupational agents.

4. Occupational exposure and telomere length

Conceptually, mitotic cells stop dividing due to critical shortening of telomere that will lead
to cellular senescence and cell cycle arrest. However, as shown in Fig. 2B, some hazardous
exposures may result in telomere shortening of the cells and then start expressing elevated
telomerase activity that may be due to a mutation in TERT, possibly resulting in tumor
formation (Barthel et al., 2017). On the other hand, increased telomere length may be due to
increased telomerase expression that may result in elevated cancer development by
increasing replicative capacity of those cells. Because senescent cells cannot undergo further
replication, it is unlikely they will be involved in cancer development, tumor formation, and
imminent DNA damage. However, at times senescent cells can express a senescence-
associated secretory phenotype (SASP) that may result in tumor progression (Cahu, Bustany,
& Sola, 2012). The telomere and its regulatory proteins are essential in promoting or
inhibiting cancer. One of the mechanisms of cancer inhibition could be through induction of
p53 and cellular senescence due to dysfunctional telomeres. Moreover, dysfunctional
telomeres may promote initiation and progression of tumorigenesis through mutation or
deletion of p53 and activation of TERT expression (Ding, Wu, Jaskelioff, et al., 2012; Hu,
Sarah Hwang, Liesa, et al., 2012). This review will focus primarily on addressing alterations
in telomere length after exposures in different occupational groups, primarily workers in the
welding and silica industries. These specific industries were chosen as the International
Agency for Research on Cancer (IARC) has classified welding fume (Guha, Loomis, et al.,
2017) and crystalline silica/quartz (Guha, Straif, & Benbrahim-Tallaa, 2011) as Group 1
carcinogens in humans. In addition, the effect of exposure of other occupational hazards on
telomere length are also discussed, including exposure of workers in the rubber and coal
industries. IARC also has classified quartz, a constituent of coal (IARC — International
Agency for Research on Cancer, 1997; International Agency for Research on Cancer
(IARC), 2012a), and specific chemicals generated in the rubber industry as Group 1
carcinogens (International Agency for Research on Cancer (IARC), 2012b).

4.1. Welding industry

In the United States, approximately 581,000 classified welders are employed as full-time
worker (https://datausa.io/profile/soc/514120/). Millions of other non-classified welders are
exposed to welding fumes daily worldwide. Based on adequate epidemiology and limited
animal studies, welding fume has been recently classified as a known carcinogen (Group 1)
to humans by IARC (Guha et al., 2017). Welding fumes are a complex mixture of different
cytotoxic, neurotoxic, and genotoxic metals (e.g., Cr, Ni, Mn, and Fe). Their metal
composition is different depending on the types of electrodes/consumables used during the
welding process, such as stainless steel or mild steel. Stainless steel welding fumes are
primarily composed of Cr, Fe, Mn, and Ni, whereas mild steel fumes are composed of
mostly Fe and Mn. The health effect of the greatest concern associated with welding fume
exposure is lung cancer (Antonini, 2014; Martin, Guidotti, & Langard, 1997). Non-
pulmonary health effects associated with welding fume exposure include cardiovascular
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(Ibfelt, Bonde, & Hansen, 2010; Sjogren, Fossum, Lindh, & Weiner, 2002) and neurological
disorders (Racette, 2014; Racette, McGee-Minnich, Moerlein, et al., 2001; Sriram, Lin,
Jefferson, et al., 2010). An important characteristic of cancer is to alter or detour a normally
dividing cell to a cancerous cell through disruption of telomere length homeostasis.
Identification of biomarkers may impact the health of large number of welders by detecting
early potential toxicological changes that are predictive of chronic diseases, specifically lung
cancer (Ambroise, Wild, & Moulin, 2006; Hansen, Lauritsen, & Skytthe, 1996; Kendzia,
Behrens, Jockel, et al., 2013; Vallieres, Pintos, Lavoue, et al., 2012).

