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Abstract

Next-generation sequencing (NGS) represents several
powerful platforms that have revolutionized RNA and DNA
analysis. The parallel sequencing of millions of DNA molecules
can provide mechanistic insights into toxicology and provide
new avenues for biomarker discovery with growing relevance
for risk assessment. The evolution of NGS technologies has
improved over the last decade with increased sensitivity and
accuracy to foster new biomarker assays from tissue, blood,
and other biofluids. NGS technologies can identify transcrip-
tional changes and genomic targets with base pair precision in
response to chemical exposure. Furthermore, there are
several exciting movements within the toxicology community
that incorporate NGS platforms into new strategies for more
rapid toxicological characterizations. These include the Tox21
in vitro high-throughput transcriptomic screening program,
development of organotypic spheroids, alternative animal
models, mining archival tissues, liquid biopsy, and epige-
nomics. This review will describe NGS-based technologies,
demonstrate how they can be used as tools for target dis-
covery in tissue and blood, and suggest how they might be
applied for risk assessment.
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Introduction
The Sanger sequencing method was developed in the
late 1970s to analyze DNA sequence using 32P-labeled
nucleotides separated by polyacrylamide gels for
autoradiograms [1]. Radionuclides were replaced by
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fluorescently labeled nucleotides and capillary electro-
phoresis that gave rise to automated sequencing in-
struments such as the Applied Biosystems, Inc. model
370A sequencers and others, on the basis of Sanger
chemistries [2]. Read length per each samplewas at 500e
800 nucleotides, and sample throughput was limited.

Sanger-based DNA sequencing instruments are
considered first-generation platforms. Instruments that
perform multiple sequencing reactions simultaneously
in a ‘massively parallel’ fashion have been dubbed,

‘NextGeneration’ or NextGen Sequencing [3]. How
NGS came about compared with other genomic plat-
forms is interlinked with microarray technology
(Figure 1). Both platforms can provide whole genomic
approaches to research problems. Microarrays are a
fluorescent probe hybridization-based technology with
origins in the mid-1990s that are now a mature genomic
platform with a well-established data analysis pipeline.
Downsides of microarrays are that a prior genomic
knowledge is needed to generate probes which are
species-specific with a limited dynamic range for dif-

ferential expression.

Development of the second wave of sequencing tech-
nologies, termed NextGen sequencing (NGS) technol-
ogies, has overlapped with microarray platforms
(Figure 1). NGS began in the new millennium as exem-
plified by the massively parallel signature sequencing
(MPSS) system that came from university research.
Improvements in sequencing chemistries, detection, and
automation over the next decade promoted a rapid
development of NGS platforms. From 2010 to 2015,
many NGS instruments became commercially available

that could produce millions of reads from 100 to 1000
bases in length. A read is a short piece of sequence (e.g.
100 nucleotides) that can be aligned to a transcript, and it
also serves as a quantitative measure of a transcript when
summed up with other aligning reads. These second-
generation sequencers include the Roche ‘454 FLX,’
LifeTechnologies ‘IonTorrent,’ AppliedBiosystems, Inc.
‘SOLiD’, and Illumina family of sequencers including the
HiSeq 2000 series, MiSeq, X-Ten, and NovaSeq [4].
Further advances, such as single-molecule real-time
sequencing, in NGS sequencing technology have led to

longer read sequencers such as the Pacific Biosciences
‘PacBio RS II’ instrument that produces reads greater
than 10,000 bases [3].
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Figure 1

