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ABSTRACT
Mayes, Carrie A., Development and evaluation of miRNA and mRNA panels for body
fluid identification. Doctor of Philosophy (Forensic Science). August, 2019, Sam
Houston State University, Huntsville, Texas.

The attribution of biological material to a tissue source, also known as body fluid
identification (BFID), can aid investigators in corroborating statements and in the
reconstruction of events. Chemical tests, microscopy, enzymatic activity, and
immunochromatographic tests are widely employed in crime laboratories at present but
have a high false-positive rate and interpretations are often subject to conjecture. Forensic
testing requires a methodology that can analyze low level and challenging samples with
high specificity. While several molecular targets have been considered for BFID, this
project explores the use of microRNA (miRNA) and messenger RNA (mRNA) for BFID.
The results of this study provide the forensic community with information on the
performance of miRNA and mRNA for BFID using capillary electrophoresis (CE),
quantitative reverse transcription PCR (RT-qPCR), and massively parallel sequencing
(MPS) technologies, particularly for challenging samples.

In the first study, an eight-marker miRNA multiplex was developed for capillary
electrophoresis using a linear primer system. Markers were chosen to identify venous
blood, menstrual blood, semen, saliva, as well as an endogenous reference gene. Reverse
transcription and PCR primers were developed for each marker, evaluated in singleplex,
and then multiplexed. Each fluid were co-extracted (DNA/RNA) and amplified with STR
and miRNA multiplexes, respectively. All DNA profiles were complete and miRNA
profiles correctly identified the body fluid using a decision tree-based interpretation

strategy.



In the second study, the stability and persistence of miRNA and mRNA was
evaluated in challenging samples. Custom reverse transcription gquantitative PCR (RT-
gPCR) assays were performed to detect the presence of miRNA and mRNA in samples.
MRNA targets and miRNA targets were chosen for blood, semen, and an endogenous
reference gene respectively. For the evaluation of these markers over time, blood and
semen samples were placed in a glass enclosed area exposed to natural heat, humidity, and
UV light as well as controlled conditions in a lab cabinet (room temperature, low humidity,
and darkness) for up to six months. mMRNA was undetected in experimental samples after
30 days, while control mMRNA and all miRNA transcripts were detected for the duration of
the experiment. A persistence study was also performed by laundering blood and semen
stained swatches and either machine drying or allowing the samples to air dry. Blood
specific markers were detected in all bloodstained samples, while semen specific markers
were observed in all but one semen stained sample. Transfer of both miRNA and mRNA
was observed by taking an unstained portion of the swatch.

In the final study, an early access mMRNA panel for BFID was evaluated. Samples
of venous blood, menstrual blood, semen, saliva, and vaginal secretions were placed in a
variety of challenging conditions including outside with and without exposure to direct
precipitation, buried, on a decomposing cadaver, laundered, aged, and post-coital samples.
Co-extracted DNA profiles were evaluated, and RNA was successfully extracted and typed
in most samples. Reverse transcription negatives, total reads, and composition of reads
attributed to body fluid specific markers were used to evaluate the performance of the
panel. Based on the results of the study, potential areas for improvement were highlighted;

however, the performance of the panel overall is encouraging.
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CHAPTER |
Introduction
Current methods for body fluid identification (BFID)

Purpose of BFID tests

In crime laboratories, BFID, also referred to as serology, is testing of evidence with
the intent of classifying biological material to its body fluid type. The testing also functions
to localize possible biological material that may not be visible to the naked eye or large
items of evidence. Several current tests allow investigators to preliminarily screen items at
the crime scene and in the laboratory to identify potentially probative evidence.

Tests are designed on the basis that body fluids are composed of a combination of
liquid and terminally differentiated cells, each having a separate function. Each cell type
requires a different set of cellular machinery, such as proteins, mMRNA, and miRNA, to
perform its required function in the body. These differences are the targets for BFID tests.
The ability to determine the body fluid of origin may be highly relevant in the course of
forensic investigations, particularly in sexual assault cases. Although DNA typing can
identify the individual that deposited a stain, current methods cannot conclusively
determine the biological origin of the sample (epithelial cells due to touch, saliva, vaginal
material, semen from an oligo- or azoospermic individual, or distinguish between venous
and menstrual blood). This determination may be critical in the reconstruction of events.

Chemical and catalytic tests

Current BFID methods employ a variety of chemical tests for presumptive testing.
The tests are generally fast, inexpensive, and allow examiners to locate latent stains on

large or dark items of evidence. In general, chemical and catalytic tests are coupled with a



color change and target a protein or enzyme inherent to the body fluid. The Kastle-Meyer
(KM) and leucomalachite green (LMG) tests both rely on the peroxidase activity of heme
in blood (human and non-human) to reduce the indicator molecule which elicits a visible
color change [1]. While these tests have shown high sensitivity, (e.g. luminol tests have
detected blood in dilutions down to one in five million [2] and after cleaning attempts [3]),
they lack in specificity. False positives have been observed in commonly encountered
household items such as tomatoes, potatoes, kidney beans, onions, horseradish, and bleach
[1,4].

Enzymes endogenously present in the body have also been targeted for forensic
use. Acid phosphatase and a-amylase have been found to be moderately body fluid specific
in semen and saliva, respectively, and are helpful in localizing latent stains [5,6]. However,
enzymes have conserved functions across body fluids and species, such as a-amylase in
semen, vaginal fluid, rat saliva, and other body fluids [7-9]. False negatives for the presence
of a body fluid can also occur in samples exposed to harsh conditions, for example heat or
mold, due to degradation of target enzymes [8,10].

Due to their convenience and low cost, chemical and catalytic presumptive testing
are unlikely to be usurped by molecular-based techniques at this time. However, the high
level of cross-reactivity with other body fluids and even non-human common household
materials provides only presumptive information to examiners. The results of these tests
cannot be used with any confidence to definitively identity a body fluid in a court of law.

Immunochromatographic tests

Proteomics was first advocated for BFID in immunochromatographic assays (such

as the PSA test) and has shown success for both human specificity and BFID [11-15]. This



testing is based on anti-human antibodies of a body fluid specific protein conjugated to a
dye. In the presence of the suspected body fluid, the antibodies will attach to the target
molecules. The solution is placed on a membrane and migrates to a reaction zone
containing immobile antibodies also specific to the targeted protein. The accumulation of
antibody-antigen-antibody complexes allows the dye to become visible to the user. An
immobilized line of anti-Ig antibodies allows unbound antibodies to attach and which are
also visualized and used as a control [16].

Commercial test kits are available for many of the forensically relevant body fluids
including blood [12,17,18], semen [13,19,20], saliva [21,22], menstrual blood [23], and
urine [24], though a test for vaginal secretions is not available to date. These tests are
commonly used due to their ease of use, relatively low cost, and portability which allows
them to be used both on-site at crime scenes and in the laboratory. Conversely, the tests
have many similar drawbacks as chemical testing such as sample destruction, mixture
detection, cross-reactivity across species [17,24,25,22] and body fluids [12,13,20,22,26].
Disadvantages specific to this technique are vulnerability to the high-dose hook effect and
environmental factors [11] and the requirement that an analyst much make assumptions
about the evidence to choose the most appropriate test(s). Holtkotter et al. (2018)
constructed a multiplexed immunochromatographic test by combining commercially
available tests which was able to detect mixtures [27]. This type of testing may become
more popular as a cost-effective way to detect body fluids without prior assumptions about

the evidence.



Microscopic testing

To date, the visualization of spermatozoa using histological staining is still the most
commonly employed confirmatory test for the presence of semen [9,10]. The most
prominently used stain, the Kernechtrot-Picroindigocarmine stain (also known as the
Christmas Tree stain or KPIC), differentially stains nuclear material red and cytoplasm
green. Despite the popularity and strength of this method, it cannot indicate the presence
of semen in azoospermic individuals, spermatozoa can be easily obscured by the presence
of other cells and searching microscopically can be extremely time-consuming [28-30].
Differential staining has also been investigated more broadly to distinguish tissue types.
Paterson et al. (2006) used immunohistochemical staining targeting antigens present in
different cell types in combination with cellular morphology to attempt to identify vaginal
epithelial cells [31]. While the group did have some success, they were not able to identify
an antigen specific for vaginal epithelial cells and it is unknown whether this method would
be successful with mixed or environmentally challenged samples. Miller et al. (2011)
augmented the immunohistochemical staining method by attaching a fluorescent dye to a
human spermatozoa-specific antibody [30]. Using a fluorescein isothiocyanate (FITC)
filter on a microscope, spermatozoa can be visualized using this commercial product.
Compared to KPIC staining, analysts would be able to visualize spermatozoa more quickly
and more accurately in cell abundant samples where spermatozoa may be otherwise
obscured [28-30].

Crystal tests, also visualized microscopically, have also been used in forensics. In
these tests, blood samples are exposed to chemicals; pyridine and ammonium sulfide for

the Takayama test, and acetic acid for the Teichmann test, to form distinctive crystals that



could be viewed under polarized light [32]. The Takayama and Teichmann tests were
considered a confirmatory test for blood, but not specifically human blood. The tests were
also time consuming, had a high rate of false negatives, and generally require a larger
amount of sample [11,32]. As a result, they are not widely employed by forensic
laboratories.
Proposed Methods for BFID

The development of a successful BFID system must overcome the deficiencies
inherent with current methods. First, the method must be confirmatory and not be prone to
false positives from other fluids or substances. Distinguishing between similar body fluids,
such as venous and menstrual blood, or the identification of semen without the presence of
spermatozoa may be critical elements in the investigation of sexual assault cases. Secondly,
BFID testing should not totally consume or dilute the evidentiary sample. In casework, it
is not uncommon that stains are too small for separate and consecutive DNA and BFID
analyses to be performed. The following techniques have been proposed as potential
supplements to current BFID methods.

Spectroscopic testing

Interest in Raman spectroscopy has recently increased within the forensic
community due to the development of a portable Raman spectrometer. Raman
spectroscopy, a type of vibrational spectroscopy, measures the inelastic scattering of light
applied to a sample. The method is non-destructive and is currently being evaluated as a
body fluid identification technique in addition to other forensic disciplines such as forensic

trace, chemistry, and document examination [9,33-36].



Preliminary research was able to identify forensically relevant body fluids and
discriminate between species in samples of the same fluid [37,38]. These initial studies
required samples to be placed on aluminum foil covered slides to reduce background
interference. Challenges for using Raman spectroscopy for forensic samples in general
include the heterogeneous nature of body fluids and both substrate and cellular
luminescence which can obfuscate emissions from the sample itself [39]. Virkler et al.
(2009) employed spectral mapping of an area to accommodate heterogeneity in samples
and McLaughlin et al. (2013) were able to correct for substrate interference for samples on
homogenous substrates using different excitation wavelengths, baseline treatments, and the
subtraction of a reference spectra, however neither of these technigques has been used with
a portable device [40,41].

Given the variety of substrates and conditions body fluid stains are found,
substantial research is required to investigate the robustness of this technique. Studies have
been performed examining stains on different types of substrates and the effect of various
environmental contaminants, such as soil [41-43]. While these studies have yielded
promising results, the majority of the research regarding Raman spectroscopy for body
fluid identification has been performed at the same institution, and investigation of this
method by other groups would be beneficial to demonstrate widespread applicability,
robustness, reliability, and reproducibility of the technique. Overall, the use of a single
instrument to test across several disciplines on-site would undoubtedly be highly desired

by forensic examiners.



