UCLA
UCLA Previously Published Works

Title

Novel approaches for bioinformatic analysis of salivary RNA sequencing data for
development

Permalink
https://escholarship.org/uc/item/8pcOrlt4

Journal
Bioinformatics, 34(1)

ISSN
1367-4803

Authors

Kaczor-Urbanowicz, Karolina Elzbieta
Kim, Yong

Li, Feng

Publication Date
2018

DOI
10.1093/bioinformatics/btx504

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/8pc0r1tz
https://escholarship.org/uc/item/8pc0r1tz#author
https://escholarship.org
http://www.cdlib.org/

Bioinformatics, 34(1), 2018, 1-8

doi: 10.1093/bioinformatics/btx504

Advance Access Publication Date: 14 August 2017
Original Paper

Genome analysis

Novel approaches for bioinformatic analysis of
salivary RNA sequencing data for development

Karolina Elzbieta Kaczor-Urbanowicz', Yong Kim’, Feng Li’,

Timur Galeev??3, Rob R. Kitchen?3, Mark Gerstein®3, Kikuye Koyano®,
Sung-Hee Jeong®, Xiaoyan Wang’, David Elashoff’, So Young Kang?,
Su Mi Kim?, Kyoung Kim?®, Sung Kim®, David Chia'®, Xinshu Xiao®,
Joel Rozowsky?3 and David T. W. Wong'-*

'Center for Oral/Head & Neck Oncology Research, School of Dentistry, Division of Oral Biology & Medicine
University of California at Los Angeles, Los Angeles, CA 90095, USA, *Department of Molecular Biophysics and
Biochemistry, 3Program in Computational Biology and Bioinformatics, Yale University, New Haven, CT 06520, USA,
*The Department of Computer Science, Yale University, New Haven, CT 06520, Department of Integrative Biology
and Physiology, University of California at Los Angeles, Los Angeles, CA 90095-1570, USA, ®Department of Oral
Medicine, School of Dentistry, Pusan National University, Beomeo-ri, Mulgeum-eup, Yangsan-si, Gyeongsangnam-do
626-770, Korea, 'Department of Biostatistics, University of California at Los Angeles, Los Angeles, CA 90024, USA,
®Department of Pathology & Translational Genomics, *Department of Surgery, Samsung Medical Center,
Sungkyunkwan University School of Medicine, Gangnam-gu, Seoul, Korea and '°Department of Pathology &
Laboratory Medicine, University of California at Los Angeles, Los Angeles, CA 90095, USA

*To whom correspondence should be addressed.
Associate Editor: Bonnie Berger

Received on May 24, 2017; revised on July 25, 2017, editorial decision on August 3, 2017; accepted on August 8, 2017

Abstract

Motivation: Analysis of RNA sequencing (RNA-Seq) data in human saliva is challenging. Lack of
standardization and unification of the bioinformatic procedures undermines saliva’s diagnostic po-
tential. Thus, it motivated us to perform this study.

Results: We applied principal pipelines for bioinformatic analysis of small RNA-Seq data of saliva
of 98 healthy Korean volunteers including either direct or indirect mapping of the reads to the
human genome using Bowtie1. Analysis of alignments to exogenous genomes by another pipeline
revealed that almost all of the reads map to bacterial genomes. Thus, salivary exRNA has funda-
mental properties that warrant the design of unique additional steps while performing the bioinfor-
matic analysis. Our pipelines can serve as potential guidelines for processing of RNA-Seq data of
human saliva.

Availability and implementation: Processing and analysis results of the experimental data gener-
ated by the exceRpt (v4.6.3) small RNA-seq pipeline (github.gersteinlab.org/exceRpt) are available
from exRNA atlas (exrna-atlas.org). Alignment to exogenous genomes and their quantification
results were used in this paper for the analyses of small RNAs of exogenous origin.