Limited studies have established an association between welding fume exposure and
telomere length in humans. Wong, De Vivo, Lin, and Christiani (2014), Li, Hedmer,
Wojdacz, Hossain, et al. (2015), and Jiunn-Liang, Yu-Jung, Guan-Cen, I-Lun, and Hsiu-Ling
(2017) assessed a longitudinal study of a cohort of cumulative welding fume-exposed
boilermakers, a respirable dust-exposed group of Swedish welders, and metal exposure
group of Central Taiwan workers. In the three groups, they observed telomere shortening in
(1) peripheral blood leukocytes (PBL) in short-term-exposed boilermakers as opposed to
workers who experienced extended exposures, (2) whole-blood of Swedish welders as
analyzed by real-time quantitative polymerase chain reaction (qPCR), and (3) whole-blood
lymphocytes of Taiwan workers as analyzed by southern blotting analysis, respectively
(Jiunn-Liang et al., 2017; Li et al., 2015; Wong et al., 2014). After evaluating telomere
length and changes in DNA methylation after welding fume exposure, Li et al. (2015)
reported shorter telomere length in whole blood of Swedish welders as analyzed by qPCR.
Because shorter telomeres in blood are associated with numerous cancers, this suggests a
possible carcinogenic mechanism related to welding fume exposure. Importantly, augmented
risk of lung cancer is also linked with elongated telomeres (Hosgood Il et al., 2009; Lan,
Cawthon, Gao, et al., 2013; Seow, Cawthon, Purdue, et al., 2014; Shen, Cawthon, Rothman,
etal., 2011). Another possible cause of initiation of tumorigenesis in cells with shorter
telomeres could be chromosomal instability resulting in specific gene mutation, thereby
blocking senescence and apoptosis pathways. However, cells with elongated telomeres tend
to have a longer lifespan, which can divide continuously and possibly inhibit senescence and
apoptosis pathways, resulting in the occurrence of more somatic cells mutations (Li et al.,
2015) and suggesting that both long and short telomeres may elevate the risk of
tumorigenesis.

In our previous laboratory studies in which we evaluated telomere length homeostasis and
epigenetic changes (DNA methylation) after exposure to different welding fumes in an
animal model, no significant changes were observed when comparing DNA methylation in
isolated PBMC:s in the welding fume exposed and control groups (Shoeb, Joseph, Kodali, et
al., 2017). However, isolated PBMCs from rats exposed to a cytotoxic and highly water-
soluble stainless-steel welding fume had significantly increased telomere length ratios as
determined by qPCR at 1- and 30-days post exposure as compared to the control groups
(Shoeb, Kodali, Farris, et al., 2017). Also, this stainless-steel welding fume induced an
elevation in oxidant production (ROS, P-HNE) in the PBMCs, indicating that the change in
telomere length could be related to oxidative stress. du Plessis, Laubscher, Jooste, et al.
(2010) previously reported surges of 87% and 96% in ROS production and lipid
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peroxidation levels, respectively, in PBMCs isolated from workers exposed to welding fume
compared to non-exposed control workers.

Both acute (metal fume fever, transient lung function changes) and chronic (bronchitis,
cancer) welding fume-induced pulmonary effects are well documented (Antonini, Lewis,
Roberts, & Whaley, 2003) as compared to its non-pulmonary effects, e.g., in the central
nervous system. Welders also encountered other hazards, including intense heat and harmful
UV radiation (Falcone & Zeidler-Erdely, 2019). Welders exposed to UV radiation have been
observed to develop ocular melanoma, head and neck erythema (Antonini, 2014; Gallagher
& Lee, 2006; Guha et al., 2017). Dysfunctional telomeres have been observed after UVB or
sunlight exposure in both humans and mice (lkeda, Aida, Hatamochiet, et al., 2014; Stout &
Blasco, 2013), and these have been associated with increased risk of skin cancer (Armanios
& Blackburn, 2012; DiGiovanna & Kraemer, 2012). Evidence also suggests that various
neurological conditions and alteration of neuroinflammatory mediators can result from
welding fume exposure, likely due to accumulation of welding fume-associated Mn in
specific regions of the brain (Li, Zhang, Lu, Wu, & Zheng, 2004; Racette, Criswell, Lundin,
et al., 2012; Racette, Searles Nielsen, & Criswell, 2017; Sriram et al., 2010; van der Mark,
Vermeulen, Nijssen, et al., 2015). It is well documented in epidemiological studies that
welders may be more susceptible to the development neurological dysfunction compared to
non-welders (Racette et al., 2012).