Proteomics

Recently, advances in spectroscopic technologies have allowed for a more
comprehensive study of proteomics [44]. In proteomic analysis, polypeptide chains are
digested into small peptides, desalted, separated by liquid chromatography, and detected
by mass spectroscopy. DNA and proteins can be co-extracted, allowing for traditional
human identification techniques using DNA and BFID through protein analysis. Sample
preparation techniques used by Dammeier et al. [45] and Van Steendam et al. [46] used
centrifugal methods to pellet DNA-containing cells and used the supernatant for protein
analysis; however, the supernatant also contains cell-free DNA and its absence may affect
traditional downstream DNA typing results [47]. Efforts have been made to identify body
fluids using a targeted set of marker proteins [46,48-50] as well as machine learning
assisted untargeted protein analysis [45]. The discovery of single amino acid
polymorphisms (SAAPS) has bolstered the utility of proteomics in forensics. SAAPs in hair
samples have shown a power of discrimination similar to mitochondrial DNA [51] and
bone samples have been matched to ancestry [52], but body fluids have not yet been
investigated for these markers. Additionally, proteomic analysis requires mass
spectrometry techniques and instrumentation not typically used in forensic biology
laboratories [45,53].

DNA methylation patterns

DNA methylation-based assays have also been suggested as a possible method for
BFID. Although DNA methylation-based tests require the consumption of DNA, they can
be easily applied retrospectively to archived DNA extracts. Gene expression at the DNA

level is achieved through differences in the chromatin structure of the DNA molecule



through a methyl group at the 5’ position of the pyrimidine ring in CpG dinucleotides
[54,55]. Differentially methylated regions can be used to distinguish different cell types to
provide BFID [56,57]. Other applications of differential methylation are being investigated
for forensic intelligence purposes including biological age determination, monozygotic
twin differentiation, and lifestyle choices [58-60]. The detection of DNA methylation
patterns can be performed using two different methods. First, methylation-based restriction
enzymes can be used to digest unmethylated regions of DNA, leaving only the areas of
interest, although a limited number of these enzymes have been identified [61].
Additionally, restriction enzymes are not compatible with extraction techniques that yield
single stranded DNA. Second, DNA may be treated with sodium bisulphite to change
unmethylated cytosines to uracil, which can then be detected by quantitative PCR (QPCR),
pyrosequencing, or single base extension reactions [62,63]. Sodium bisulphite treatment
has traditionally required more DNA (>40 ng) than is typically present in a forensic sample.
However, bisulphite conversion followed by whole genome amplification (WGA) of 100
pg DNA has been successfully analyzed [64,65] via pyrosequencing and may provide a
means to analyze forensically relevant amounts of DNA. WGA has been shown to exhibit
amplification bias [66] but no significant bias in quantitative methylation statuses have yet
to be observed [64,65,67]. A method to assess DNA methylation status using MPS has
recently been utilized in studies examining chronological age prediction [68,69]. MPS
would allow for an increase in through-put compared to the traditional pyrosequencer, but
these preliminary studies required high minimum read counts (800 and 1000 reads) to

accurately determine methylation status [68,69].



Emphasis has been placed on identifying CpG sites that are completely methylated
in the target body fluid and not methylated in others, or ‘on/off’ methylation [70], as
described in recent studies [63,71,72]. Another important concern regarding the use of
DNA methylation-based assays is that methylation patterns have been shown to change
with a person’s age and exposure to different environmental conditions [61,73], and some
of these changes may also influence the reliability/accuracy of methylation-based BFID
tests. Independent validation and rigorous testing of any markers is imperative [60,74].

MRNA

MRNA biogenesis and function

The beginning of the mMRNA transcription process occurs in the nucleus with the
recruitment of general transcription factors along with Pol 1l to form the preinitiation
complex (PIC) [75]. The Mediator complex then binds to Pol I, assists with gene and
general transcription factor recruitment, and is responsible for the initiation of Pol 1l during
transcription [76]. After initiation, elongation occurs until termination is signaled. The pre-
MRNA is processed through a series of modifications before being exported to the
cytoplasm, which generally occurs as transcription is taking place [75]. The 5° end is
capped through the addition of an m7GpppN structure by human capping enzyme and RNA
7-methyltransferase to protect the molecule from nucleases [77]. Spliceosomes remove any
introns through the recognition of various elements, such as the 5” and 3’ splice sites, excise
intronic regions, and ligate the exons [75]. Most protein coding mMRNAs are also
polyadenylated. For this modification, the pre-mRNA is cleaved and poly(A) polymerase
adds a poly(A) tail [78]. Transcription is terminated after Pol Il is slowed down through

various mechanisms, such as encountering heterochromatin patches, R-loop formation, or
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proteins associated cleavage, and eventually dissociated from the pre-mRNA strand [79].
Many of the protein factors required for processing remain bound to the mRNA and take
part in a quality control check before the molecule is exported to the cytoplasm through
the nuclear pore complex [75,80,81].

Once exported to the cytoplasm, mRNA functions as the template for protein
formation. Cellular signaling recruits initiation factors such as RNA helicase and 5’ cap
binding protein to circularize the molecule for stability during translation and ribosomal
subunits then scan the molecule for the start codon to begin translation [81,82]. However,
post-transcriptional regulation such as miRNA-mediated repression may halt or delay

translation (Figure 1.1).
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Fig. 1.1. Schematic of how miRNA may regulate gene expression (and the eventual
translation of proteins) in the cell.
Initial experiments and marker candidacy
Bauer et al. (1999) performed some of the initial experiments examining mMRNA
for forensic use after it was found that RNA recovered from blood spotted filter paper used
in a medical context was still viable for analysis [83,84]. Cytokeratin and progesterone
receptor transcripts were used as the basis for distinguishing between menstrual blood,

which contains epithelial cells in the shedding endometrium, and venous blood. Overall,
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the group was successful in detecting transcripts and continued to perform further research
into the field [83].

The completion and ongoing efforts of such projects as the Human Genome Project
and the Cancer Genome Anatomy Project as well as a plethora of medical literature have
allowed researchers to search for genes differentially expressed in forensically relevant
body fluids in silico and through literature reviews [85,86]. Several groups used these
resources to evaluate transcripts for BFID. Bauer and Patzelt (2002) evaluated a battery of
transcripts associated with the endometrium and menstrual cycle and were able to find
transcripts present in menstrual blood that were not present in vaginal fluid nor saliva
samples [87]. Juusola and Ballatyne (2003) evaluated saliva specific transcripts, and Visser
et al. (2011) explored skin specific transcripts [88,89]. Further studies also found
spermatozoa specific transcripts and applied a more sensitive detection method of capillary
electrophoresis rather than agarose gel electrophoresis [90].

Upon the observation that all work investigating mRNA for BFID had been
targeting transcripts through database searches or literature reviews, Zubakov et al. (2008)
performed a microarray analysis of blood, semen, saliva, and vaginal fluid deliberately
screening degrading samples [91]. A time course study of blood and saliva samples over a
period of 180 days was included in the analysis in an effort to identify stable transcripts
and increase the likelihood of BFID in degraded samples. These markers did not overlap
with any previously used markers and were used to successfully detect blood and saliva
specific transcripts in samples up to 16 and 6 years, respectively [92].

It should be noted that considerable discordance has been observed in the

performance of markers reported to uniquely identify saliva and vaginal samples. It is not
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surprising that overlap was found as mucosal cells in both anatomical regions perform
similar physiological functions. Histatin 3 (HTN3) and statherin (STATH) were both first
reported for forensic use as saliva specific markers, though the initial specificity testing did
not include vaginal samples [88]. These markers were found to be saliva specific in several
studies [93-96] and later found in nasal secretions (only STATH) [97,98], nose bleeds [97],
and tears [97] which also share some physiological pathway overlap. However, STATH
was observed in menstrual blood [99-101], vaginal fluid [102-104], and semen [100] and
HTN3 was detected in vaginal fluid [105]. A possible isoform of STATH was detected in
menstrual blood, which may account for some discrepancies [93].

Mucin 4 (MUC4) was originally considered to be specific to vaginal fluids (though
also expected in menstrual samples) as seen in [93,95,106] and urine [98], which, again,
makes physiological sense as the urethra is in close proximity to the vagina. As MUC4
takes part in mucus production, it was also observed in fluids in proximity to mucus
membranes such as saliva [98-100,102,107-109], nasal mucosa [97,102], urine [97,109],
and tears and nosebleeds [97], as well as semen [100,107]. HBD1, also intended as vaginal
fluid specific, was also observed in non-target fluids whilst in a multiplex which was
resolved when run independently in one study [95], but not another [109]. Both markers
were also observed in samples from various orifices (such as the ear canal and anus) in
singleplex reactions [108]. These discordances may be the result of primer design, PCR
parameters such as annealing temperature, or cDNA input in PCR. The cross-reactivity of
markers with nasal mucosa and urine were likely only discovered due to the intentional

sampling of these body fluids and were not originally considered during marker screening.
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Overall, the incongruous results demonstrate the importance of comprehensive validation
testing.

Multiplex development and implementation

In 2005, the first of several BFID multiplexes targeting mRNA was reported using
capillary electrophoresis (CE) [93]. Although RT-gPCR multiplexes were also developed,
its use is hampered by the number of targets that can be amplified simultaneously
[93,106,107]. While Juusola et al. (2007) found the RT-gPCR method to be more sensitive,
Haas et al. (2009) found it to be comparable with CE and enzymatic tests [106,110]. The
ability to multiplex reduces reagent cost, sample consumption, and preparation time, and
led CE to become the chosen platform for forensic casework to date.

The Institute of Environmental Science and Research Ltd (ESR) developed and
implemented mRNA multiplexing for BFID into casework in 2010. This test is able to
identify venous blood, menstrual blood, semen, vaginal secretions, and saliva
[94,111,112]. Interestingly, the group implemented markers targeting bacterial RNA in
naturally occurring vaginal microbial flora [112], but recent concerns have been raised
regarding their use due to the detection of these microbes on hands, groin area, and penile
swabs [97,113]. A group at the Federal Bureau of Investigation (FBI) also created a
multiplex for BFID but was not implemented likely due to lack of consensus markers and
interpretation schema for cross-reactive markers [100]. Xu et al. (2014) developed the
MRNA multiplex for BFID, termed XCYR1, to identify urine, sweat, nasal secretions, and
oral mucosa in addition to the commonly typed venous blood, menstrual blood, semen,
saliva, and vaginal fluid. However, it is unknown whether it was ever implemented into

casework [98]. An assay was created [114] and developmentally validated [115] to be used
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in a portable device with the intent for use at crime scenes, but the manufacturer halted
production and support of the instrument soon after its design.

Not only is the choice of markers important, but an effective interpretation plan is
also required. An interpretation strategy was developed by Roeder and Haas (2013) for
use with four BFID multiplexes [99]. A score was assigned to each marker based on the
number of times the marker was observed in known samples. The score was lowered in
instances of false positives, effectively giving the marker less weight during interpretation.
For each sample, marker scores were summed and must reach a pre-defined minimum
score threshold for a positive result. Minimum threshold scores were also determined using
known samples and set to minimize false positives. Using the scoring system, saliva,
semen, and blood samples were correctly identified in over 90% of samples. Menstrual and
vaginal samples, however, were only correctly identified in 52% and 70% of samples,
respectively. The authors attributed the low identification rates of these samples to the
higher minimum threshold scores required for these samples. Although artifacts in the
electropherograms provided in the manuscript suggest that the multiplexes would benefit
from further optimization due to numerous artifacts, the authors did propose a novel
scoring system as reporting guidelines [99].