Contact: dtww@ucla.edu
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1 Introduction

1.1 Past challenges in salivary RNA-Seq analysis and
current directions for RNA-Seq optimization of saliva
samples

RNA sequencing (RNA-Seq) is a newly developed approach to per-
form transcriptome profiling by the use of deep-sequencing technol-
ogies. Successful application of RNA-Seq is key to extracellular
RNA (exRNA) biomarker discovery. Although various compre-
hensive RNA-Seq approaches have been applied to examine RNA
expression in several body fluids (i.e. plasma, serum, urine, cerebro-
spinal fluid, etc.), the examination of RNA-Seq data in saliva en-
countered several unique challenges due to inadequate technique of
RNA isolation, improper stabilization of RNA or RNA library con-
struction, as well as the insufficient amount of extracted RNA that
can be used for further analysis (Bahn et al., 2015; Burgos et al.,
2013; Freedman et al., 2016; Hu et al., 2014; Spielmann et al.,
2012).

Our group has optimized RNA-Seq library prep methods for sal-
iva samples such as saliva exRNA isolation, large and small RNA li-
brary construction, inclusion of spike-in standards and controls,
RNA-Seq data storage and data analysis. Our efforts have led to the
optimization of the procedural components such as enhanced yield
of salivary exRNA, best kit for salivary RNA library construction
(large and small), high concordance of abundance of spike-in RNA
and exRNAs in biological replicas of the same donor (Spielmann
etal.,2012).

Our saliva Standard Operating Procedure (SOP) for these pro-
cedures has been widely used and shown to effectively remove all
cells from saliva (St John ez al., 2004) and concurrently stabilize pro-
teins and RNA by the inclusion of a protease inhibitor cocktail
[aprotinin, phenylmethylsulfonyl fluoride (PMSF) and sodium
orthovanadate] and RNase inhibitor (SUPERaseeIn; Ambion,
Austin, TX). Any contamination by cellular elements will distort the
discriminatory biomarker profile. Therefore, effective and complete
cell removal from saliva is important as it contains ~1 x 10° epithe-
lial cells, 1.2 x 10° leukocytes and ~0.5 x 10° erythrocytes (Aps
et al., 2002). Contaminant cellular removal can be monitored by ex-
clusion of cellular genomic DNA and cell counting (St John et al.,
2004). While the QTAGEN MirVana method produces high quality
RNA for microarray profiling applications, the RNA vyield is insuffi-
cient for RNA-Seq. Therefore, for RNA-Seq, the use of the
miRNeasy Micro Kit (Qiagen) is recommended as the most suitable
that produces sufficient RNA (~500 ng per ml of CFS) after DNase I
digestion with good purity (OD 260/280 ~1.8) (Fig. 1).

In addition, a number of RNA-Seq library construction methods
have been developed in the literature (Van Dijk et al., 2014). For
each library, 500ng of total RNA is recommended as input
(i.e. Exigon for small RNA-Seq and Life Technologies for long
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Fig. 1. A typical bioanalyzer trace of total RNA from CFS isolated by the
miRNeasy Micro Kit (Qiagen)

RNA-Seq) along with a predefined amount of synthetic spike-in
RNAs added into each RNA sample equivalently. The spike-in RNA
serves as an internal standard to evaluate library efficiency and re-
producibility, and to normalize data across different samples in
order to calculate absolute RNA abundance. The spike-in RNAs
cover a wide spectrum of RNA abundance and sequence diversity,
which are essential features of normalization standards. They enable
a detailed evaluation of library quality and RNA quantification
(Williams et al., 2013).