Using an experimental animal model, we have assessed a possible association of welding
fume-induced telomere alteration and neurodegeneration. Telomere length is regulated and
maintained by shelterin proteins and its alteration is primarily due to amplified oxidative
stress and telomerase activity. Double stranded shelterin proteins, TRF1, and TRF2, are the
core for telomere protection and regulation. TRF1 is inversely proportional to telomere
length. In other words, Trfl negatively regulates telomere length, whereas TRF2 prevents
chromosomal fusion and mutations (Shoeb et al., 2020). In our study to investigate the
association between telomere length homeostasis and neurodegeneration, rats were exposed
by inhalation to stainless steel welding fumes (20 mg/m3 x 3 h/d x 4 d/wk. x 5 wk) or
filtered air (control). Telomere length, DNA-methylation, gene expression of TRF1, TRF2,
ATM, and APP, protein expression of p-Tau, a-synuclein, and presenilin 1 and 2 were
assessed in brain tissue at 12 weeks after welding fume exposure ended. We observed
increased telomere length with no change in TERT expression in brain. We observed,
significantly downregulated shelterin component TRF1 and TRF2 and increased expression
of neurodegeneration markers, such as p-Tau, presenilin 1-2 and a-synuclein proteins, in
brain tissue from the welding fumes-exposed animals as compared to air-control. Our
observations suggested: (1) elongated telomere length and epigenetic alteration after welding
fume exposure in rat brain is telomerase (TERT)-independent, (2) welding fume inhalation
may cause increased telomere length and expression of neurodegeneration markers in rat
brain through downregulation of TRF1 and TRF2, and (3) telomere length alteration and
altered markers of neurodegeneration could be the due to translocation of potentially
neurotoxic metals to the central nervous system (CNS) after welding fumes exposure;
however, more region-specific studies are required to understand in-depth the correlation
between telomere alteration and neurodegeneration after welding fumes exposures. To our
knowledge, ours is the first study, using an animal exposure model that mimics an
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occupational setting, to examine the association between welding fume inhalation and its
possible correlation with telomere length, epigenetic alterations, and markers of
neurodegeneration (Shoeb et al., 2020).

Furthermore, as the name indicates, shelterin proteins shield telomeres from incidences of
unwanted DDR. One study conducted to understand the role of individual shelterin proteins
involved in DDR and DNA repair pathways suggested that disruption in the specific
shelterin subunit may lead to telomere dysfunction (Van Ly, Low, & Frélich, 2018) (e.g.
inhibition or deletion of TRF1 may cause elongated telomere length). Therefore, another
possible mechanism for telomere elongation in brain tissue after welding fume exposure
may involve the downregulation of TRF1 (Shoeb et al., 2020). Importantly, depletion or
deletion of TRF2 initiate genomic instability and tumorigenesis (Nera, Huang, Lai, & Xu,
2015) through activation of ATM kinase at telomeres, and subsequently may result in
chromosomal fusion (Denchi & de Lange, 2007; Smogorzewska, Karlseder, Holtgreve-Grez,
Jauch, & de Lange, 2002). Significantly increased ATM and decreased TRF2 were observed
after welding fume exposure in vivo (Shoeb et al., 2020). However, under normal condition,
activation of ATM kinase is inhibited by TRF2 (Denchi & de Lange, 2007). Our animal
model may suggest that workers exposed to welding fumes may potentially develop
epigenetic modification through activation of ATM-dependent DDR machinery and
dysregulation of shelterin subunits TRF1 and TRF2 potentially contributing to adverse
neurological effects. Consequently, additional laboratory studies are needed to evaluate a
possible mechanistic and in-depth association between welding fume-induced non-
pulmonary effects.