The Netherlands Forensic Institute (NFI) created several BFID multiplexes and has
published extensively on their use and interpretation strategies [116,97,95,117,118]. The
original multiplex contained at least two markers per target fluid and three housekeeping
markers. Multiple PCR reactions containing a range of cDNA input amounts were used
due to the lack of human specific RNA quantification and unknown composition of the

extract. Consensus markers were used to account for inter-person variation of expression
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and drop out from stochastic effects. As substantial cross-reactivity of markers was
observed in previous studies [98-100,102,107-109,119], fluid specific and general mucosal
markers were included to differentiate between vaginal, menstrual, and saliva samples.
Sensitivity and specificity testing of the multiplex vyielded sufficient results for
implementation [95]. The NFI reported that routine casework applying the mRNA BFID
multiplex was completed by specially trained analysts [116]. Interpretation guidelines were
developed based on the number of times relevant markers were observed (x) relative to the
number of times the markers could have been observed in the profiles (n) generated from
serial cDNA inputs. The presence of each body fluid is assessed in each profile and are
designated as “observed” if x > n/2 and potentially mixed samples with overlapping cell
types (such as sharing of mucosal markers in saliva and vaginal samples) reaching the
threshold are designated as “observed and fits with.” General housekeeping marker peak
height and peak heights of body fluid specific markers relative to one another are also
considered. Profiles not reaching the x > n/2 threshold are scored based on whether co-
expressed markers (e.g. mucosal) are present and generally scored as “sporadically
observed, no reliable statement possible” or “sporadically observed and fits with.” Body
fluids are labelled as “not observed” if no amplicons were detected in any of the profiles
and “non-specific due to high input” is termed for overloaded samples in which no
definitive interpretations can be made [116]. Although the interpretation strategy can be
confusing to those unfamiliar with RNA profiling, it has been thoroughly tested and can
accommodate mixtures and some degradation.

Based on the reported cross-reactivity of mucosal markers in nasal secretions

[98,103,119] and various cross-reactivities in urine [98], the NFI updated their multiplex
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and interpretation protocols [97]. During this time, the analysis of profiles generated from
differentially extracted samples was incorporated and vaginal markers were updated based
on the cross-reactivity discussed above. Notably, the inclusion of technical replicates was
also recommended for RNA profiling due to high variation of replicate amplifications,
including technical replicates [97].

The relationship between contributor proportions in electropherograms has also
been investigated to determine if RNA profiling results mimicked cell type proportion
and/or DNA contribution [94,98,120]. Those studies reveal that while some inference
could be made regarding proportions of cell-type in the RNA profiles, further attribution
to a donor based on contributor proportions through DNA profiling was not advisable.
These results were not unexpected because DNA and RNA are not found in consistent
proportions across cell types and can show both inter- and intra-person variation within
cell types [121].

A marked improvement was seen in sensitivity and specificity of mMRNA markers
after primers were redesigned by Lin et al. (2016) [122]. Degraded samples were sequenced
using MPS and specific, partial regions of mMRNA molecules were consistently seen
compared to the rest of the transcript. Primers were then designed around the transcript
stable region RNAs, or “StaRs,” using conventional CE-based methods. In comparison to
previous primers, the “StaR” primers improved peak height and detection in degraded
samples. These primers were incorporated into a multiplex by Albani and Fleming (2018)
along with markers for seminal fluid (azoospermic) and semen [123]. Any cross-reactivity
of markers in non-target body fluids was not reproducible, including between mucosal

saliva and vaginal fluid samples. The performance of the new multiplex [123] generated
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significantly higher signals in blood, semen, and menstrual blood samples when directly
compared to the previous version [94].

The adoption of Bayesian statistics has been encouraged in the forensic community
to help answer questions about the nature of the deposition of cellular material [124-128].
Akin to probabilistic genotyping for identification [129], Dgrum et al. (2018) developed a
method for probabilistic BFID based on MPS data [130]. The probabilistic method may be
an appropriate alternative to the somewhat complicated interpretation strategies mentioned
above.

Transfer, persistence, prevalence, and recoverability (TPPR) of mMRNA

In general, MRNA is considered relatively unstable compared to DNA [131,132]
with some transcripts having a half-life of only 5-10 minutes [133]. Despite a higher
resistance to depurination and depyrimidation than DNA, mRNA undergoes hydrolysis,
particularly in basic conditions [132,134]. Additionally, mRNAs are subject to degradation
by ubiquitous endogenous and exogenous ribonucleases, particularly in post-mortem
samples [135]. However, the evaporation of water from stains may decrease microbial and
RNase activity, effectively preserving RNA [132].

Researchers have endeavored to provide evidence that despite its volatile
reputation, mMRNA can be used in a forensic setting. Setzer et al. (2008) performed a time
course study evaluating mRNA markers in various environmental conditions up to 547
days using a less sensitive gel electrophoresis technique [136]. Predictably, samples
exposed to precipitation were only detected up to 90 days, but some transcripts in each of

blood, semen, saliva, and vaginal fluid were detected throughout the 547-day period,
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establishing that mRNA of adequate quality and quantity could be recovered from
forensically relevant types of samples.

Additional studies were also performed to bolster confidence in mMRNA profiling in
aged samples. Blood stain samples aged 23 years [131] up to 50 years [137] have been
successfully body fluid typed. Blood was even detected in samples recovered from
backspatter on the barrel of a rifle collected 40-years previously [138], adhesive tapes taken
from the hands for gunshot residue up to 18 years after collection [139], and polyvinyl-
alcohol gloves up to 19 years after collection [140]. Nakanishi et al. (2014) was able to
detect semen specific transcripts in samples up to 56 years old [141]. Sirker et al. (2016)
examined small stains (0.05 — 5 pL) in high humidity (approaching 100%) over 17 months
[142]. Although humidity did have a deleterious effect on mMRNA, transcripts were detected
over the entire 17-month period in 5 uL semen and saliva samples.

The increase in sensitivity of DNA testing has raised important questions regarding
the circumstances leading to the TPPR of cellular material along with the donor of the
material [124]. Kulstein et al. (2018, 2018) examined laundered blood, saliva, and semen
stains [143,144]. Intriguingly, mRNA was most frequently detected in blood and semen
samples that had been stored for 30 days before laundering. It was theorized that this time
allowed cellular material to become embedded into the fabric and less likely to be removed
during the washing process [143,144]. A survey of a variety of public and private items
specifically assessing the TPPR of DNA and RNA found that 13% of samples contained
traces of residual non-skin body fluids [118]. Though more work is necessary, these studies

are important for the most accurate interpretation of evidence [124-128].
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European DNA Profiling Group (EDNAP) Exercises

The EDNAP group recognized the need for a collaborative effort to compare
MRNA data across laboratories. The group conducted a series of experiments evaluating
body fluid specific markers across several different laboratories internationally,
specifically including crime laboratories with no prior experience with RNA profiling
[101,109,145-148]. This range of analyst experience was included to both evaluate the
robustness of methods and protocols as well as identify potential problem areas. In these
exercises, participating laboratories were provided with an example protocol, amplification
reagents, and pre-prepared samples but were allowed to make modifications based on the
laboratories” own resources and include additional in-house samples. Common
modifications included the use of different extraction Kits, reverse transcription Kits, and
PCR parameters. The makeup of the collaboration was not static and not all laboratories
were involved in all experiments. Studies were generally conducted in a body fluid specific
manner, evaluating small multiplexes targeting single body fluids to generate consensus
data and help refine marker selection. Variation in results were expected due to the inability
to generate truly uniform samples (eg. vaginal and menstrual samples), various
experimental modifications, and possible complications from shipping samples and
reagents. Experiments included the evaluation of sensitivity, body fluid specificity, human
specificity, and casework type samples.

The first study was performed in 2011 and evaluated two blood multiplexes where
results were generally concordant [145]. The second study used the same blood multiplexes
but stipulated that laboratories perform a DNA/RNA co-extraction and, based on results

from the first collaboration, encouraged groups to perform a post-PCR purification step to
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increase peak heights and generate a smoother baseline [146]. Although PCR optimization
was recommended, results were again generally concordant. Semen and saliva were tested
in the third collaboration that also generally reported similar results between laboratories,
although instances of cross-reactive saliva markers were noted in vaginal samples [147].
Other reports of non-target fluid amplification of saliva markers have been observed
[107,108], although a majority of laboratories in the collaboration and other studies did not
observe the cross-reactivity [95]. Samples from a vasectomized male were intentionally
included to ensure identification of azoospermic samples could be correctly identified.

The fourth and fifth studies focusing on menstrual blood and vaginal fluid were
performed in parallel and all pre-prepared stains were correctly identified by all
participants [109]. Special care was taken to prepare stains from different times throughout
the menstrual cycle to accommodate potential variation in expression during menstruation.
Interestingly, in this iteration of the collaboration, two groups were able to use their in-
house developed multiplexes that had been implemented for casework and correctly
identified each of the stains provided.

Skin samples, which are viewed as challenging because of their naturally low levels
in samples and ubiquity in our surroundings [118], were also investigated in an EDNAP
exercise [148]. Compared to other EDNAP studies, these results showed less concordance
in detected markers, and the most frequently detected skin markers were also observed in
saliva, vaginal, and menstrual samples. Regardless of whether the cross-reactivity is
genuinely expressed in saliva or from accidental substrate interaction with skin, this would
likely be commonly observed in forensic samples. Overall, caution during interpretation of

these markers was recommended if implemented.
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The most recent EDNAP exercise, in conjunction with European Forensic Genetics
Network (EUROFORGEN), evaluated the use of MPS for BFID [101]. Based on the results
of previous EDNAP studies and some preliminary evaluations by the organizing
laboratory, markers were combined into panels for use on the lon Torrent (PGM/S5) and
MiSeq MPS platforms. Some variation was noted in the results that was particularly
attributed to differences in input RNA due to different quantification methods. Although
number of reads varied across platforms and laboratories, stains were correctly identified
by the majority of participants. As seen in previous studies, some cross-reactivity of
markers between saliva and vaginal fluid were observed. A preliminary interpretation
schema using Partial Least Squares analysis was applied to group samples according to
similarities and some grouping was observed [101]. Samples with mixed cell types were
also analyzed and was found that fluid types with typically lower RNA yields (venous
blood, semen, and saliva) may be overshadowed by other fluids in the mixture. The authors
state that the performance of the prototype panels will be used to drive panel and library
preparation optimization in the future including single nucleotide polymorphisms (SNPs)
which may assist in associating a body fluid to a donor [101].

Overall, the EDNAP exercises have given the forensic community evidence that
mRNA profiling is a practicable option for BFID. While the forensic community is
undoubtedly moving towards MPS, only a few labs have started using MPS for DNA
analysis likely because the cost is still prohibitive. Therefore, it would still be beneficial to
conduct a collaborative study using a comprehensive multiplex for capillary
electrophoresis to encourage additional forensic crime laboratories to adopt this

methodology using their existing equipment. A study in this manner may also prompt the
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development of more effective interpretation strategies. It was repeatedly stated throughout
the collaborations that the scope of the studies did not include interpretation strategies and
the role of housekeeping markers were included for qualitative purposes and did not
contribute information to body fluid determination [109,145-148]. The exclusion of this
aspect is not an inherent flaw in the studies individually; however, the discussion of
interpretation strategies across a variety of laboratories may improve the robustness of the
technique and the community’s confidence in RNA-based BFID methods.

mMiRNA

miRNA biogenesis and function

MicroRNAs are short non-coding RNAs approximately 18-22 nucleotides long first
discovered by Lee et al. in 1993 [149]. DNA sequences that code for miRNAs are located
in the genome from either independent genes or from within introns of protein coding genes
[150]. Transcription of miRNAs is performed by RNA Polymerase 11 (Pol 1) in the nucleus
and processed through two different pathways; canonical or non-canonical [151]. In
canonical transcription, the transcript forms a primary pre-cursor (pri-miRNA) hairpin
molecule of 70-100 nucleotides with tails at the end. The tails of the pri-miRNA molecule
are cleaved by the Droshsa-DGCRS8 protein complex to form a precursor hairpin (pre-
miRNA) [151]. In non-canonical transcription, the precursor miRNA hairpin (pre-miRNA)
is produced through the removal of introns by spliceosomes [151,152]. The pre-miRNA is
then exported into the cytoplasm by Exportin 5 where the folded hairpin is cleaved off by
the Dicer protein, leaving the miRNA and its complement (MIRNA*) duplex
approximately 20 nucleotides in length. An Argonaute (Ago) protein then displaces the

MIRNA* and forms a complex with the mature miRNA. This complex is commonly termed
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a miRNA-induced silencing complex (miRISC) [153]. The miRISC complex anneals to
MRNA by exposed portions of the mature miRNA termed the seed region [154]. The long-
term association with the Ago protein protects the mature miRNA from hydrolysis and
RNase activity [155].