Timeline for development of microarray and next-generation sequencing (NGS) technology platforms. Microarray developments are above the timeline
and NGS activities are below. For microarray development, Brown’s laboratory at Stanford was one of the first to develop a multigene expression
measurement system using fluorescent detection. The term, toxicogenomics (Tgmx) was first defined by Nuwaysir et al., in 1999 [67]. Commercialized
platforms such as Affymetrix, Agilent, and NimbleGen matured through 2010. For NGS, the massively parallel signature sequencing (MPSS) was
developed in 2000 by the Brenner lab at Lynx Therapeutics. 454 Life Sciences developed a massively parallel pyrosequencing method in 2006 followed
by a commercial instrument put out by Roche. The Solexa short-read platform was acquired by Illumina in 2008 and has undergone continued devel-
opment and improvement. Commercialization of NGS platforms continues with various speeds of analysis, read lengths, and sequencing capacities. More
recent developments include BRB-seq or ‘Bulk RNA Barcoding and Sequencing’ and TempO-Seq by BioSpyder as a library of bar-coded probes that
hybridize to representative gene transcripts as a targeted NGS approach to transcript expression. Advantages and disadvantages are summarized and
discussed further in the text.
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A more recent sequencing technology has been
advanced by Oxford Nanopore Technologies. Nanopore
instruments read bases directly from single DNA or
RNA molecules through a biological nanopore
channelda nanoscale biological tube that sequences by
sensing changes in ionic current as the nucleic acid
molecule passes through [5]. The sequencing devices
can provide rapid analysis (hours), and some units are
portable (size of an USB flash drive) that can be readily
applied to teaching laboratories, medical offices, and
field work. Reads lengths can be in the tens to hundreds

of kb in length. A primary advantage of long read length
is to reduce the ambiguity of highly homologous genes,
splice variants, and repetitive regions in the genome
where alignment is inherently more difficult using short
reads. The high sequence resolution of NGS in-
struments has come at the expense of relatively low
sample throughput. This issue has been addressed by
creating libraries of targeted probe sets that analyze the
complete transcriptome (e.g. TempO-Seq [6] and bulk
RNA coding-seq [BRB-seq], reviewed later), rapidly and
at relatively low cost. A brief depiction of NGS appli-
cations is shown in Figure 2.
NGS and risk assessment
Traditional risk assessment often involves identifying
hazard(s) in a doseeresponse manner after chemical or
test article exposure in animal models or human data if
www.sciencedirect.com
available [7]. Test articles can include chemicals and
many other agents, including pharmaceuticals, drugs,
natural products, particles such as asbestos, nano-
particles, physical factors such as radiation, metals, and
many others. The type of toxicity or hazard can be
widely defined as macroscopic or microscopic lesions
and pathologies, altered pharmacologic, immunologic,
functional, and behavioral reactions, changes in
biochemistry and physiology, or any measurable
response that is considered adverse or outside of normal
health. Study of the underlying molecular changes

contributing to toxicity has been greatly facilitated by
omics technologies, particularly transcriptomics, while
standardization of data analysis and interpretation
continue to be refined [8]. There are many in vitro assays
and screens (e.g. anticholinesterase activity or bacterial
mutagenesis) that support the mode of action in the risk
assessment process, but new initiatives such as Tox21
aim to develop new assays incorporating NGS platforms
for a larger role in risk determination [9].

The dynamic nature of gene expression (tran-
scriptomics) in response to a chemical or test article

exposure makes it well suited as part of the hazard
identification and dose-setting process for risk assess-
ment [10,11]. There are approximately 15,000 coding
genes and probably an equal number of noncoding genes
expressed at any one time in a specific cell type. Splice
Current Opinion in Toxicology 2019, 18:18–26
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Figure 2

Many applications for measuring RNA and DNA in toxicogenomics are supported by NGS platforms. Whole genome or transcriptome analysis or targeted
portions of each can be measured by NGS. seq, sequencing; WG, whole genome; ATAC, assay for transposase-accessible chromatin; ChIP, chromatin
immunoprecipitation; Ribo, ribosome; miRNA, microRNA. RNA analysis platforms are indicated by blue arrows, and DNA analysis platforms are shown by
red arrows. Further description of these applications is provided in the text.
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variants also add more complexity to response. Of those
expressed genes, only a proportion may change in
response to chemical exposure. A robust transcriptomic
response may number in the thousands of altered tran-
scripts, while a low level of response may differ by a few
hundred transcripts or less. The field has been greatly
assisted by genomic doseeresponse analysis software

(e.g. BMDExpress) to facilitate use of transcriptomic
data in toxicology and risk assessment [12].
RNA-seq
RNA-seq is the principal NGS platform for tran-

scriptome analysis [13,14]. Unlike microarrays, tran-
script sequencing can occur without prior genomic
knowledge, although accurate alignment is greatly
enhanced by genome data assemblies. RNA-seq per-
forms tens or hundreds of thousands of small-scale
DNA sequencing reactions (cDNA converted from
RNA) that produce relatively short sequences (reads)
of 100e400 bases in length that in aggregate represent
Table 1 Transcriptome transcript classificationa.