4.2. Silicaindustry

Approximately 2.3 million workers in the United States and several millions more globally
are employed in different occupational sectors, such as mining, sand blasting, tunneling,
silica milling, construction and hydraulic fracking and are potentially exposed to significant
levels of crystalline silica (Esswein, Breitenstein, Snawder, et al., 2013; Radnoff, Todor, &
Beach, 2014). The recommended exposure limit (REL) for crystalline silica as established
by The National Institute for Occupational Safety and Health (NIOSH) is 0.05 mg/m?3
(Linch, Miller, Althouse, Groce, & Hale, 1998; NIOSH, 2002, https://www.cdc.gov/niosh/
docs/2002-129/default.html). Because workers are often exposed to levels of dust above the
recommended REL, they can develop a number of adverse health effects, such as lung
fibrosis (Mazurek, Schleiff, Wood, Hendricks, & Weston, 2015), silicosis (Castranova &
Vallyathan, 2000), cardiopulmonary dysfunction (Guo, Shi, et al., 2016), bronchitis (Merget,
Bauer, Kupper, et al., 2002), tuberculosis (Rees & Murray, 2007), systemic sclerosis,
rheumatoid arthritis (Rangel-Moreno, Hartson, Navarro, et al., 2006), chronic renal disease
(Vupputuri, Parks, Nylander-French, et al., 2012) and lung cancer (Guha et al., 2011; IARC
— International Agency for Research on Cancer, 1997).

IARC has categorized silica as a group | carcinogen, suggesting that inhalation of crystalline
silica in an occupational setting is carcinogenic to humans (Guha et al., 2011, IARC -
International Agency for Research on Cancer, 1997). However, silica-induced carcinogenic
mechanisms are largely unknown. Silica has been shown in toxicology studies to be
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cytotoxic (Antonini, McCloud, & Reasor, 1994; Fubini & Hubbard, 2003; Hamilton Jr.,
Thakur, & Holian, 2008) and reside longer in the lungs, leading to lung damage (Castranova,
Porter, Millecchia, et al., 2002; Porter, Ye, Ma, et al., 2002) and alteration in telomere length
and its regulatory protein expression (Shoeb, Joseph, et al., 2017; Shoeb, Mustafa, & Joseph,
2019). In an idiopathic pulmonary fibrotic patient, significant mutations affecting telomere
length and function have been observed (Armanios & Blackburn, 2012; Armanios, Chen,
Cogan, et al., 2007). Populations with genetically inherited shorter telomeres are more likely
to develop idiopathic pulmonary fibrosis (Armanios, 2012), and the ratio of telomere
shortening depended on their sex, male versus female (2:1) (Raghu, Weycker, Edelsberg,
Bradford, & Oster, 2006). The phenomenon of diseases, such as pulmonary fibrosis,
occurring due to dysfunctional telomeres and shelterin proteins are called telomere
syndromes. As evident from previous laboratory studies, induction of pulmonary toxicity has
been observed at 3, 6, and 12 weeks after short-term silica inhalation exposure (Umbright,
Sellamuthu, & Roberts, 2017), and pulmonary fibrosis and its marker, a-SMA, were
observed only after 12 weeks of silica inhalation in vivo (Shoeb et al., 2019). Telomerase
maintains telomere length by specialized RNA template for telomere repeat addition.
Elevated telomerase activity could result in increased telomere length, and mutations in
TERT and TERC are risk factors for pulmonary fibrosis (Armanios et al., 2007; Hoffman et
al., 2016). Elongated telomere length and elevated TERT gene expression as analyzed by
gPCR have been observed in lung tissue at 4 and 32 weeks after a 5-d silica exposure
compared to air controls in vivo (Shoeb, Kodali, et al., 2017). One possible explanation for
the increase in telomere length in the lung tissue at these time points may be due to elevated
telomerase activity which is dependent on the expression of TERT. Uncapping and
hyperextension of telomeres have been reported due to the activation of DDR (Denchi & de
Lange, 2007; Guo, Deng, Lin, et al., 2007), and its repression is regulated by shelterin
proteins at telomeres (Shoeb et al., 2019). Tel2-interacting proteins 1 and 2 (TTI1) and
(TTI2) are key regulators of DDR signaling. Thus, our finding suggests that destabilization
of TTI2 after silica inhalation could be the reason for activation of DDR machinery.
Furthermore, it is known that the regulator of telomere length-1 (RTEL1) protein preserves
T-Loop structure of telomeres by unwinding telomeric G4 DNA. However, decreases in
RTELL1 expression in lung tissue of rats were observed in the 5-d silica exposure regimen of
the laboratory study (Shoeb, Kodali, et al., 2017), and also after 3, 6, and 12 weeks of silica
exposure as compared to air control, suggesting the fragility of the telomere due to
dysfunctional DDR machinery (TTI2) and altered RTEL1 (Shoeb et al., 2019). One of the
functions of telomeres is to prevent the stimulation of the DDR by shielding the end of
chromosomes from being identified as DNA strand breaks (Lazzerini-Denchi & Sfeir, 2016).
Interestingly, silica exposure-initiated lung fibrosis (Umbright et al., 2017) and DNA
damage (Shoeb et al., 2019) that progressed gradually over time in the lung tissue of the
silica-exposed group as observed by the presence of yH2AX positive cells (Shoeb et al.,
2019).