Within the cell, miRNAs facilitate gene expression as a post-transcriptional factor
through degradation of mMRNA and repression of translation (Figure 1.1) [150,151,154].
Complete complementation between the seed region and the mRNA elicits endonucleolytic
cleavage and the mRNA is degraded, preventing translation of the mRNA [150,151,154].
However, if the seed region anneals to mMRNA and there is incomplete complementation,
the Ago protein recruits additional proteins and represses translation by deadenylating the
MRNA, providing steric hindrance, or through other mechanisms that remain unclear at
this time [151,153,156].

Screening for candidate markers

miRNAs were first proposed as a potential biomarker for BFID by Hanson et al. in
2009 [157]. The group theorized that the expression profiles in terminally differentiated
cells would allow analysts to distinguish between body fluids. Using a SYBR RT-qPCR
method targeting 452 miRNAs, samples of forensically relevant body fluids including
venous blood, menstrual blood, semen, saliva, and vaginal fluid as well as RNA from
various human tissues were compared to find markers that may be targeted for forensic
BFID use. In this study and the subsequent experiments to identify candidate miRNAs, no
MiRNAs were found that solely identify the body fluid of interest but suggested a panel of

consensus MiRNAs in tandem with data analysis metrics for BFID (Table 1.1).



Table 1.1. Candidate body fluid specific markers identified through forensic screening studies. Asterisks (*) indicate markers used to
identify blood from non-blood samples. (7) were used as probabilistic markers and not body fluid specific. NS signifies that the fluid

was not screened in the study. Markers are human unless designated otherwise.

Body

Fluid

Marker

Hanson
et al.

(2009)

Wang Liet Dgrum Fang
et al. al. et al. etal.

(2016) (2017) (2019) (2019)

Venous

Blood

miR-16

miR-144

miR-185

miR-126

miR-150

miR-126

miR-486

miR-484

X

X X
X

X Xt

X Xt X
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Body Marker Hanson Zubakov Courts Park  Sauer  Seashols- Liet Dgrum Fang
Fluid etal. etal. and etal. etal.  Williams al. etal. etal.
(2009) (2010) Madea (2014) (2016) etal. (2017) (2019) (2019)
(2010) (2016)
miR-182 X
miR-200b X
miR-144-3p X
miR-144-5p x*
miR-20a-5p X
miR-148a-3p X
miR-151a-3p X
Menstrual miR-412 X NS NS NS
Blood miR-214
miR-1246 X X
miR-141-3p X
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Body Marker Hanson Zubakov Courts Wang Park Sauer Seashols- Wang Liet Degrum Fang
Fluid etal. etal. and etal. etal. etal. Williams etal. al. etal. etal.
(2009) (2010) Madea (2013) (2014) (2016) etal. (2016) (2017) (2019) (2019)
(2010) (2016)
miR-497-5p X
miR143-5p X
miR-144-3p X
miR-144-5p x*
Semen miR-135b X NS
miR-10b X X NS
miR-891a X X X X X
miR-135a X X
miR-888 X
miR-2392 X
miR-3197 X
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Body Marker Hanson Zubakov Courts Wang Park Sauer Seashols- Wang Liet Degrum Fang
Fluid et al. et al. and et al. et al. et al. Williams et al. al. et al. et al.

(2009)  (2010) Madea (2013) (2014) (2016)  etal.  (2016) (2017) (2019) (2019)

(2010) (2016)
Saliva miR-205 X X X X NS
miR-658 X
miR-200c X X
miR-203 X X X X
miR-223 X X
miR-445 X
miR-26b X
miR-141-3p X
miR-375 X X
miR-34a-5p X
let-7c X
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Fluid

Marker Hanson Zubakov Courts

et al. et al. and

(2009)  (2010)  Madea

(2010)

Wang
et al.

(2013)

Park
et al.

(2014)

Sauer
et al.

(2016)

Seashols-
Williams
et al.

(2016)

Wang
et al.

(2016)

Li et
al.

(2017)

Dgrum  Fang

et al. et al.

(2019)  (2019)

miR-27b-3p
miR-125b-5p
miR-23b-3p
miR-99a-5p
miR-29a-3p
miR-23a-3p
miR-27a-3p
miR-210-3p
miR-24-3p
miR-29b-3p

miR-22-3p

X X X X X X X X X X X
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Body Marker Hanson Zubakov Courts Wang Park Sauer Seashols- Liet Dgrum Fang
Fluid etal. etal. and etal. etal. etal.  Williams al. etal. etal.
(2009) (2010) Madea (2013) (2014) (2016) etal. (2017) (2019) (2019)
(2010) (2016)
miR-203b-5p X
Vaginal miR-124 X NS X
Material miR-372 X NS
miR-1260b X
miR-645-5p X
miR-200a-3p X
Reference RNUG6b X X
RNU44 X X
RNU24 X
RNUA48 X
RNUG6 X X X
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Fluid etal. etal. and etal. etal. etal. Williams etal. al. etal. etal.
(2009) (2010) Madea (2013) (2014) (2016) etal. (2016) (2017) (2019) (2019)
(2010) (2016)
let-7g X X
let-7i X X
cer-miR-39 X
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After the initial study, several other groups also proposed candidate markers using
various platforms and strategies. Zubakov et al. (2010) screened for candidate markers
using a custom microarray targeting 718 LNA™-modified oligonucleotides and evaluated
the potential markers using RT-gPCR with TagMan probes [158]. While results between
platforms for blood and semen were largely concordant, discrepancies were noted in
menstrual blood, vaginal fluid, and saliva results. Upon further investigation, it was
suggested that small bacterial/fungal RNAs or pre-cursor miRNAs may have cross-
hybridized with specific oligonucleotide probes on the microarray, causing the platform to
artificially recognize the miRNASs in question [158]. After also performing sensitivity and
a one-year stability study, the group proposed markers for blood and semen (Table 1.1) but
did not identify any markers that could be verified by RT-gPCR for the remaining fluids.

In 2011, Courts and Madea performed a similar experiment screening for markers
in blood and saliva using a microarray platform targeting approximately 800 miRNAs and
then further evaluating those markers with RT-gPCR [159]. Three markers for blood and
saliva each were proposed (Table 1.1). Although this study provided beneficial information
regarding potential candidate markers, the markers were not evaluated in other forensic
body fluids of interest. While these markers may be able to distinguish between blood and
saliva, they may have similar expression levels in other fluids, precluding them as a means
to distinguish between fluids.

Using a gPCR-array with 754 targets, Wang et al. (2013) screened for markers in
venous blood, menstrual blood, semen, saliva, and vaginal fluid [160]. After analyzing the
gPCR-array data, giving priority to more highly abundant markers, seven miRNAs were

further evaluated using RT-gPCR assays. Candidate markers for venous blood, menstrual
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blood, and semen were validated (Table 1.1), including three markers that were also
proposed in previous studies. Due to discrepancies between the qPCR-array, RT-gPCR
data, and the microarray screening studies, miRNA markers for saliva and vaginal fluid
could not be validated. The group also advocated that multiple reference genes are
necessary for the application of this technique. However, after extensive analyses of
reference genes, no markers tested demonstrated stable expression across all the body
fluids tested, but U6 was deemed as a reference gene appropriate for the study [160].

Park et al. (2014) also employed microarray screening and RT-gqPCR confirmation
techniques [161]. Blood, semen, saliva, and vaginal fluid samples were processed using a
microarray targeting 1733 miRNAs. Interestingly, to increase the overall number of
candidate markers in the literature, marker proposal criteria prioritized miRNAs that had
not been reported in previous studies. Microarray candidates from the study as well as
miRNAs previously reported were evaluated by RT-gPCR for sensitivity and accuracy.
The study proposed eight novel miRNAs and validated nine previously reported miRNAS
(Table 1.1).

Another study using LNA™ modified oligonucleotides in a microarray was
performed by Sauer et al. (2016), examining venous blood, menstrual blood, semen, saliva,
and vaginal secretions [162]. In addition to prioritizing markers high in abundance or
expressed solely in one body fluid, markers were evaluated based on their ability to
distinguish between similar markers, particularly between fluids with similar biological
components (e.g. epithelial cells in vaginal and saliva samples) or overlapping physical
locations (e.g. vaginal and menstrual samples). Relevant literature was also reviewed for

marker selection and subsequent RT-gPCR evaluations. Contrary to the previous
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recommendation of consensus markers for BFID [157], the authors suggested fewer
markers with high discriminatory power because of the complexity of overlapping
expression data between fluids (Table 1.1) [162]. A preliminary decision algorithm
designed and applied to blinded and casework type samples (ages range up to 37 years)
was able to correctly identify all tested single source samples of venous blood, menstrual
blood, and semen. Despite the inability of the algorithm to consistently correctly
distinguish saliva or vaginal samples or accommodate mixtures, the application of the
technique to blinded and aged samples is promising.

More recently, MPS has emerged as a platform available for small RNA
sequencing. Unlike microarray and RT-gPCR analysis, MPS does not require any pre-
established sequence information necessary for oligonucleotides or primers which may
allow for the discovery of novel miRNAs with greater body fluid specificity. Seashols-
Williams et al. (2016) used MPS to screen for candidate markers in venous blood,
menstrual blood, semen, saliva, vaginal fluid, feces, urine, and sweat [163]. Forensically
relevant volumes (200 pL for all fluids except urine) were used in the study to ensure
possible targets would be applicable in the small volumes of sample generally seen in
evidence submissions. As seen in other studies, the data suggests that a combinatorial
approach for markers is necessary for distinguishing between body fluids. With RT-qPCR
confirmation, two reference markers and six body fluid specific markers were proposed for
venous blood, menstrual blood, semen, saliva, urine, and feces (Table 1.1).

Wang et al. (2016) used the lon Personal Genome Machine (PGM) for massive
parallel sequencing of blood and saliva samples [164]. Targets with the highest abundance

with a differential fold change of at least ten were proposed. Out of 2588 unique miRNAs
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identified, 25 miRNAs were proposed to distinguish between blood and saliva samples
(Table 1.1). However, the study did not perform subsequent RT-gPCR experiments to
validate the markers. Additionally, it is unknown whether the markers would maintain
specificity compared to other forensically relevant body fluids, as seen in the Courts and
Madea (2011) study; nevertheless, the need for similar studies in other fluids and validation
was noted [159,164].