Transcript type Genomic number

mRNA – coding 20–25,000
ncRNA – miRNA 2–5000
ncRNA - lncRNA >30,000
small ncRNA - regulatory 1000

HOTAIR, HOX antisense intergenic RNA; PVT1, plasmacytoma variant transloc
a The transcriptome comprises coding and noncoding transcripts (ncRNA), including microRNAs

RNA, ribosomal RNA, small interfering RNA).
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the transcriptome after alignment to a reference
genome. About 95% of total RNA isolates are ribo-
somal RNA (rRNA), and because it provides little
value, rRNA must be removed either by using poly(A)
enrichment or by rRNA depletion strategies [15]. In
most tissues, the transcriptome is primarily composed
of mRNA that is translated into protein; however,

there is a substantial portion of RNA that is not pro-
tein coding, expressed as noncoding RNA (ncRNA),
that can be detected by RNA-seq. Such ncRNA in-
cludes microRNA, long non-coding RNA (lncRNA),
and other specialized small RNAs (Table 1). mRNA or
ncRNA are reverse transcribed into cDNA, and then, a
library of cDNA fragments is constructed for each
sample with short adaptor sequences attached to
either fragment end. RNA libraries can be sequenced
in one direction single-end reads and also from the
opposite direction (paired-end reads). Paired-end

reads provide a much more accurate alignment but at
more expense.
Mature size Examples

500–15,000nt TP53, GAPDH
22nt miRNA-29, miR-122
>200nt HOTAIR, PVT1
20–100nt tRNA, rRNA, siRNA

ation 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
(miRNAs); long noncoding transcripts (lncRNA); and regulatory small ncRNAs (e.g. transfer
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The number of reads per sequencing lane or sequencing
run varies with each NGS platform, and the number of
samples for RNA-seq analysis can be mixed and distin-
guished by a multiplexing process called ‘bar coding.’
Statistical confidence in differential transcript expres-
sion is increased by devoting a requisite number of reads
per sample for adequate ‘depth of coverage’ of the
transcriptome [14]. Sequence coverage is the number of

times each base within the transcriptome is sequenced;
so, if each base within the transcriptome on average was
sequenced 10 times, the coverage would be 10-fold.
Coverage needs for differential expression using RNA-
seq vary from 15- to 30-fold depending upon the or-
ganism and reference genome. However, the detection
of rare transcripts or inferring single-nucleotide poly-
morphisms (SNPs) from RNA-seq data may require
significantly more reads from 100- to 200-fold coverage
[16]. It should be acknowledged that the expense,
depth of transcriptome coverage, greater data

complexity, greater demands for computational analysis,
and computational infrastructure are considerations in
RNA-seq analysis.

One of the landmark studies in comparing RNA-seq
with the microarray platform for chemical exposure
studies involved the Sequencing Quality Control project
that examined thousands of microarrays and RNA-seq
analyses to compare differential expression profiling
and quality metrics for each platform [17]. In general,
the consortium found good agreement between RNA-

seq and microarray relative to gene expression, despite
some data variability in low-expression genes that could
be attributed to differences in expression platforms and
data analysis pipelines. A follow-up study by this work-
ing group compared transcriptomes from RNA-seq and
microarray data on 498 primary neuroblastomas and
showed that RNA-seq outperforms microarrays in terms
of overall transcript characterization, but both platforms
show similar results in clinical endpoint prediction [18].