In previous studies using mice with elongated telomere, less metabolic aging and longer
lifespans were observed. On the other hand, shorter lifespans and age-related pathologies
have been demonstrated in telomere-deficient mice (Mufioz-Lorente, Cano-Martin, &
Blasco, 2019). Generation of fragile telomeres as a result of dysfunctional shelterin
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components can initiate cancer progression. Inhibition or inactivation of POT1 could result
in the accumulation of increased DDR and telomere fusion (Denchi & de Lange, 2007,
Hockemeyer, Daniels, Takai, & de Lange, 2006; Hockemeyer, Palm, Else, et al., 2007;
Hockemeyer, Sfeir, Shay, Wright, & de Lange, 2005). In our studies, we observed
inactivation of POT1 likely due to initiation of DDR (TTI2) at an early time point and
progression until week 12 (yH2AX, and a-SMA) after silica inhalation (Shoeb et al., 2019).
Silica-induced transformation of epithelial cells to mesenchymal cells, including epithelial
mesenchymal transition (EMT) (Wynn & Ramalingam, 2012) could result in lung injury and
initiation of pulmonary fibrosis and is characterized by the induction of telomerase in
epithelial cells and fibroblasts (Liu, Ullenbruch, Young Choi, et al., 2013), and TERT and a.-
SMA expression in lung tissue (Shoeb et al., 2019; Shoeb, Kodali, et al., 2017).

DNA damage can also occur due to dysfunctional shelterin complex subunits resulting in
dsDNA and ssDNA break at the telomeres (Shoeb et al., 2019). To the best of our
knowledge, there are surprisingly no previous studies showing shelterin dysregulation in
human or animals after silica exposure. We investigated the effect of silica inhalation on
shelterin components in lung tissue in vivo. Again, we observed that sSDNA protein, POT1,
and the protein which bridges dd- and ssDNA, TIN2, were downregulated initially. Later, at
6 weeks after silica exposure, almost all the shelterin components were altered except RAP1.
Finally, at week 12 after inhalation, the entire shelterin complex became dysfunctional.
Other than the bridge formation between POT1-TPP1 and TRF2-TRF1, TIN2 also regulates
telomerase recruitment. Thus, its depletion may result in reduced levels of telomerase
recruitment, thereby causing a dysfunctional shelterin complex and activation of DNA
damage signaling and telomere instability (Shoeb et al., 2019).

Furthermore, RAP1, a shelterin subunit attached with TRF2 at dsDNA, is involved in
repression of proteins and in initiation of T loop cleavage, NHEJ and HR for e.g. PARP1 and
SLX4, thus, preventing catastrophic telomere loss and the generation of telomere-free
chromosomal fusions (Rai, Chen, Lei, & Chang, 2016). Because RAP1-TRF2 stabilize the
telomeric dSDNA-ssDNA junction by blocking HR (Lazzerini-Denchi & Sfeir, 2016), stable
RAP1 was observed at early time points after silica exposure but was significantly
downregulated after sub-chronic time points after silica exposure, suggesting the
destabilization of ds-ssDNA bridge, and thus a dysfunctional shelterin complex (Shoeb et
al., 2019). Based on the findings by our group, analysis of telomere length and its governing
proteins after silica exposure may serve as potential biomarkers in the assessment of
toxicological outcomes and also contribution to elucidate the mechanisms of disease
development such as tumorigenesis, carcinogenesis, and pulmonary fibrosis.