Li et al. (2017) performed a microarray screen containing 3100 capture probes
focusing on the differences in expression between venous blood and menstrual blood,
though semen, vaginal fluid, and saliva samples were also screened for comparative
purposes [165]. Five of the candidate markers were then evaluated using both TagMan
probes and SYBR Green RT-gPCR methods to investigate the differences observed
between the two chemistries in previous studies. Two of the markers were concordant and
three showed significant differences, one of which demonstrated a negative correlation.
Further studies included the analysis of menstrual samples collected during various
timepoints during the menstrual cycle to ensure that differential expression was still able
to distinguish venous blood and menstrual blood. Overall, three markers were proposed to
differentiate venous and menstrual blood (designated as menstrual blood markers in Table
1.1) [165].

Using a probabilistic approach, Dgrum et al. (2019) screened casework type
samples of venous blood, semen, saliva, menstrual blood, and skin [166]. Samples were
separated into model training sets and a test set. Partial Least Squares (PLS) and Least
Discriminant Analysis (LDA) were applied to determine the markers that were able to

provide maximum separability between the body fluid types. In the training set,
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components one and two were able to account for 72% of the variation between samples.
A series of models were generated with emphasis on either overall accuracy or to identify
the fewest number of mMiRNAs needed that were able to predict stains most accurately. One
of the models was able to predict stains with 93% accuracy using nine markers in the
training set but dropped to 65% in the test set. Using 100 markers, the model’s accuracy
was 98% in the training set and 90% in the test set. Current technology may limit the
number of markers a laboratory may practically analyze, meaning the nine markers would
require three different assays, but MPS would be able to analyze all 100 markers
simultaneously. As seen in MRNA studies [98,102], the misidentified samples were saliva
and vaginal in origin. Interestingly, seven of the nine markers used in the model (Table
1.1) had been previously identified as candidate markers in other screening studies. The
authors stated that the poor results from the test set may be from model overfitting due to
a somewhat small sample size. Model overfitting may also be due to the inclusion of both
miR-486-5p and miR-486-3p which are the result of two mature miRNAs from a single
pre-miRNA. These markers appear to have similar regression values and may be co-
expressed [167]. Fecal and urine samples were also included in the test set but not the
training set. As the model is only able to predict body fluid origin based on the categories
supplied in the training set, the authors hope to include an “unknown” category in future
iterations to reduce the likelihood of a false positive and mixed body fluid samples.

Fang et al. (2019) screened blood and bloodstains for candidate markers in
compromised samples including freeze/thaw cycles, storage in elevated temperatures, and
treated with an oxidant [168]. Candidates were chosen based on the highest abundance

present in the samples and confirmed with RT-gPCR (Table 1.1). Samples were normalized
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to a spiked-in non-human miRNA that was observed to be stable in all conditions tested.
Expression levels were not significantly different between whole blood and blood-stained
samples, confirming that results using either of the sample types are comparable. While
stable at room and elevated temperatures, repeated freeze/thaw events and the presence of
an oxidant significantly reduced expression levels of several candidate markers. The screen
identified four previously identified markers and two novel markers; however, as the novel
markers were not evaluated in other forensically relevant body fluids, they may not be
appropriate for BFID purposes [168].

Based on Table 1.1, it is clearly seen that there is little consensus on candidate
markers for BFID using miRNAs. The lack of concordance is not unexpected due to the
relatively recent discovery of miRNAs and accompanying technological advancements as
well as the physical and biological similarities of the matrices. Vaginal fluid and saliva are
both mucosal cells, blood is a component of menstrual blood, and the endometrial lining is
shed through the vagina; the overlap in function or physical location is reflected in the lack
of definitive markers for BFID. Vaginal and menstrual candidates are further complicated
due to natural expression changes throughout the menstrual cycle [169]. In males, fertility
status has been associated with differences in semen marker expression [170]. The
differences in candidacy are also likely due to many other factors including platform and
chemistry differences, the number of donors, and the number of fluids screened.

The most commonly cited theory for candidacy discordance has been the use of
different RT-gPCR techniques [158,159,161,163,171,165,172]. Typically, RT-gPCR
reactions amplifying miRNAs employ one of two general strategies (Fig. 1.2). The first

strategy involves stem-loop reverse transcription primers, followed by PCR using miRNA
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specific forward and reverse primers, and is detected via fluorescently labelled hydrolysis
probe [173]. The second strategy polyadenylates all small RNAs, oligo-T primers
containing a universal tag are used for reverse transcription, PCR primers consist of the
complement to the universal tag and a miRNA sequence specific primer, and amplification
is detected with an intercalating dye [174]. Dunnett et al. (2014) compared the two
strategies using forensically relevant sample sizes and workflows [175]. It was suggested
that due to lower abundances detected compared to polyadenylated samples, stem-loop
primer-based assays may not be the most appropriate approach for forensic applications
[175]. However, as the amplicons were not sequenced, it is unknown whether the higher
abundances noted in polyadenylated samples were truly higher or if non-specific
amplification was artificially inflating reported abundance. A study examining different
RT-gPCR approaches indicated that non-specific amplification was frequently observed
after polyadenylation and subsequent amplification, while stem-loop primers demonstrate
relatively low reverse transcription efficiency which was then reflected in downstream
amplification [176]. Non-specific amplification may be a possible reason miR-658 in saliva

was detected by Hanson et al. (2009) but has not been replicated by any other groups [157].
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Several studies have examined differences in miRNA expression profiles via
different platforms and/or chemistries and some have yielded conflicting results. In one
study, RT-qPCR assays were highly correlated with g°PCR-assays but had little correlation
with microarray results [177], while a different study found that RT-gPCR arrays were
generally concordant with each of the four microarrays tested [178]. Similar relative
expression ratios, but different absolute quantifications were observed in a study using
known amounts of synthetic RNA between microarray and MPS results [179]. Mestagh et
al. (2014) performed a comprehensive study examining performance variation in 12
different platforms across RT-qPCR, microarrays, and MPS technologies and found that
while differential expression concordance between any two platforms was close to 86%,
validation rates averaged only approximately 56%, highlighting the need for cross-
platform validation [180]. A majority of the miRNA screening studies for BFID described
above confirmed screening results with another platform to verify differential expression.

General challenges to miRNA analysis are also observed due to their small size. In
microarray platforms, vastly different melting temperatures and similarity between

sequences can complicate probe design [181,182]. The type of probe employed, such as
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LNA™, may also factor in to microarray screening, as previously mentioned [158].
Additionally, downstream analysis may be affected by primer efficiencies and inhibitors
present in tissues during both reverse transcription, hybridization, and PCR
[160,162,180,183,184]. However, as described in Seashols-Williams et al. (2016), the
results of each screening are not completely incongruous with each other [163]. For
instance, miR-891a, proposed by Zubakov et al. (2011), was not present in other screens
as a potential candidate but has shown to be semen specific by several other groups
[158,160-163].

The types of body fluids screened simultaneously or the confirmation of marker
specificity across fluid types, described several times above, is important for candidate
evaluation. Some studies initially evaluated markers based on their abundance [168,171].
Abundance is an important factor because they would be more likely to be detected in low-
level or degraded stains, but abundant markers may not necessarily be body fluid specific.
Expression profiles are generated based off the expression of markers relative to
normalization markers, which varied in the screening studies (Table 1.1). It may be of use
to reanalyze available data using different normalization markers to either resolve
discordances or strengthen candidate markers.

Forensic studies examining miRNAS

Marker selection is paramount to the implementation of miRNA for BFID, however
other studies must also be performed prior to incorporation into a crime laboratory
workflow. Several m(i)RNA specific extraction kits are commercially available; however,
identity determination is generally a priority in casework and any extraction technique must

also recover the most DNA possible in a sample. Any extraction technique must effectively
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recover nucleic acids and remove possible inhibitors across different body fluids as well as
a variety of substrates that may be submitted as evidence. Omelia et al. (2013) compared
DNA and RNA specific spin column based extraction kits and found that a higher
abundance of miRNAs were recovered in the DNA extract rather than any washes or from
the RNA specific extraction kit, although it is unknown whether the Small RNA protocol
was followed for the particular RNA kit [185]. The ability to analyze miRNAs in DNA
extracts has interesting implications due to the potential to retest archived DNA extracts
and laboratories would not have to purchase, validate, and implement additional extraction
kits. Four extraction Kits specific to m(i)RNAs and one DNA/RNA co-extraction Kit were
evaluated by Grabmuiller et al. (2013) which were not able to recover sufficient DNA via
washes or lysate for casework applications except for the co-extraction kit [186].

A common strategy for interpretation of miRNA profiling systems is based on the
relative differences in expression of various miRNAs of samples using real-time PCR
systems which are frequently used in forensic laboratories. These differences are calculated
via Cq values determined during RT-gPCR and normalized to endogenous reference genes
to produce ACq values. As with DNA profiling, interpretation problems arise when
evidence is degraded, or very small amounts of biological material are available for
analysis. Differential expression relies on the amplification of the targets of interest and
the normalization marker; however, degradation rates of different cell types may alter
differential expression values, and small volume samples may exhibit stochastic effects.
The former situation was observed by Sauer et al. (2016) in an aged semen sample in which
the semen specific marker was amplified, but the reference marker was not detected [162].

Stochastic effects were theorized as a possible reason that reference markers were not
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detected in blood backspatter samples [138]. The potential loss of detection of reference
markers reinforces the need for either markers expressed solely in the body fluid of interest,
or the incorporation of a data interpretation scheme to accommodate degradation and
stochastic effects.

A limitation of quantitative analysis via RT-qPCR as the primary analysis method
of BFID using miRNAs is the ability to multiplex [187]. Currently, most instrumentation
for gPCR can detect up to five different fluorescent dyes, limiting the number of markers
that can be amplified simultaneously. Normalization strategies can include the use of more
than one normalization gene thereby further reducing the number of tissue-specific markers
analyzed at once [188]. Additional reactions would be required to analyze multiple
markers, which increases sample consumption, the risk of contamination, cost of reagents,
and time of analysis [189].

Van der Meer et al. (2013) developed a method to co-analyze DNA (identification
via STRs) and miRNA with stem-loop primers using capillary electrophoresis, thereby
avoiding separate extractions of RNA and DNA [190]. While this method would eliminate
a separate analysis, the amplicon sizes in this study (65 — 67 base pairs) were close to both
unincorporated primers (typically 20 bp), and the lower range mini-STR amplicons
(typically 80 bp) which may limit the number of miRNA markers that can be included in
the assay [191]. It is also not well established whether the use of stem-loop primers would
result in PCR products that would form hair-pins or anneal to each other and cause PCR
artifacts. Li et al. (2014) addressed the potential problems of using stem-loop reverse
transcription primers by designing a linear primer set for amplification [187]. While the

linear primer system does address the technical challenges observed from the use of stem-
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loop primers, only one universal primer for use on one dye channel was designed and
tested. As novel markers are continually being discovered for BFID, it would be
advantageous to expand the linear primer system to additional dye channels to be able to
incorporate more markers.

The use of miRNA for BFID is relatively new and would benefit from additional
research in many aspects. As seen in mRNA profiling, development of assays is an iterative
process [97,105,123]. The performance of miRNAs in forensic samples is promising, but
additional research is necessary including marker validation and TPPR studies.
Statement of the problem

BFID can be of great importance during the course of an investigation and in the
courtroom. Determining the body fluid of a stain may provide probative information about
the events that took place during the commission of a crime. Current methods for BFID,
such as chemical tests, microscopy, enzymatic activity, and immunological tests do not
offer the required specificity and results are often open to conjecture [1,2,8,9,11].
Furthermore, current methods are not widely employed to differentiate between menstrual
and venous blood (and other forensically relevant fluids). To alleviate these concerns,
alternate methods must be considered.