Since it is known that RNA from cell-free saliva (CFS) are par-
tially degraded between 20 and 200 nucleotides (Palanisamy ez al.,
2010), the library generation methods should be modified to exclude
polyA selection and include a size-selection step favoring RNAs
below 200 nucleotides. For each CFS sample, two different RNA-
Seq libraries should be created, small RNA-Seq and long RNA-Seq
(Bahn ez al., 2015). In our studies, the NEB small RNA-Seq kit (for
small RNAs) and the NEB directional RNA-Seq kit (for long RNAs)
generated the most reproducible and sensitive profiling of respective
types of exRNAs in CFS compared to other alternative commercially
available kits targeting different types of RNA (i.e. Illumina,
ClonTech, etc). We can typically obtain 500 ng of total RNA from
1ml of CFS that is adequate to generate high quality profiles of
small or long exRNAs (Bahn ez al., 2015).

1.2 The landscape of exRNAs in human saliva

Human saliva has been used successfully and efficiently for bio-
marker development to enable the most accessible and non-invasive
detection of several human diseases (Wong, 2015, 2012). Since the
discovery of salivary exRNA in 2004 (Li et al., 2004; St John et al.,
2004), there has been a constant increase in number of publications
related to exRNAs in saliva (Fig. 2). Many studies reported the use-
fulness of exRNAs as potential biomarkers for detection of oral can-
cer (Li et al., 2004), Sjogren syndrome (Hu et al., 2007), resectable
pancreatic cancer (Zhang et al., 2010a), lung cancer (Zhang e al.,
2012), ovarian cancer (Lee ez al., 2012) and breast cancer (Zhang
etal.,2010a).

By means of next generation sequencing, the landscape of human
exRNAs present in saliva was revealed to be largely composed of
messenger RNAs (mRNAs), microRNAs (miRNAs), piwi-
interacting RNAs (piRNAs), small nucleolar RNAs (snoRNAs) and
circular RNAs (circRNAs) (Bahn ef al., 2015; Ogawa et al., 2013;
Spielmann et al., 2012; Tandon et al., 2012). However, the entire
profile of exRNA from saliva has not been fully discovered. Still,

Salivary exRNA publications
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Bioinformatic analysis of salivary RNA-Seq data

little is known about bacterial exRNAs present in human saliva,
thus encouraging further comprehensive studies deciphering exogen-
ous organisms in saliva. Therefore, we performed a genome-wide
analysis of exogenous exRNAs in human cell-free saliva (CFS) by
next generation sequencing.

1.3 Different approaches to bioinformatic analysis of
RNA-Seq data in saliva

In the biomarker development process, there are currently various
bioinformatic approaches to analyze RNA-Seq data from physio-
logical fluids in humans. The pipeline schemes differ significantly
depending on the final goal of the analysis (i.e. evaluation of human
or microbial exRNAs) as well as the source (saliva, blood, cerebro-
spinal fluid, tissue, etc.).

Compared to other human biofluids, saliva is unique, as it con-
tains abundant microbial species, while most of other physiological
fluids (blood, cerebrospinal fluid, urine, etc.) are usually free of
microorganisms (should be sterile) or contain just a few bacteria,
which most probably constitute contamination from subject skin,
collection process, isolation or kit preparations (Yeri et al., 2017).
Therefore, different RNA-Seq data analysis approaches for saliva
are proposed, including those that provide additional mapping steps,
which aim to remove microbial exRNAs in order to focus on human
exRNAs.

After first quality control (QC) of raw reads (i.e. FastQC,
RSeQC, etc.), the initial steps of analyzing salivary RNA-Seq data
involve trimming adapters, filtering out contaminants, ribosomal
RNAs (rRNAs) and calibration. The next step includes the align-
ment to the specific genomes of interest. We developed 2 major cus-
tomized bioinformatic pipelines to identify different types of long
exRNAs in saliva that may have originated either from human or
microbial sources (Fig. 3). In case of human saliva:

1. If the fundamental goal of the bioinformatic analysis is to evalu-
ate microbial exRNAs, the first step includes the alignment of
the reads to the human genome (i.e. hg38) and subsequently
aligning the unmapped reads to the bacterial genomes (i.e. 16S
rRNA, HOMD, etc.) (Pipeline I, Fig. 3).