4.3. Other industries

Due to exposure to complex mixtures of toxic substances, workers in the rubber industry
have been observed to be more susceptible to adverse health effects, such as respiratory
(Robichova, Slamenova, Gabelova, et al., 2004), cardiovascular (Gustavsson, Hogstedt, &
Holmberg, 1986), and several types of cancer (de Vocht, Sobala, Wilczynska, et al., 2009;
Vlaanderen, Taeger, Wellman, et al., 2013). Because of undetermined permissible exposure
limits (PELSs) by the Occupational Safety and Health Administration (OSHA) or RELs by
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NIOSH, it is difficult to elucidate the effects of a specific chemical resulting in excess
fatalities of workers in the rubber industry (SPECIAL NIOSH HAZARD REVIEW, 1993;
https://www.cdc.gov/niosh/docs/93-106/default.html). Hundreds of potentially toxic
chemicals (e.g., N-nitrosamines, carbon disulphide (CS,), PAH, and toluidines) are released
as products and byproducts from the production of rubber and may play an important role in
the generation of oxidative stress, DNA damage, and DNA adduct formation (Li, Jonsson,
Lindh, et al., 2011). Currently, there are few studies correlating exposure of the chemicals
associated with rubber production and telomere alteration. Recently Li et al. (2011),
performed a cross-sectional study on a Swedish worker population in the rubber industry in
order to establish a relation between chemicals exposure from rubber production and
telomere length. It was concluded that exposure to N-nitrosamines was associated with
reduced telomere length in peripheral blood samples as analyzed by gPCR in the workers.
The association of telomere length alteration and occupational exposure to polyaromatic
hydrocarbons (PAHS) liberated during addition of crumb rubber to asphalt or crumb rubber
modified asphalt (CRM asphalt) has been examined (Xu, Lindh, Jonssonet, et al., 2018).
CRM asphalt is utilized for road paving for the reduction of traffic sound as compared to
petroleum-derived asphalt. Xu et al. (2018), assessed the potential effects of exposure to
PAHs generated from both CRM and petroleum-derived asphalt by measuring PAH
metabolites in urine, mitochondrial DNA copy number (mtDNAcn), and telomere length in
peripheral blood. Workers exposed to both asphalts experienced oxidative stress, elevated
PAH metabolites, and altered mtDNAcn. However, no effect was observed after short term
PAH exposure on telomere length between occupational and control groups.

Coal is an important source for electricity worldwide, and occupational exposure to coal
mine dust inhalation can result in fibrosis, silicosis, asbestosis, as well as lung and liver
cancer (Howarth, Ingraffea, & Engelder, 2011; IARC - International Agency for Research
on Cancer, 1997; Jenkins, Christian, Mueller, & Robbins, 2013). The guanine rich 3
overhang of the telomere is most susceptible to oxidative damage, therefore, a possible
mechanism by which coal dust induces DNA damage could be due to elevated oxidative
stress. Recently, de Souza et al. (2018) observed an association between shorter telomere
length and DNA methylation in peripheral blood samples as analyzed by qPCR and high-
performance liquid chromatography (HPLC) in 55 workers exposed to coal dust and 27 non-
exposed individuals. Due to the complex chemical nature of coal dusts, it is difficult to
classify any specific chemical-induced genotoxicity and genomic instability, indicating that
reduced telomere length and elevated DNA methylation in coal workers could be due to
increased oxidative damage resulting from exposure to inorganic elements present in coal.