The most efficient use of a sample would be co-extraction and co-analysis methods
for both DNA and BFID. DNA offers more probative information (individualization), and
is the priority in most cases, but RNA co-analysis from a single sample could provide more
information for investigation. Recently, miRNAs have been suggested as a potential
biomarker for conclusive BFID and research to date has suggested that these markers meet

the required criteria (specificity and lack of sample consumption) [157,190].
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The robustness of any new methodology for BFID will also require testing with
environmentally challenged samples typically encountered in forensic casework. Any
potential biomarker must be able to endure and be detected after exposure to ultraviolet
light, heat, pH changes, and humidity for lengths of time to be effective for forensic
analysis. These markers must persist in tissue fluids until the evidence is collected and
processed. Although previous research has been conducted investigating various miRNA
markers for BFID, few studies have directly assessed miRNA stability, persistence, and
recoverability in challenging conditions [192]. Additionally, while it has been theorized
that miRNAs are more stable than mRNA due to their small size [193], no literature is
currently available which directly compares the stability of these molecules.

In order to evaluate the utility and stability of miRNAs in forensically relevant
samples, this project will employ several different approaches. The first stage will be the
development of a miRNA analysis methodology designed to identify venous blood,
menstrual blood, semen, and saliva via capillary electrophoresis (CE) techniques and
instrumentation commonly used in forensic genetics laboratories [187]. The second stage
will focus on assessing the stability of miRNAs compared to mMRNASs using conventional
techniques currently observed in the literature. The final approach will incorporate
emerging techniques in forensic science, specifically massively parallel sequencing (MPS),
using novel markers and specially designed primers to analyze mock samples placed in

various environmentally challenging conditions.
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CHAPTER Il
A capillary electrophoresis method for identifying forensically relevant body fluids

using miRNAs!

This dissertation follows the style and format of International Journal of Legal Medicine.
1 Mayes C, Seashols-Williams S, Hughes-Stamm S. (2018) A capillary electrophoresis

method for identifying forensically relevant body fluids using miRNAs. Legal Med
(Tokyo, Japan) 30:1-4. https://doi.org/10.1016/j.legalmed.2017.10.013
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Abstract

Body fluid identification (BFID) can provide crucial information during the course
of an investigation. In recent years, microRNAs (miRNASs) have shown considerable body
fluid specificity, are able to be co-extracted with DNA, and their small size (18-25
nucleotides) make them ideal for analyzing highly degraded forensic samples. In this study,
we designed a preliminary 8-marker system for BFID including an endogenous reference
gene (let-7g) to differentiate between venous blood (miR-451a and miR-142-3p),
menstrual blood (miR-141-3p and miR-412-3p), semen (MiR-891a and miR-10b), and
saliva (miR-205) using a capillary electrophoresis approach. This panel uses a linear
primer system in order to incorporate additional miRNA markers by forming a multiplex
system. The miRNA system was able to distinguish between venous blood, menstrual
blood, semen, and saliva using a rudimentary data interpretation strategy. All STR
amplifications from co-extracted DNA yielded complete profiles from human

identification purposes.

Keywords: Forensic genetics; microRNAs; capillary electrophoresis; body fluid

identification
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Introduction

Body fluid identification (BFID) can be of importance during the course of an
investigation and in the courtroom. Determining the origin of a stain may provide probative
information about the events that took place during the commission of a crime. Current
methods for BFID such as chemical tests, microscopy, enzymatic activity, and
immunological tests do not offer the level of specificity or sensitivity required by the
forensic field, and results from these methods are often subject to doubt [1-5].

Recently, microRNAs (miRNAS) have been suggested as a potential biomarker for
conclusive BFID, and research to date indicates that these markers may meet the desired
specificity and sensitivity for forensic use [6-10]. miRNAs are short, non-coding RNA
sequences (18 — 25 nucleotides) that participate in post-transcriptional gene regulation [11].
These molecules are thought to be stable and resistant to degradation due to their
association with proteins that provide protection from hydrolysis and RNase activity [12].
Though there has been little research on the stability of miRNAs in challenging conditions,
extracted miRNAs have shown considerable stability at room temperature for one year and
remained detectable in storage at -20°C for up to ten years [8, 13].

A common strategy for miRNA profiling systems is to use reverse transcription
quantitative PCR (RT-gPCR) to determine the relative differences in expression of various
miRNAs. Although this method has generated successful interpretation strategies [14, 15],
it requires multiple reactions, which increases sample consumption, the risk of
contamination, cost of reagents, and time of analysis [16]. To address these issues, Li et al.

developed a four marker miRNA BFID profiling system using capillary electrophoresis
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based on a set of linear primers [17]. The system was originally developed using one dye
channel with the intent of expansion in order to incorporate additional markers.

In this study, we designed additional primers for the linear primer set to generate
an eight marker miRNA multiplex to distinguish between venous blood, menstrual blood,
semen, and saliva. A co-extraction strategy was utilized to generate DNA for STR analysis
and miRNA for BFID profiles from a single sample.

Materials and methods

Sample collection and extraction

Five samples each of venous blood, menstrual blood, semen, and saliva were
collected from volunteers in accordance with Sam Houston State University Institutional
Review Board approval (#2015-09-26124). Menstrual blood was collected with cotton
swabs. Venous blood was collected via venipuncture and semen provided by donors in
specimen containers. Saliva was collected in plastic tubes. Aliquots (50 uL) of venous
blood, semen, and saliva were used for extraction, and one swab was used for menstrual
blood samples. Samples were extracted using the AllPrep® DNA/RNA Micro Kit
(Qiagen®, Valencia, CA) following the Small RNA Purification Protocol [18] with the
addition of an initial incubation of 2 hr at 56 °C with 900 rpm shaking to improve lysis.
The elution volumes for DNA and RNA were 50 pL and 18 uL, respectively.

DNA quantification and amplification

DNA was quantified with the Quantifiler® Trio DNA Quantification Kit
(ThermoFisher Scientific) on a 7500 Real Time PCR System (ThermoFisher Scientific),
and amplified using the GlobalFiler™ PCR Amplification Kit (ThermoFisher Scientific)

on a Veriti™ Thermal Cycler (ThermoFisher Scientific) as per manufacturer’s instructions.
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Marker selection and primer design

Markers were selected based on a consensus of candidate markers in various
published studies [6, 8-10]. The endogenous reference gene let-7g was included as an
internal control, miR-451a and miR-142-3p were chosen for venous blood, miR-141-3p
and miR-412-3p for menstrual blood, miR-891a and miR-10b for semen, and miR-205 for
saliva. The reverse transcription and specific primers for miR-451a as well as the universal
primer designed by Li et al. [17] were also used in this study. Additional primers (reverse
transcription and specific primers for all markers except miR-451a and three universal
primers) were adapted from this linear primer system. To minimize non-specific binding,
M13 sequences and a sequence designed by Lindblad-Toh et al. [19] were used for the

universal primer sequences. All primer sequences are listed in Table 2.1.



Table 2.1. Primer sequences and concentrations.

. Reverse Reverse . Sp?C'f'C . Universal
Body Mark Accession s T inti T inti Specific Primer Universal Pri
Fluid arker Number equence ranscription ranscription Primer Final Primer rimer
Primer Primer Conc. Conc. Conc.
End. Ref. let-79 MIMAT0000414 UGAGGU GTTCTTGCTGTC 0.2 uM GTTCTTCT  154uM  FAM'GT 0.5 uM
Gene AGUAGU AACGATACGCT TTTTCTTTT TCTTCT
UUGUAC ACGTTTTCTTTT TCTTTTCTT TTTTCT
AGUU CTTTTAACTGTA TCTTTCTTT TTTTCT
C CTTTTGAG GCTGTC
GTAGTAGT AACGAT
T ACGCTA
Venous miR-451a MIMAT0001631 AAACCG GTTCTTGCTGTC 0.16 pM GTTCTTCT  0.08 uM CG
Blood UUACCA AACGATACGCT TTTTCTTTT
UUACUG ACGTTTTCTTTT TCTTTTTC
AGUU CTTTTAACTCA AAACCGTT
GT ACCATT
miR-142- MIMAT0000434 UGUAGU GTTCTTGCTGTC 0.16 pM GTTCTTCT  0.12uM
3p GUUUCC AACGATACGCT TTTTCTTTT
UACUUU ACGTTTTCTTTT TCTTTTTCT
AUGGA CTTTTTCCATAA TTTTCTTGT
A AGTGTTTC
CTAC
Menstrual ~ miR-141- MIMAT0000432 UAACAC GTTCTT 0.2 uM GTTCTTCT  0.04puM  VICGTT 0.5 uM
Blood 3p UGUCUG AACTGACTAAA TTTTCTTTT CTTCTT
GUAAAG CTAGGTGCC TCTTAACA TTTCTT
AUGG TTTTCTTTTCTT CTGTCTGG TTTCTA
TTCCATCTTT T ACTGAC
miR-412- MIMAT0002170  ACUUCA GTTCTT 0.3 uM GTTCTTCT 6.9 uM TAAACT
3p CCUGGU AACTGACTAAA TTTTCTTTT AGGTGC
CCACUA CTAGGTGCC TCTTTTTCT C
GCCGU TTTTCTTTTCTT TTTTCTAC
TTACGGCTAG TTCACCTG
GTCCA

(continued)


http://www.mirbase.org/cgi-bin/mirna_entry.pl?acc=MI0001729
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0002170

Specific

Body Accession Reve_rse_ Reve_rse_ Specific Primer Universal Unl\_/ersal
. Marker Sequence Transcription Transcription : . ; Primer
Fluid Number . - Primer Final Primer
Primer Primer Conc. Conc. Conc.
Semen miR-891a MIMATO0004902 UGCAAC GTTCTT 0.2 uM GTTCTTCT  0.04 uM NED'GTT 0.5 uM
GAACCU ACGTCGTGAAA TTTTCTTT CTTCTT
GAGCCA GTCTGACAA TTCTTTTT TTTCTT
CUGA TTTTCTTTTCTT CTTTTTCT TTTCTA
TTTCAGTGGC TTTTGCA CGTCGT
ACGAACC GAAAGT
TGA CTGACA
miR-10b MIMAT0000254 UACCCU GTTCTT 0.3 uM GTTCTTCT 3.8 UM A
GUAGAA ACGTCGTGAAA TTTTCTTT
CCGAAU GTCTGACAA TTCTTTTT
UUGUG TTTTCTTTTCTT CTTACCCT
TTCACAAATT GTAGAAC
CG
Saliva miR-205 MIMATO0000266 UCCUUC GTTCTTCCCTTG 0.2 uM GTTCTTCT 0.2 uM PET'GTT 0.5 uM
AUUCCA AACCTCCTCGT TTTTCTTT CTTCTT
CCGGAG TCGACCTTTTCT TTCTTTTC TTTCTT
UCUG TTTCTTTTCAGA TTTTCCTT TTTCTC
CTCC CATTCCA CCTTGA
CcC ACCTCC
TCGTTC
GACC

8.


http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0004902
http://www.mirbase.org/cgi-bin/mature.pl?mature_acc=MIMAT0000254
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MiRNA reverse transcription and amplification

Reverse Transcription was performed using the SuperScript® Il First Strand
Synthesis System (ThermoFisher Scientific) as per manufacturer’s instructions (20) using
7 uL of RNA and 2 pL mix of pooled PAGE purified custom reverse transcription primers
(Integrated DNA Technologies, Coralville, 1A) (final concentrations listed in Table 2.1) in
the reaction. A reverse transcription negative control was performed for each body fluid.
Multiplex amplification reactions were performed using the Multiplex PCR Kit (Qiagen)
on a T100™ Thermal Cycler (Bio-Rad, Hercules, CA). Primers were evaluated in
singlepex reactions before being combined. PCR amplification was performed in a reaction
volume of 26 pL composed of 13 pL 2X PCR Mix, 3 uL cDNA, and 10 pL of specific
primers (Integrated DNA Technologies) and fluorescently tagged universal primers
(ThermoFisher Scientific) (final concentrations listed in Table 2.1). Cycling conditions for
the reactions were as follows: 95 °C for 15 min, 35 cycles of 94 °C for 30 s, 57 °C for 1
min, and 72 °C for 1 min, with a final extension at 72 °C for 10 min.