2. However, if the major goal of the analysis is to identify human
exRNAs, the reads are first aligned to microbial genomes (i.e.
16S rRNA and HOMD) to eliminate those that possibly
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Fig. 3. Bioinformatic pipelines to identify different types of exRNAs in saliva
originated from microbial or human sources

originated from microbial species, followed by the alignment of
the unmapped reads to the human genome (i.e. hg38) (Pipeline
11, Fig. 3).

Thus, the above-mentioned two different pipelines are designated
for different final goals.

However, when evaluating small exRNAs (i.e. miRNAs), the
major problem is that the RNA sequences are very short, thus allow-
ing them to easily map both to human and bacterial genomes. As a
result, there are different proposed approaches for analyzing small
RNA-Seq datasets:

1. Indirect mapping to bacterial genome(s) (including previous
alignment to human genome and removing the mapped human
RNA-Seq reads).

2. Direct mapping to bacterial genome(s) (without previous align-
ment to human genome and removing the human RNA-Seq
reads).

3. Direct mapping to transcriptome (i.e. miRBase, piRNABank,
etc.).

In order to set the standards for future studies, we compared major
bioinformatics approaches for processing salivary RNA-Seq data,
which have not been previously reported. In addition, we present
the comprehensive report of existence of exogenous exRNAs (i.e.
bacterial) in human saliva. Our findings open new venues for further
functional, biological and biomarker discoveries related to microbial
exRNAs in human saliva.

2 Materials and methods

2.1 Saliva collection, processing and RNA isolation
Unstimulated saliva samples were obtained prospectively from 98
healthy human volunteers of Korean origin (23 females and 75 mal-
es) with mean age of 54.84 * 10.42 in accordance with a protocol
approved by the University of California~Los Angeles (UCLA)
Institutional Review Board. A written informed consent was ob-
tained from each participant. Subjects were asked to refrain from
eating, drinking, smoking or oral hygiene procedures for at least 1h
prior to saliva collection. Whole saliva samples were centrifuged at
2600g for 15 min at 4 °C. The supernatant (cell free saliva, CFS) was
separated from the cellular pellet. RNase inhibitor (Superase-In,
Ambion Inc., Austin, TX, USA) was then added to the CFS at a level
of 20 U/ml. Total RNA was isolated using the miRNeasy Micro Kit
(Qiagen) following manufacturer‘s instructions. Subsequently, RNA
was treated with 50 U RNase-free DNase per ug RNA for 15 min at
37°C and acid phenol/chloroform (pH 4.5) extraction (Roche) was
performed to eliminate DNA. CFS RNA quality was measured by
Bioanalyzer (Agilent).

2.2 Construction of small RNA-Seq libraries

Total RNA was isolated directly from CFS as described above.
Spike-in RNAs (Exiqon) were added to the total RNA samples (1 re-
action volume per ug of RNA) before library construction as in-
ternal controls. With the spiked total RNA samples, small RNA-Seq
libraries were prepared using the NEBNext Small RNA library Prep
kit (NEB). The final libraries were purified using 6% PAGE gel.

2.3CFS small RNA-Seq data analysis

RNA-Seq was performed using the Illumina sequencing platform.
Adapter sequences and low quality reads were removed from
small RNA-Seq reads. Subsequently, bioinformatic analysis of small
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Plpelines Pipeline I: Direct alignment to the human genome (hg38)
(Bowtie1)
Starting mean numbaer of reads Mean number of roads with at Maan number of reads
PIPELINE | PIPELINE II per sample Ieast one allgnment/per sample | originate Intergenic
¥ . 1% starting reads) regions (% reads aligned to
- - hg .
Plpeline L1 20434 385 (+ 6 035 895) 3482 345 [+ 655 322) 905 409 (+ 232 448)
Pipeline .1 Pipeline 1.2 s - e
Pipaling 1.2 20434 385 (+ 6 035 835) 1638750 (+ 388 443) 294 975 (4 76)
1 mismatch 1 mismatch (100%) (8%) (18%)
|SEED length) (ENTIRE read)
Pipeline Il: Filtered (16s rRNA and HOMD)
& mapping to human genome (hg38)
i ; 5 . Unmapped reads 1 mismatch {enti )
g | Method Starting mean Mean number Mean number of Mean number of Mean number of
number of reads | of reads reads mapping to reads mapping to | reads originated
per sample mapping to 165 | HOMD hg3s from intergenic