The sensitivity and discovery potential of RNA-seq has
found applications in biomarker discovery and environ-

mental monitoring that can be relevant for many stages
of risk assessment. For example, nine chemical pollut-
ants were screened in undifferentiated mouse embry-
onic stem cells in a cell-based toxicity assay in which
RNA-seq identified novel RNA biomarkers including
ncRNAs that showed substantial response to in vitro
chemical exposure [19]. Bis-(2-ethylhexyl)-tetra-
bromophthalate, a widely used commercial chemical,
was screened in vitro in a fish embryo system (Atlantic
killifish) by RNA-seq that related transcriptional and
pathway changes to developmental endpoints as part of

environmental risk assessment [20]. A very innovative
study profiled liver expression responses from mice
in conventional and germ-free conditions exposed to
the persistent environmental contaminants, poly-
brominated diphenyl ethers, to determine effect of
www.sciencedirect.com
presence or absence of gut microbiomes on toxicity and
gene expression [21]. These authors found several
protein-coding lncRNA pairs that may serve as specific
biomarkers to distinguish various polybrominated
diphenyl ether congeners and shed light on chemical
effects and toxicity related to changes in the micro-
biome. In another RNA study, livers from rats
subchronically exposed to aflatoxin B1 (AFB1) in

diet showed differential expression of 25 new lncRNAs
to exposure that were discovered as candidate predictive
biomarkers of hepatocellular carcinomas [22]. RNA-seq
can also detect microRNAs, as recently described in the
rat microRNA body atlas [23], for detecting specific
biomarkers such as miR122 that is released from hepa-
tocytes into biological fluids after chemically induced
liver injury [24]. Other recent studies have similarly
used the sensitivity and base-pair resolution power of
RNA-seq for differential expression and pathway
changes to suggest modes of action for toxicity with

estradiol [25] or pharmaceutical water contaminants
[26] in zebrafish, with diesel fractions [27] or the flame-
retardant contaminant, tetrabromobisphenol A [28], in
zebrafish embryos in vitro.
High-throughput transcriptomics
Even though RNA-seq can provide a detailed measure-

ment of the transcriptome, it is not a high-throughput
platform. Tox21 is interagency program to develop and
encourage high throughput in vitro screening and
advanced computation methods to better predict toxi-
cological effects of chemical exposure [29]. In the past
few years, high-throughput transcriptomics or ‘HTT’
has been developed to measure thousands of transcripts
for differential expression after chemical exposure, in a
highly multiplexed fashion that accommodates thou-
sands of samples to establish concentrationeresponse
relationships at the gene and pathway level [6,30].

How was this accomplished? A library of transcript-
specific probes can be synthesized that bind to RNA
in a hybridization-ligation reaction. Indexing sequences
are unique to each transcript and sample. Sample li-
braries can be mixed for simultaneous analysis on an
NGS sequencing instrument with a sensitivity of
detection in the picogram range for RNA. This sensi-
tivity for RNA transcripts means that transcriptional
changes can be measured using thousands or just hun-
dreds of cells. RNA-seq methods have been developed
to profile single-cell transcriptomes of known and novel

cell types in complex tissues such as kidney [31]. The
sensitivity of NGS methods has been adapted for toxi-
cant screening in 96- or 384-well plates for high-reso-
lution concentrationeresponse assessment to chemical
exposures [32]. Several articles have demonstrated its
application in toxicity screening. For example, six com-
pounds were screened in differentiated kidney primary
renal proximal tubule epithelial cells (RPTEC) or liver
HepaRG cells in a time- and concentration-related
Current Opinion in Toxicology 2019, 18:18–26
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manner using a 2800 transcript panel to discriminate
compound and cell typeespecific responses [33]. The
development of liver spheroids comprising 1000 to
2000 cells has an increased metabolic capacity over two-
dimensional cells in flat culture. The high sensitivity of
HTT can be exploited for rapid, high-throughput
concentrationeresponse studies with multiple chem-
icals [32,34].