Chronic exposure to lead in the workplace has been considered a risk factors for
cardiovascular disease and cancer (Schober, Mirel, Graubard, Brody, & Flegal, 2006).
Occupational exposure of lead exerts different effects depending on the duration and level of
exposure (i.e., long-term exposure can result in telomere shortening by inhibiting telomerase
activity, whereas low level of exposure could impact the cardiovascular system) (Cui, Tang,
& Huang, 2002; He, Chen, Dai, Li, & Zhu, 2018; Wu, Liu, et al., 2012). Cardiac myocyte
apoptosis and downregulation of TRF2 expression through induction of the DNA damage-
regulated activation of the checkpoint kinase, CHK2, was revealed in heart patients (Serrano
& Andrés, 2004). Toxic effects of lead could possibly due to its longer occupancy time in
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bones (approximately 11-90 years) and its nearly month-long half-life in blood. Lead is
widely used in battery manufacturing, architectural metal, power cables, sailboat keels,
among many other products (He et al., 2018). Despite the high level of DNA damage after
lead exposure, (Wu, Takai, & de Lange, 2012), first observed shorter telomere length in
peripheral white blood cells by gPCR in occupationally exposed lead workers in a Chinese
battery plant. Also, there is growing evidence that suggest an increased cardiovascular
mortality after lead exposure. Pawlas, Pachetka, Koztowska, et al. (2016) also observed
shorter telomere length in whole blood genomic DNA as analyzed by gPCR in 334 male
lead smelters compared to the 60 male workers control group. Therefore, lead-induced
telomere shorting could result in accelerating aging which in turn contributes to
cardiovascular dysfunction.

Like lead exposure, shorter telomeres were observed in recovered buccal cell DNA from
automobile workers compared with unexposed controls. Exposure of workers to different
genotoxic and carcinogenic chemicals (e.g., petrochemicals and other vapors) in the
automobile sector have resulted in the activation of DNA damage through stimulation of
oxidative stress and deficiency of the antioxidant pool (Eshkoor et al., 2012). Therefore,
workers in in automobile occupation may be more susceptible to induction of oxidative
DNA damage-mediated accelerated aging and telomere shortening. More studies are needed
to evaluate additional possible mechanisms and relationship between lead and automobile-
induced genotoxicity and telomere alteration.

5. Conclusion

Evaluation of telomere length, its regulatory proteins, DDR, and analysis of epigenetic
modifications, could be utilized as potential biological endpoints in the assessment of
understanding the mechanisms and development of disease conditions after different
occupational exposures. Telomere length, telomerase activity (TERT and TERC), shelterin
complex proteins, ATM, ATR kinases, DNA damage foci also could be potential biological
factors that provide information about the responses induced by different occupational
exposures. Furthermore, examining telomere length at birth, before an individual joins the
workforce, and during active employment will provide information of changes in telomere
length with increasing age and may help to determine telomere length alterations in response
to occupational exposures, thereby providing elucidation of possible telomere dynamics and
disease prognosis. Telomere alteration has been shown to be related to increased risk of
diabetes, cardiovascular diseases, dementia, and cancer as a decrease in mtDNAcn is one of
the hallmarks of telomere dysfunction in cancer (Prigione, Fauler, Lurz, Lehrach, & Adjaye,
2010). Occupational exposures can also result in epigenetic modifications, including DNA
methylation, histone modifications and microRNA regulation, and play an important role in
telomere maintenance. Elongated telomeres and telomeric recombination were reported in
DNA methyltransferase-deficient mammalian cells compared to wild-type control cells,
suggesting the significance of epigenetic factors in maintaining telomere integrity (Zhang,
Lin, Funk, & Hou, 2013). Compared to the rest of the DNA, telomeric DNA cannot repair
(ssDNA and dsDNA,) itself efficiently, resulting in alteration of its homeostasis during the
cell cycle. However, telomeric sequence and its regulatory proteins (e.g., shelterin subunit
TRF2) repair dsDNA break through mechanism known as NHEJ (Denchi & de Lange,
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2007). Therefore, TRF2 could be a vital biological endpoint to analyze for occupational
exposure. For example, induced DNA damage as inactivated by TRF2 may lead telomere
attrition and activation of CHK2 signaling (Serrano & Andrés, 2004), possibly resulting in
detrimental consequences to workers’ health.