Fig. 4. Processing pipelines using Bowtie1 for small RNA- Seq data analysis
in saliva

RNA-Seq data on saliva samples was performed using the two
above-mentioned pipelines for processing of salivary small RNA-Seq
data, that integrates read pre-processing, various alignment stages
and exRNA detection (Fig. 3). However, our aim was to examine
the influence of the applied alignment stringency as well as the dif-
ferences in the sequence of the particular mapping steps on the total
number of mapped reads. Thus, the following pipelines (Pipelines:
1.1, 1.2 and II) were applied using the same read aligner Bowtiel
(Langmead, 2010; Langmead et al., 2009) with the aimed final goal
of obtaining human reads (Fig. 4). Bowtie 1 was used as designed to
be extremely fast for the alignment to a relatively short reference se-
quence (i.e. a bacterial genome).

* The first pipeline directly aligns to the human genome (hg38)
allowing only 1 mismatch in the 19- nucleotide seed length re-
gion (Bowtiel option: -n 1 -1 19 —best -strata hg38) (Fig. 4,
Pipeline I.1).

* The second pipeline also directly aligns to the human genome
(hg38) allowing 1 mismatch in the entire read (Bowtiel option: —
v 1 —best —strata hg38) (Fig. 4, Pipeline 1.2).

® The last pipeline includes two major steps: initial filtering out of
the bacterial reads by aligning to the 16S rRNA, followed by
aligning the unmapped reads against the HOMD, permitting 0
mismatches (Bowtiel option: -v 0). Then, remaining unmapped
reads are aligned to the human genome (hg38) with up to 1 mis-
match in the entire read (Bowtiel option: -v 1 —best —strata -a
hg38) (Fig. 4, Pipeline II).

In addition, we investigated the landscape of short exRNAs of exog-
enous origin in human CFS from individuals of this study.
Quantifications of exogenous small RNA-Seq reads generated by
the exceRpt toolkit (v4.6.3, implemented on the Genboree
Workbench) were obtained from the exRNA Atlas (Subramanian et
al., 2015), the data repository of the Extracellular RNA
Communication Consortium (ERCC). The exceRpt pipeline proc-
esses each sample independently through a cascade of read-align-
ment steps designed to remove likely contaminants and endogenous
sequences before aligning to exogenous sequences.

3 Results

3.1 Comparison of processing saliva samples using
different pipelines and alignment options

(stringency parameters)

The results of bioinformatics analyses including the mean number of
mapped reads to the specific genomes of interest per sample using

rRNA tarting reads] | [% starting reads) | regions

% starting % reads aligned to

roads) hg3s)

(£ 788 012) [+ 455 275) [+ 348 2822} (2127}
126%) (13%) [10%) (24%)

Fig. 5. Bioinformatics analysis of 98 small RNA-Seq datasets of saliva sam-
ples taken from healthy individuals using the pipelines from Figure 3

| Results - Summary |

Part |: Unfiltered Part Il: Filtered

1 mismatch
(SEED length)

Fig. 6. Summary of the results of bioinformatics analysis

the 3 different pathways (Pipeline I.1; 1.2 and II) are presented in
Figure S.