While the whole transcriptome can be screened in each
HTT analysis, considerable sequencing must be
performed to deliver a statistical level of confidence for
gene expression, especially for low copy number tran-
scripts. As a result, a strategy of selecting a tran-
scriptomic subset of genes has been developed into a
platform called the S1500þ, or ‘Sentinel’ 1500 [30]. This
platform evolved as a hybrid approach of combining (1)
the L1000 platform; (2) transcripts using a toxicoge-
nomic data-driven method from public databases for

selecting the most responsive transcripts; and (3) expert
contributed genes [30]. The S1500 þ platform repre-
sents a biological space reflecting a diverse pharmaco-
logic and toxicity gene expression that represents all
known canonical pathways from theMolecular Signature
Database and can infer changes from the remainder of
the transcriptome. A study comparing the S1500þ gene
set with RNA-seq and microarray rat liver mode of action
samples demonstrated that the S1500þ platform results
are consistent with findings performed with genome-
wide platforms (e.g. microarray, RNA-seq) for

measuring genome-wide transcriptional responses [35].
Another aspect of the HTTapproach for risk assessment
can be the comparative screening of specific cell types
in vitro (e.g. liver, kidney, heart, neurons) to test articles
during the same experiment. For animal testing, it will
eventually be possible tomonitor transcriptional changes
in all tissues of test articleeexposed animals to accom-
pany histopathologic and clinical chemistry evaluations.
Archival Transcriptomics
Toxicology studies with archival specimens such as
formalin-fixed and paraffin-embedded (FFPE) tissues
comprise an invaluable resource for linking histopatho-
logic diagnosis to gene expression profiles. Establishing
molecular and pathologic relationships can provide a
basis for risk assessment on the basis of linking estab-
lished molecular pathways with chemical pathologies

and disease. Advanced procedures for deparaffinization
and enzymatic digestion have been developed to release
nucleic acids for extraction and purification from slices
of paraffin blocks after years in storage [36].

The nonspecific hybridization and higher background
from microarray analysis of archival blocked samples
have encouraged researchers to use RNA-seq for tran-
scriptomic profiling. Several studies have successfully
used NGS transcript profiling technologies on archival
Current Opinion in Toxicology 2019, 18:18–26
samples. One study showed genomic signatures and
gene set analysis in AFB1 differentially expressed tran-
scripts that were highly comparable for matched fresh
frozen and FFPE tissues [37]. Subsequent studies have
shown a conservation of gene expression patterns in
FFPE and frozen tissue samples, especially when rRNA
depletion procedures were used [38]. A comprehensive
analysis of archival liver sample sets involving di(2-

ethylhexyl) phthalate or dichloroacetic acid, varying
from 2 to 20 years storage, showed remarkably high
correlation in doseeresponse of differentially expressed
genes, despite challenges of lower read counts from the
older study [39]. In particular, the more recently (2
year) archived FFPE sample data were highly similar to
frozen sample transcriptional data regarding sequencing
quality metrics, differential expression, and dosee
response relationships [39].
DNA sequencing
The base-pair resolution of NGS platforms is uniquely
positioned to detect mutations and single-nucleotide
variations (SNPs) related to genomic changes and
health hazards posed by chemical exposure. Targeted
sequencing of molecular sensors of genotoxic and

cellular stress such as TP53 [40]; multiple Omic ana-
lyses involving genomic, epigenomic, and transcriptomic
characterization of the mutagen, 1,3-butadiene, in
mouse strains [41]; and research on genomic interroga-
tion of oxidative DNA damage [42] are representative
studies that have applied multiple NGS platforms to
more completely describe adverse effects of chemical
exposure across the genome. Unlike the dynamic nature
of RNA transcription to hazardous substance exposures,
the stability of DNA in human, rodent, and other animal
model systems does not as readily lend itself to rapid
chemical screening for genomic changes in risk assess-

ment. Genetic toxicology uses a range of screening tests
for DNA damage including the Ames assay, the micro-
nucleus test, the Comet assay, and several chromosomal
aberration and DNA damage and repair assays [43].