Dysfunctional telomeres can lead to activation of damaged DNA and other molecular
cascades, such as activation of p53 pathways through phosphorylation and activation of
ATM and CHK2. Being a guardian of the genome, p53 can provoke the onset of cellular
senescence, and sometimes apoptosis, a known anti-tumorigenic mechanism. On the other
hand, dysfunctional telomeres related to p53 mutation or p53 deficiency may increase the
risk of tumorigenesis which is considered as a pro-tumorigenic mechanism. Both elongated
and short telomeres are linked to lung and kidney cancer (Hou, Zhang, Gawron, et al.,
2012). Analysis of only telomere length will not be an adequate biomarker/endpoint to
understand the development of disease after occupational exposures. Therefore, the current
challenge for investigators is to evaluate additional biological endpoints to analyze not only
telomere length, but its regulatory proteins, and DDR to further understand mechanisms and
elucidate early occupational pathologies and their potential implications on worker’s health.
Because telomere ssDNA is rich in guanine residues and are more susceptible to oxidative
damage (Fouquerel et al., 2016; Houben et al., 2008; Kawanishi & Oikawa, 2004),
quantification of 8-hydroxy-2-deoxyguanosine (8-oxodG) at the telomere could be an
important guide to understand telomere alteration. Also, proteins associated with ALT
pathways, such as a-thalassemia/mental retardation syndrome X-linked protein (ATRX) and
death domain-associated protein (DAXX) mutation, have been observed in ALT positive
cancers (Heaphy, de Wilde, Jiao, et al., 2011). Therefore, investigation of underlying
mechanisms resulting in dysregulation of DAXX/ATRX proteins, identification and
quantification of TERRA transcription at the sub-telomeric region, telomere transcription
factor such as SNAIL1, and the factors influencing telomerase reactivation, such as changes
in TERT expression and amplification of TERT and TERC (Barthel et al., 2017), after
occupational exposures could be a promising approach to address and comprehend these
complications.
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Abbreviations:

DDR DNA damage response

SSDNA Single strand DNA

dsDNA Double strand DNA

TERT Telomerase reverse transcriptase
TERC Telomerase RNA component

ALT Alternative lengthening of telomeres
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TRF1 and TRF2 Telomere repeat factors 1 and 2
TIN2 Trfl-interacting protein 2
TPP1 Tripeptidyl peptidase 1
POT1 Protection of telomere 1
RAP1 Repressor/activator protein 1
ATR Ataxia telangiectasia and Rad3-related
ATM Ataxia telangiectasia-mutated
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Fig. 1.

Schematic of the telomere in the t-loop configuration associated with shelterin complex
which comprises POT1, TRF1, TRF2, TIN2, TPP1 and RAP1 (upper right). Telomeres are
composed of the repetitive sequence (TTAGGG)n and are shielded by shelterin protein
complex (upper right). TRF1 and TRF2 bind to the ds-telomere-DNA and POT1 interacts
with ss-telomere-DNA. TPP1 is connected with POT1 resulting in bridge formation to TRF1

and TRF2 by associating with TIN2 (upper right).
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Fig. 2.

chhematic presentation of telomere shortening and cellular senescence. (A) Telomere
repeats (TTAGGG)n are lost during each round of cell division resulting in telomere
shortening and eventually critically short telomeres. (B) Cells without telomerase undergo
the end replication problem resulting in critically short telomeres and initiate a program of
cellular senescence. Sometimes the cells with critically short telomeres bypass the
senescence signal and start expressing elevated telomerase activity, thereby extending the
cell life span and amplified proliferation resulting in tumor cells.
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Fig. 3.

Tegiomere signaling pathway linking DNA damage response (DDR) and activation of
ATM/ATR kinase, cycle arrest, and initiation of DNA damage. Telomeres repress NHEJ,
HR, and ATM/ATR as indicated (T). Triggering of DDR may result in opening of t-loop and
bare ssDNA through alteration of TRF2 or POT1 leading to induction of ATM/ATR kinases
which then either prevent cell division or initiate DNA repair mechanisms.
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Fig. 4.

Activation of ATM and ATR kinase are inhibited by shelterin complex TRF2 and POTL1.
Shelterin component TRF2 prevents ATM signaling by preventing the loading of Mrel1/
Rad50/ Nbs1 (MRN) complex at ds-telomere-DNA, whereas shelterin component POT1

prevents ATR signaling by preventing the loading of RPA at ss-telomere-DNA.

Dysregulation of TRF2 or POT1 result in activation of ATM or ATR kinase at telomere,
leading to accumulation of DNA damage foci (yH2AX, MDCL1 and 53BP1) and cell cycle

arrest.
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