Direct alignment to the human genome (hg38) only allowing 1
mismatch in the seed length resulted in 17% read alignment and ap-
proximately 26% of those reads originated from intergenic regions
(Pipeline 1.1, Fig. 5). Allowance of 1 mismatch in the entire read
contributed to fewer reads mapped to the human genome (hg38)
(8%), with less reads originating from the intergenic regions (ap-
proximately 18%) (Pipeline 1.2, Fig. 5). The second pipeline, which
filters out the bacterial reads, revealed similar results to the pipeline
1.2, amounting to 10% of aligned reads to the human genome
(hg38) and 24% of them being intergenic reads (Pipeline II, Fig. 5).

In all alignment methods, approximately 8-17% of the RNA-
Seq reads from CFS were aligned to the human genome (hg38),
while 18-26% of the reads originated from the intergenic regions.
However, the vast majority of the original reads mapped to the bac-
terial genomes (Fig. 6).

3.2 The landscape of exogenous miRNA in

human saliva

Our findings show that circulating non-cellular small-RNAs, such as
miRNAs, are consistently present in human saliva. The most
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Fig. 7. Most abundant exogenous miRNAs identified in human CFS. Average
RPM (reads mapped to exogenous miRNA per million of reads mapped to all
exogenous miRNAs) values across 98 individuals
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Fig. 8. Most abundant exogenous genomes identified in human CFS. Average
RPM (number of species-specific reads per million of reads mapped to all
exogenous genomes) values across all individuals

abundant exogneous miRNA were miR-848 (135183 RPM) and
miR-863 (91832 RPM) (Fig. 7). These exogenous miRNAs might be
from closely phylogenetically related plant species that are as yet
unsequenced and can be a part of the subjects diet.

3.2.1 Analysis of exogenous genomes present in human saliva
Among the most abundant exogenous species present in human sal-
iva were Rothia mucilanginosa (16711 RPM), Rotia aeria (7605
RPM) and Streptococcus sanguinis (7136 RPM) (Fig. 8).
Taxonomy-based quantification of exogenous reads revealed
that among all the exogenous species that are present in human sal-
iva, the vast majority constituted bacteria (90.4%), mostly of such
phyla as Proteobacteria (34.8%) and Furmicutes (24%) (Fig. 9).

}ﬂ-rmld-ﬁklili

Fig. 9. Taxonomy-based quantification of exogenous reads. Percentage of
reads that can be attributed to individual nodes out of all reads mapped to
exogenous species, averaged across all individuals.

4 Discussion

4.1 Current exRNA status in saliva

In 2002, the National Institute of Dental & Craniofacial Research
(NIDCR) in the United States (U.S.) made a significant investment
toward developing the science, translational and clinical utilities of
saliva. Saliva has since become an emerging biofluid poised for
translational and clinical applications. The U.S. National Institutes
of Health (NIH) initiatives have resulted in a number of salient out-
comes that have substantiated the scientific foundation for salivary
research. These include sets of diagnostic toolboxes and point-of-
care technologies. Five diagnostic alphabets are now known to be
present in saliva including: proteome (Denny ez al., 2008; Yan
et al., 2009), transcriptome (Hu ez al., 2008; Li et al., 2004, 2006),
micro-RNA (Park et al., 2009), metabolome (Sugimoto et al., 2010)
and microbiome (Wong, 2012). The presence of diagnostic constitu-
ents defined the clinical potentials of saliva and the translational
utilities of salivary extracellular RNA (exRNA) biomarkers for de-
tection of various systematic and oral diseases, as previously

described.