There is increasing interest in the role that high-
throughput screening and NGS platforms might play in
creating a new generation of tests for genotoxicity and
genetic susceptibility to disease and chemical hazards
[44,45]. An important part of NGS approaches is the
ability to interrogate the whole genome or the exome,

where changes in coding regions of genes could alter
translational protein products and damage regulatory
processes. In the past, human genetic and epidemio-
logical studies were limited to a candidate gene
approach to establish genomic disease and toxicity re-
lationships. Now, whole-genome sequencing can survey
SNPs, copy number variation, and chromosomal aber-
rations with increasing accuracy. Sequencing studies of
humans and experimental species (e.g. mouse) provide
publicly available data to better estimate ‘normal’
www.sciencedirect.com
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sequence variation (normal phenotype) which is critical
for distinguishing those variants leading to environ-
mental disease. Inherent in this task of genetic variation
is discerning germline variants (heritable sequences)
from somatic variants acquired in DNA of tissues during
life. NGS in forward genetic screens in mice is one
experimental approach to help sort out candidate genes
and mutations that correspond to specific phenotypes

[46]. The dbSNP public database maintained by the
NCBI is a catalog of single-nucleotide variants, small-
scale deletions or insertions, and short tandem repeats
such as microsatellites [47,48]. As of 2017, the NCBI
will only accept human data variant submissions,
whereas EBI’s European Variation Archive will continue
to accept data and host the collection of nonhuman data
variants. dbGaP is the NCBI public database that ar-
chives genotypeephenotype associations from many
sources such as genome-wide association study data,
short read archive, molecular diagnostic assays, and

others.
Whole-genome sequencing
The cost of whole-genomic sequencing has crossed
below the one thousand dollar barrier. In the wake of
decreasing costs of NGS platforms, considerable public
resources are now being devoted to sequencing thou-
sands of human genomes to benefit personalized med-
icine and understanding genetic susceptibility. For
example, the ‘All of Us’ project sponsored by the Na-
tional Institutes of Health aims to fund several centers
for complete genomic sequencing on one million or

more people to interrelate effects of genetics, environ-
ment, and life style [49]. As public sequencing projects
get underway, the varying levels of sequencing depth are
required for how genomic information can be used with
confidence for distinguishing germline variants and rare
variants from somatic variation, use in clinical decisions,
surgery and therapeutics; use in genetic counseling; or
use in advising patients with risk factors, either known
or suspect [50]. Not all variants will have risk; the risks
may yet be undiscovered; variants may be multifactorial
in disease risk; or variants may be protective, counter-

acting the disease potential posed by other variants.
Pharmacogenetics and pharmacogenomics are research
areas where NGS may inform both clinical and research
efforts for therapeutic and chemical exposure risks [51].

Genomic material for sequencing is generally collected
from blood or oral swabs, and such procedures offer a
noninvasive ease of collection [52] but may have limi-
tations. First is that many disease phenotypes occur in
tissues or organs far away from the collection site so
critical sequence variants may not be readily observed

when obtained from blood or pharynx. Second, initiation
of early-stage disease may begin in a single cell or small
cluster of cells so that detection of sequence variants
may require cell enrichment or greater depths of DNA
www.sciencedirect.com
sequencing. Despite these concerns, there is enthu-
siasm for use of noninvasive or minimally invasive (e.g.
blood) DNA or RNA for NGS and genotyping [53,54].
Exome sequencing
Because coding regions comprise about 2% of genomes,
designing probe sets to capture and sequence only those
coding genomic regions provides an efficient way to
examine sequence variants in the most consequential
regions of the genome where changes may be linked to
abnormal phenotypes and disease without sequencing
the entire genome. The other advantages to this
approach are the greater depth of sequencing possible

with each sample (e.g. 50- to 100-fold or more)
compared with whole-genome sequencing and the
greater number of samples possible for analysis in a
sequencing run [55]. Thus far, use of exome sequencing
for assessment of risk has been clinically focused on
prenatal and reproductive medicine [56] as well as
cancer diagnosis and treatment [57]. Use of exome
sequencing in environmental risk assessment lies in the
future.
Duplex sequencing
Duplex sequencing is a highly specific NGS method for
detecting rare sequence variants and mutation with
frequencies as low as one in 10 million [58]. Specific
adapters and tags can uniquely identify reads from each
strand of DNA. Although there is considerable sensi-
tivity in NGS platforms, sample preparation and poly-