Detection

Amplified DNA products were detected using a 3500 Genetic Analyzer equipped
with POP-4™ and a 36 cm capillary array (ThermoFisher Scientific). Amplified cDNA
products were detected using a 3500 Genetic Analyzer equipped with POP-7™ and a 50
cm capillary array (ThermoFisher Scientific). Data was analyzed using Genemapper®
Software ID-X v. 4.1 (ThermoFisher Scientific). An analytical threshold of 150 RFU was

applied to both DNA and miRNA profiles.
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Results and discussion

All samples tested yielded full STR profiles from the DNA fraction (data not
shown) as also observed in previous studies [17, 21, 22]. No amplification was observed
in the reverse transcription negatives, indicating that there was no observable interaction
with genomic DNA. The results of the miRNA profiling are presented in Table 2.2 and
representative profiles can be seen in Fig. 2.1a-d. Average peak heights for each of the
body fluids can be seen in Fig. 2.2. Although the intent of this method was to choose
markers that were both specific and high in abundance to reduce amplification of
background transcription, some marker cross-reactivity was observed. However, we have
adopted an interpretation strategy based on patterns of marker amplification to distinguish
between the fluid types. A decision tree for the identification of single source samples can

be seen in Fig. 2.3.



Table 2.2. Proportion of markers observed in the miRNA profiles generated in this study (N = 5).

Bodv Fluid Reference Venous Blood Menstrual Blood Semen Saliva
y let-7¢ miR-451a miR-142-3p  miR-141-3p miR-412-3p miR-10b miR-891a mIiR-205
Venous
Blood 1 1 1 0 0 0 0 0
Menstrual
Blood 1 1 0 1 0.6 0 0 1
Semen 1 0 1 0.8 0.8 1 1 1
Saliva 1 0 1 0.2 0.2 0 0 1

18
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Fig. 2.1. Representative electropherograms from miRNA multiplex analysis allow for body
fluid discrimination. a. Venous blood sample b. Saliva sample c. Semen sample d.
Menstrual blood sample
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Presence of miR-451a

miR-891a

and/or miR-10b miR-142-3p
No No Yes
miR-142-3p miR-141-3p Absence of
and miR-205 and miR-205 miR-205
; Menstrual Venous
Saliva Semen
Blood Blood

Fig. 2.3. Decision tree for body fluid identification of single source samples.

The endogenous reference gene let-7g was present in all samples. In the venous
profiles, the markers miR-451a and miR-142-3p were observed in all profiles and no other
markers were observed. miR-205 was seen in all fluids except venous blood. This is not
unexpected, as the marker has been associated with epithelial cells [23]. For unknown
samples, venous blood profiles would include the presence of miR-451a and miR-142-3p
and the absence of other markers (including miR-205).

In menstrual blood samples, miR-451a, miR-141-3p, and miR-205 were observed
in all samples and miR-412-3p was observed in three out of the five samples. While marker
miR-142-3p was expected to be present solely in blood samples as seen by van der Meer
et al. [16], it was observed in all fluids except menstrual blood. Sirker et al. [24] observed
elevated levels of miR-142-3p in venous blood, menstrual blood, skin, and vaginal
secretions, but differences in expression patterns in laboratories using different platforms

and amplification strategies have been documented [25, 26]. Reported expression patterns
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can also differ due to the choice of normalization strategies and/or markers used in RT-
gPCR studies [27, 28]. During interpretation, the presence of miR-451a and miR-141-3p
and the absence of miR-142-3p would indicate the presence of menstrual blood.

The markers miR-891a, miR-10b, miR-142-3p, and miR-205 were observed in all
semen samples. In cases of vasectomized males, miR-891a would likely not be present in
seminal fluid as it originates in epididymis tissue, but miR-10b would still be present [6].
Although miR-141-3p and miR-412-3p were observed in four of the five semen samples,
they are essentially irrelevant for semen identification, as they were chosen based on their
ability to distinguish between venous and menstrual blood and are known to be expressed
in other fluids [6, 25, 29, 30]. For this reason, we would suggest using only markers miR-
891a and miR-10b as indicators for the presence of semen.

In the saliva profiles, miR-142-3p and miR-205 were observed in all samples.
Although markers miR-141-3p and miR-412-3p were both observed once, several peaks
outside of the expected marker range were also seen in the green dye channel, likely due
to amplification of bacterial RNAs in saliva or miRNAs with a similar motif. However, as
there were no other peaks to indicate menstrual blood or semen were present, saliva
samples can be distinguished from the other body fluids. The presence of miR-142-3p and
miR-205 and absence of all other markers suggest saliva. Peaks under the analytical
threshold were also present in the green dye channel outside of expected marker ranges in
menstrual blood profiles, which also contains bacterial flora.

Although this miRNA multiplex was able to discriminate between single source
fluids using the data interpretation strategy described in this paper, refinement of markers

may be necessary. For instance, the marker miR-412-3p does not provide additional
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information to the multiplex. Body fluid mixtures would be problematic due to some cross
reactivity and differential expression patterns. Due to the cross-reactivity of markers miR-
141-3p and miR-412-3p, a venous blood/semen mixture would not be distinguishable from
a menstrual blood/semen mixture. Furthermore, the presence of saliva would be masked if
semen were also present. Novel markers are continually being reported which may improve
the specificity of BFID and mixture resolution as well as identify organ tissues [10, 31,
32]. The identification and inclusion of these markers would warrant additional validation
studies including an increased sample size, sensitivity studies, and testing of additional
relevant body fluids (such as vaginal fluid).

In conclusion, the additional universal primer sequences allowed for a greater
number of markers to be incorporated into the miRNA BFID multiplex. Using this system,
we were able to discriminate between venous blood, menstrual blood, semen, and saliva
using the miRNA BFID multiplex and development of a crude data interpretation strategy.
STR and BFID profiles were generated from single samples using techniques and
instrumentation currently employed in crime laboratories.
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CHAPTER IlII
The stability and persistence of blood and semen mMRNA and miRNA targets for

body fluid identification in environmentally challenged and laundered samples?

This dissertation follows the style and format of International Journal of Legal Medicine.

1 Mayes C, Houston R, Seashols-Williams S, LaRue B, Hughes-Stamm S. (2019) The
stability and persistence of blood and semen mRNA and miRNA targets for body fluid
identification in environmentally challenged and laundered samples. Leg Med (Tokyo,
Japan) 38:45-50. https://doi.org/10.1016/j.legalmed.2019.03.007

Reprinted with permission from publisher.
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Abstract

The identification of body fluids in evidentiary stains may provide investigators
with probative information during an investigation. In this study, quantitative reverse
transcription polymerase chain reaction (RT-qPCR) assays were performed to detect the
presence of MRNA and miRNA in fresh and environmentally challenged samples. Blood,
semen, and reference markers were chosen for both mMRNA/miRNA testing. Samples of
blood and semen were exposed to heat, humidity, and sunlight, and controlled conditions
(room temperature, low humidity, and darkness) for 6 months. All mRNA targets were
observed through six months under controlled conditions, but were undetected after 30
days in experimental conditions. However, miRNA targets persisted under all test
conditions for the duration of the study.

Additionally, cotton stained with blood or semen was laundered using a liquid
detergent in various washing and drying conditions. An unstained cutting was evaluated
for potential transfer. Both miRNA targets were observed in all stained samples regardless
of the wash protocol used. Of the mRNA markers, HBB was detected in all bloodstained
samples and PRM1 persisted in all but one semen stained sample. The unstained samples
showed transfer of at least one body fluid specific mMiRNA marker in all samples and at
least one body fluid specific mMRNA in approximately half of the samples. These results
support that RNA markers can be used for body fluid identification in challenging samples,
and that miRNA markers may be more persistent than mRNA for blood and semen stains.

However, some caution is warranted with laundered items due to possible transfer.
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Introduction

The identification of body fluids in evidentiary stains may provide investigators
with probative information during the course of an investigation. Traditional serological
tests currently used in forensic labs are presumptive in nature and have varying levels of
specificity and sensitivity [1-3]. The interrogation of nucleic acids, such as mMRNA and
miRNA, has been introduced to assist analysts in determining the body fluid of origin in
forensic samples [4-9]. These methods attempt to improve upon existing techniques and
allow for the co-extraction with DNA, the consumption of less sample, and the potential to
identify a greater number of body fluids [10,11].

As STR typing Kits are becoming more sensitive, we are beginning to probe and
understand the mechanisms behind the transfer, persistence, prevalence, and recovery
(TPPR) of cellular material [12,13]. The vast majority of this research is geared toward
DNA analysis, but assessing the TPPR of molecular based methods for body fluid
identification should also be investigated. This information can ascertain scenarios in
which these methods would be successful, identify possible limitations, and provide
context for profile interpretation or activity level. While several experiments have been
performed investigating the persistence of MRNA in environmentally challenged samples
[14,15] and aged stains [16,17], concerns remain regarding the use of RNA in forensic
casework type samples. Due to their small size (19 — 25 nucleotides) and encapsulation in
protein, miRNAs are thought to be more resistant to degradation. Grabmdiller et al. [18]
detected miRNAs in evidentiary items aged up to 20 years; however, to our knowledge, a

time course evaluation of miRNAs has not yet been performed. Additionally, only one
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study has examined mRNA and miRNA in parallel outside of evidentiary items [19], but
did not yield any conclusive results regarding miRNA.

A sample may also be compromised through means other than time and
environmental exposure. It is not uncommon for items of evidence to be washed by the
victim or perpetrator in an attempt to remove biological material prior to seizure by police.
While it has been reported that laundered items may not be submitted for analysis based
on the belief that these items are unsuitable for forensic testing [19], both serological testing
[20] and STR profiling has been successful [20-23].

In this study, the persistence of both mMRNA and miRNA was evaluated in the same
set of environmentally challenged and laundered samples. The following mRNA and
miRNA targets were chosen based on previous literature: hemoglobin beta (HBB) [24] and
miR-451a [4] for blood, protamine 1 (PRM1) [25] and miR-891a [4] for semen, and beta-
2-microglobulin (B2M) [26] and let-7g [27] for reference genes. A real-time quantitative
PCR (RT-gPCR) method was used to compare mRNA and miRNA targets. The persistence
of MRNA and miRNA was monitored over a period of six months in blood and semen
stains on cotton swatches exposed to two conditions: 1) in a glass enclosure with natural
heat, humidity, and UV light, and 2) controlled conditions in a cabinet (room temperature,
low humidity, and darkness). Additionally, a preliminary investigation of laundered items
was performed examining cotton swatches stained with blood and semen laundered with a
liquid detergent in cold or hot wash cycles, washed once or twice, and either air-dried or
machine dried with or without the presence of additional clothes to test for persistence and

any transfer.
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Materials and methods

Sample collection

Samples of venous blood (n=3) and semen (n=3) were collected with informed
consent according to a University approved protocol. Venous blood was collected by
venipuncture into BD Vacutainer™ tubes treated with an anti-coagulant (EDTA). Semen
was provided in specimen containers. Cotton swatches were UV treated to eliminate
possible residual nucleic acids.