4.2 Establishment of the Extracellular RNA
Communication Consortium

The ability to widely detect and study exRNAs in different human
physiological fluids was further enabled due to the initiative of
the NIH Common Fund to establish the Extracellular RNA
Communication Consortium (ERCC). The consortium of investiga-
tors aims to address the critical issues in the exRNA research field.
Its major goal is to generate public resources for sharing principal
scientific discoveries, protocols, innovative tools and technologies,
including (Ainsztein ez al., 2015):

* creating a reference catalogue of exRNAs present in physio-
logical fluids of healthy individuals that enables proper disease
diagnosis and adequate therapies;

* description of the principal rules of exRNA biogenesis, distribu-
tion, uptake, function as well as a discovery of molecular tools,
technologies and imaging modalities;

* development of definitive and highly discriminatory exRNA bio-
markers for specific diseases;

* utilitizing exRNAs as therapeutic agents and development of
modern technologies for these studies;

* establishing a public resource (the exRNA Atlas) to enable open
source access for every individual to the scientific exRNA data,
standardized exRNA protocols and other useful tools and
technologies.
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Fig. 10. Biofluids included in the exRNA Atlas established by the Extracellular
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United States (http:/genboree.org/exRNA-atlas/index.rhtml)
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4.3 Saliva in exRNA Atlas

Currently, saliva constitutes about 13.3% of all human biofluids
datasets in the exRNA Atlas (http://genboree.org/exRNA-atlas/
index.rhtml) (Fig. 10).

Salivary exRNA has specific properties, including high content of
bacterial components that warrant the design of unique additional
steps in bioinformatic analysis of RNA-Seq data. RNA-seq enables
the acquisition of nucleotide resolution of the human salivary
transcriptome through alignment to multiple sequence databases.
Salivary exRNA has a wide variety of applications, but no single
analysis pipeline can be recommended in all cases. There is no gold
standardized protocol for salivary RNA-Seq data analysis for experi-
mental design, quality control, read alignment, quantification of
gene and transcript levels, visualization, differential gene expression,
alternative splicing, functional analysis, gene fusion detection, etc
(Conesa et al., 2016). Specific mapping steps and alignment options
remains still largely uninvestigated. Therefore, our group compared
principal comprehensive approaches for bioinformatic analysis of
RNA-Seq data from saliva that integrates read pre-processing, align-
ment stages to the aimed genomes of interest, exRNA detection and
quantification. Depending on the final goal of the performed ana-
lysis, filtering of reads mapped to the bacterial genomes (16S RNA
and HOMD databases) before mapping to human genome (hg38)
should or should not be performed. In either case, the stringency of
the applied alignment criteria plays a key role.

4.4 The role of the applied stringency criteria for
alignment quality and final results

Different aligner platforms (Bowtiel, Bowtie2, TopHat, Star,
HISAT?2, etc.) allow various ways of setting the stringency for the
mapping parameters. For example, Bowtie 1 enables to limit the
number of mismatches either in the entire read region (option -v) or
only in the seed region (option -n), while HISAT2 uses different
alignment option (i.e. —ignore-quals), when calculating a mismatch
penalty. Bowtie2 rapidly narrows the number of possible mis-
matches in alignments by the possibilty of setting the adequate
seed length (-L), the interval between the extracted seeds (-i)
(in ‘multiseed alignment’) and the number of mismatches permitted
per seed (-N). In the aligner STAR, discrete mismatches can be con-
trolled by the use of alignment option: -outFilterMismatchNmax
(where N =number of mismatches you wish to tolerate) or —

outFilterMismatchNoverLmax (where alignment will be output
only if its ratio of mismatches to mapped length is less than this
value).

For reads that do not map to the human genome, alignment to
the transcriptome (i.e. Ensembl genes) enables alignment of reads
mapped to splice junctions. TopHat is a spliced read mapper which
uses Bowtiel to align reads and then identifies splice junction be-
tween junctions.

Increasing the mapping stringency noticeably decreases the num-
ber of the mapped reads but, simultaneously, reduces the error rate
in the base alignment that may lead to misleading mapping results.