merase amplification error rate contribute to substantial
noise that obscures low-frequency mutations. For
example, duplex sequencing was used to determine
TP53 mutations in peritoneal fluid samples from women
with ovarian carcinomas and control individuals without
cancer [59]. Findings showed nearly all patients with
and without cancer (35/37 total) had low-frequency
TP53 mutations that were more abundant with cancer,
clustered in hotspots, and increased with age. Wide-
spread, age-associated somatic TP53 mutations in
noncancerous tissue suggests overall mutational burden

even in normal individuals. Such TP53 mutations could
also be detected in peripheral blood samples. Another
study identified a characteristic mutation spectrum for
the liver carcinogen, AFB1, months before tumors were
detectable in a mouse model using duplex sequencing
[60]. The AFB1 spectrum proved clinically useful in
accurately identifying a subset of cancers associated
with AFB1 exposure from a larger set of human liver
tumors. Use of duplex sequencing as a measure of
mutational load in sensitive genomic regions due to
environmental chemical exposure remains to be

explored.
Liquid biopsy
Liquid biopsy refers efforts to detect and monitor dis-
ease or toxicity in accessible biofluids, notably in blood,
Current Opinion in Toxicology 2019, 18:18–26
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because of the relative ease of sampling that can be
performed repeatedly overtime. Release of cell-specific
miRNAs during chemically induced toxicity can be
exploited by NGS for a liquid biopsy approach to assess
risk to chemical exposure overtime [61]. For example,
miRNA-seq analysis of urine in rats sampled after 1
week exposure to the renal toxicant, gentamicin, found
227 unique miRNAs of which 146 were differentially

expressed, with nine being novel miRNAs not found on
a primer-designed qPCR platform [62]. In addition to
circulating miRNA, NGS analysis of plasma DNA used
for tumor diagnosis in oncology might be similarly
applied in toxicology. Circulating, cell-free DNA
(ccfDNA) comprises short fragments extracellular DNA
(w180bp) that normally circulate in blood at low levels
(e.g. 1e5 ng/ml) in healthy individuals. ccfDNA is
derived from leukocytes and tissue apoptosis and cell
turnover from all tissues. However, in many tumors, the
amount of ccfDNA is increased (10e100 ng/ml), and a

portion may harbor diagnostic cancer mutations [63].
Use of ccfDNA has gained attention in the diagnosis,
staging, and biomarker discovery for many types of
tumors [64] and also many other diseases [65] (e.g.
autoimmune and infectious diseases) as a novel, mini-
mally invasive form of ‘liquid biopsy’, an attractive
alternative to needle biopsy. Another exciting develop-
ment in this field is the epigenetic analysis of ccfDNA
for cancer diagnostics and determining tissue of origin
along with somatic mutations [66]. To date, ccfDNA has
been little studied in environmental health sciences.

However, for those exposures that leave a somatic mu-
tation or epigenetic pattern, NGS analysis of ccfDNA at
the exome, whole genomic, or epigenomic level could
provide new data on the amounts and types of envi-
ronmental exposures overtime in experimental and
epidemiological settings for improved risk assessments.
Summary
Transitioning from the clinic to environmental carcino-
genesis research, the impact of biomarker research is
shifting from therapeutics and companion diagnostic
development toward risk assessment and early detection
of chemical exposure and disease-related changes. Bio-
markers evaluating risk assessment directly relate to
environmental regulation and can be used to help define
amounts and the type of environmental chemical ex-
posures, biomarkers of effect, and biomarkers of sus-

ceptibility, all of which reflect the interactions between
the environment and the population. Thus, NGS data
can contribute to an understanding of the environ-
mental and/or genetic factors that could lead to poten-
tial adverse health effects and have a very positive
impact on the future of chemical risk assessment.
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