The comparison of the results originated from the various pro-
cessing pathways revealed that, while using Bowtiel, the main dif-
ference in the results seems to be caused by limiting the number of
mismatches in the seed length (-n option) as opposed to the entire
read (-v option). Application of more strict criteria (0 & 1 mismatch
in the entire read) results in obtaining less number of reads mapped
to the human genome (hg38) as well as to the intergenic regions.
Conversely, using less strict criteria (1 mismatch in the seed length,
thus allowing more mismatches in the entire read) delivers larger
alignment percentage of both human and intergenic reads.

ExRNA biomarkers that are specific and indicative of health or
disease are greatly needed to serve as surrogates for clearly defined
endpoints such as cancer as well as to monitor the health status, dis-
ease onset, treatment responsiveness and outcome (Phillips, 2006).
Therefore, our group is currently working on developing highly dis-
criminatory and definitively validated salivary exRNA biomarkers
for gastric cancer detection using RNA-Seq and bioinformatic
analyses.

4.5 Uniqueness of salivary RNA-seq analysis
Bioinformatic analysis of RNA-Seq data revealed unique property of
saliva, compared to other physiological fluids (i.e. blood, urine,
etc.), as it contains large amounts of bacterial RNA-Seq reads. Our
approach enabled to reveal detailed delineation of exogenous species
present in human saliva including bacteria, plants, etc. These find-
ings are concordant with previous reports on a great abundance of
exogenous species present in saliva, with much more reads aligned
to bacterial species than to the human genome (Yeri et al., 2017). In
addition, our results show that circulating non-cellular small RNA
and exogenous miRNAs are consistenty present in human saliva.

In summary, using stringent and sensitive criteria for alignment
to a human genome results in fewer mapped human reads, but much
more reads annotated to human RNA databases. Only a small per-
centage of the reads come from the intergenic regions. However,
performing the bioinformatics analysis using less sensitive and more
lenient alignment parameters contributes to more reads mapping to
the human genome, but of lower quality (i.e. with more mis-
matches), so only small percentage of them can be annotated to
human RNA databases and more reads are left without annotations
(intergenic alignments). This should be alarming because it can im-
pose misleading results such as DNA contamination.

Interestingly, strict alignment criteria results in similar number
of reads mapped to the human genome (hg38) compared to align-
ment with filtering of the bacterial reads (16S rRNA and oral micro-
biome) versus alignment without prior filtering.

Optimizing the sequence of specific alignment steps and strin-
gency parameters for processing RNA-Seq data has the potential to
grossly improve the final data quality and enable greater insight into
understanding how sequence information relates to the biology of
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analyzed biofluid. In saliva, several additional steps are required for
bioinformatics analysis such as eliminating bacterial reads before
the alignment to human genome while applying lenient criteria or
application of more strict criteria if bacterial reads are not filtered.
Our bioinformatic analysis pipelines can serve as potential gudie-
lines for processing of RNA-Seq data of human saliva, thus opening
up a new avenue for conducting further investigation.

Finally, this study explored widespread presence of exogenous
small RNAs in human saliva. The observation that bacterial
exRNAs are present in human saliva in vast majority is noteworthy.
Our findings are consistent with the literature, where bacterial spe-
cies, such as Neisseria flavescens, Rothia mucilaginosa and
Streptococcus salivarius accounted for about 67.3 = 8.8% of the sal-
ivary bacterial population (Takeshita er al., 2016). In addition,
Firmicutes, Bacteroidete, Actinobacteria and Proteobacteria were
also found to be the most abundant in saliva in other study, with
eleven genera, Streptococcus, Prevotella, Veillonella, Neisseria,
Haemophilus, Campylobacter, Fusobacterium, Rothia,
Mycoplasma, Actinomyces and Aggregatibacter comprising 90% of
the bacterial community in saliva (Hasan er al., 2014). Apart from
that, Veillonella parvula, Prevotella melaninogenica, Fusobacterium
periodonticum and Streptococcus mitis were also predominant
microorganisms identified in saliva of healthy individuals in previ-
ous studies (Diaz et al., 2012, Pereira et al., 2012).
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