Sample treatment

Time course study

Time course study samples were prepared by staining each swatch with 50 pL of
blood (n=3) or semen (n=3) on cotton swatches approximately 2 cm by 1 cm and allowed
to dry overnight. The stained swatches were placed in a glass enclosure with exposure to
natural heat, humidity, and sunlight. The control samples were placed in a laboratory
cabinet (room temperature, low humidity, and darkness). Temperature and humidity were
monitored in both environments. Samples were taken at days 0, 1, 3, 5, 10, 14, 60, 120,
and 180.

Laundry study

Aliquots of 50 pL of blood (n=3) and semen (n=3) were applied to sections of
cotton bedsheets approximately 24 cm by 16 cm in size. Each section, one per treatment
and one unwashed control, was spotted with each blood and semen on different areas
roughly 8 cm apart. Samples were allowed to dry overnight before being washed. The
washer used in the laundry experiment was a top-loading Whirlpool® Commercial Washer

Heavy Duty Series. The experimental design can be seen in Fig 3.1. Items washed at the
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same temperature were washed together. The preprogrammed settings for cold (15°C) and
hot (42°C) were selected and run for 30 minutes with a drum speed of 700 rpm. One Tide
PODS® packet (Proctor & Gamble, Cincinnati, OH) was used per wash as the detergent.
Individual stains were marked with permanent marker prior to washing. The stains were
laundered with and without additional clothes and were allowed to air dry overnight or
were machine dried in a front-loading Whirlpool® Commercial Single Load, Super
Capacity Stack Dryer on the permanent-press setting (57°C) for 45 minutes. Cuttings
(approximately 2 cm by 1 cm) were taken of unstained areas to evaluate potential transfer.
Neither the washer nor dryer were cleaned before the experiment. The swatches were
examined visually for bloodstains and with a Crime-Lite™ (Foster & Freeman, Sterling,

VA) with orange goggles before and after laundering to visualize semen stains.

Blood Semen Unstained
(n=3) (n=3) (n=1)

Washer

Cold Cold Cold x2 Hot
No Other Clothes ({#51C) (15°C) (42°C)

Air Machine Air Machine Air Machine Air Machine
Dry Dry (57°c) Dry Dry (57°c) Dry Dry (57°c) Dry Dry (57°c)

Fig. 3.1. Experimental conditions of laundered items. Blood, semen, and an unstained
control were washed with liquid detergent and dried according to the conditions listed.



99

Sample extraction

Samples were extracted with the miRNeasy RNA Mini Kit (QIAGEN,
Germantown, MD) according to manufacturer’s recommendations with the addition of a
centrifuge step with spin basket (5 min at 2000 g) to remove liquid from fabric and an
elution volume of 50 L.

Reverse transcription

Reverse transcription was performed using the QuantiTect® Reverse Transcription
Kit (QIAGEN) on the Veriti™ 96-Well Thermal Cycler (ThermoFisher Scientific,
Waltham, MA) for mRNA targets. cDNA for miRNA targets was generated using the
miScript II Reverse Transcription Kit (QIAGEN) on the ProFlex™ 96-Well PCR System
(ThermoFisher Scientific). All reactions were performed according to manufacturer’s
protocols. A 10 pL volume of neat RNA extract was used for each reaction. Reverse
transcription negatives were performed to ensure no genomic material was amplified.

Quantitative PCR and data analysis

Real-time PCR amplification was performed in duplicate using the miScript
SYBR® Green PCR kit with miScript Primer Assays (let-7g, miR-451a, and miR-891a)
and QuantiTect® Primer Assays (B2M, HBB, and PRM1) (QIAGEN). Experiments were
performed and analyzed according to MIQE guidelines [28]. Primer validation experiments
were performed to ensure acceptable amplification efficiency (87.7-98.0%) and specificity.
A 1in 10 dilution of cDNA was used for amplification. Amplification was detected using
a 7500 Real-Time PCR System (Applied Biosystems) with HID Real-Time Analysis
Software v1.2. Cycling conditions were as follows: 95°C for 15 min, 40 cycles of 94°C for

155, 55°C for 30 s, and 70°C for 30 s. A threshold of 0.08 was applied for all markers and
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Cq values were calculated by averaging technical duplicates. Melt curve analysis was used
to ensure specific target amplification in samples with a Cq > 35. Samples with replicates
deviating more than £1°C in Tm were removed from analysis. Although ACq or 2444
values (Cq of the fluid specific marker subtracted from the Cq of the reference marker) are
traditionally used for RT-gPCR studies, individual variation has been known to produce
false negatives [29] and environmentally challenging conditions may alter the proportional
abundance of transcripts within samples. In this study, ACq values were calculated and
compared to control samples. Cq values and ACq values were evaluated in the time course
study and ACq values were determined for the laundry study.
Results and discussion

Time course study

The results of the time course study can be seen in Fig. 3.2a-d and Fig 3.3a-d.
Temperatures ranged from 19.0-23.7°C in controlled conditions and 8.9-61.0°C in
experimental conditions over the 6-month period. Humidity ranged from 38-52% and 10-

99% in controlled and experimental conditions, respectively. A more detailed record of

daily temperatures is provided in Fig. 3.4.
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MiRNA Blood - let-7g

Day
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Fig. 3.2.a-d. Results of the time course study examining Cq values of reference markers
(B2M and let-7g) and blood specific targets. Data presented as average (n=3) = SE a
B2M b HBB c let-7g d miR-451a
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Fig. 3.3.a-d. Results of the time course study examining Cq values of reference markers
(B2M and let-7g) and semen specific targets. Data presented as average (n=3) + SE a B2M
b PRML1 c let-7g d miR-891a
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Fig._ 3.4. High and low temperatures recorded within the control and experimental
environments.

For the blood samples, the mRNA markers (B2M and HBB) in samples left at room
temperature were amplifiable at every time point while samples exposed to variable
environmental conditions steadily declined and were not amplified beyond day 30 (Fig.
3.2a-b). As the same volume of extract was used for reverse transcription, variation in Cq
values was observed between biological sources. Relative expression remained roughly
proportional (ACq values remained within +2 cycles compared to controls) across the 180
days stored in room temperature conditions, and for 30 days under the test conditions.
These results are similar to Setzer et al. [14], while the inclusion of variable temperature
appears to drastically reduce the period of detection of mMRNA, as compared to Sirker et al.
[15]. In contrast to mMRNA, miRNA targets (let-7g and miR-451a) were more robust and
were observed for the 180-day length of the experiment in both conditions. Similar to blood

mRNA expression, ACq values for the miRNA targets were proportional (£3.5 cycles
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compared to controls) throughout the experiment (Fig. 3.2c-d). Our results support those
of Fang et al. [30] who also observed minimal degradation of miRNAs in bloodstains aged
5 months in elevated temperatures (37°C).

Similar results were observed in the semen samples with both mRNA markers
persisting for the duration of the study under controlled conditions. However, in the
experimental samples PRM1 was detected up to day 30, while the reference B2M was not
detected past day 14 (Fig. 3.3a-b). The persistence of semen-specific transcripts has been
previously observed in challenged samples [14,15,17] and has been attributed to the robust
cell membrane of the spermatozoa protecting these transcripts. This is further supported by
the difference in degradation rates between the miRNA targets in the environmentally
challenged samples (Fig. 3.3c-d). In one time point (day 120), reverse transcription for the
experimental samples failed. The reference marker, let-7g, was observed in higher
abundance during the first two weeks, but dropped below the abundance of semen specific
marker, miR-891a, for the remainder of the study. The miRNA transcript miR-891a
originates in epididymis tissue and has been reported in higher abundance in
normozoospermic individuals [31,32], suggesting transcripts may be protected by the
spermatozoa cell. Examination of the Cq values in samples stored at room temperature
conditions suggests minimal miRNA degradation, as also observed by Zubakov et al. [33]

in items stored for one year.
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Laundry study

Upon visual inspection, blood stains were visible in all samples after washing,
except those washed twice and machine dried, and samples washed in hot water and
machine dried (Fig. 3.5). Previous studies [20,34] have also reported diminished visibility
of bloodstains on materials washed at higher temperatures (60-95°C). The mRNA and
miRNA results of the laundry study can be seen in Fig. 3.6. Both blood miRNA markers
were observed in all laundered samples. In all instances where one mMRNA transcript was
not detected, the reference marker (B2M) was not observed and the fluid specific marker
(HBB or PRM1) remained. In these stains, it appears that samples receiving more
substantial physical agitation (ie. elevated wash temperature or washed twice) had a lower
occurrence of MRNA transcript detection, though a more thorough investigation is needed
for any definitive conclusions. Kulstein et al. [34] also observed HBB in stains washed
once at 40°C, but did not observe any body fluid specific markers in warmer washes or in
items washed twice. This discrepancy may be due to differences in length of wash cycles
(2 hours compared to 30 minutes in this study), leading to more thorough stain removal, or
differences in analysis methods (capillary electrophoresis-based assay and RT-qPCR). In
another study [35], tape lifts of laundered items did not yield reportable results in blood-
stained clothes, but the authors also predicted that increased recovery would be more likely

with extracted cuttings such as we used in our study.
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Fig. 3.5. Example of a stain visible after washing in cold water (4°C) and air dried.
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Blood (n=3) Unstained (n=1) Semen (n=3)
mRNA miRNA HBB PRM1 miR-451a miR-891a ] mRNA miRNA

Cold Wash
Air Dry

Cold Wash
Machine
Dry

Cold Wash
x2 Air Dry

Cold Wash
X2 Machine
Dry

No Clothes
Air Dry

No Clothes
Machine
Dry

Hot Wash
Air Dry

Hot Wash
Machine
Dry

Expected AC, Values (within ACq +SD
of control samples)

Greater than Expected AC,, Values
(outside of ACq £SD of control samples)

Fluid Specific Marker Only

No Results

Fig. 3.6. Heat map denoting the presence or absence of mMRNA or miRNA targets after
being laundered. Cotton swatches stained with blood or semen (n=3), and unstained (n=1)
swatches. Green — Both reference and body fluid specific markers present and ACq values
within ACq £SD of control samples. Yellow — Both reference and body fluid specific
markers are present but deviate from ACq £SD of control samples. Orange — Only body
fluid specific marker (HBB, miR-451a, PRM1, or miR-891a) detected. Reference marker
not detected. Red — No transcripts detected in stained areas. Grey — No transcripts detected
in unstained areas.
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All semen samples prior to washing fluoresced when examined with a Crime-
Lite™ and accompanying orange goggles. However, in contrast to a previous study [19],
fluorescence was not detected after the samples were washed and dried. Consistent with
the blood-stained items, both miRNA targets (let-7g and miR-891a) were observed in all
samples, though ACq values were out of normal range (outside of of ACq £SD of control
samples) when compared to control values. A previous study [19] examining miRNAS in
laundered items did not yield conclusive results which again may be attributed to
differences in extraction techniques, amplification chemistries (probe based vs.
intercalating dye), or primer design. For mRNA, PRM1 was observed in all samples except
one, in which neither transcript was amplified. PRM1 was also detected more frequently
than reference markers by Kulstein et al. [19] who theorized that spermatozoa cells were
able to become embedded in the fabric, particularly in stains stored for a period of time
before washing. Although a microscopic analysis was not performed in our study,
spermatozoa have been positively identified in several other studies investigating
spermatozoa persistence in laundered items [19,21,22,36-38].

The transfer of mMRNA and miRNA during laundering was also evaluated in this
study (Fig. 3.6). Body fluid specific markers for both blood and semen were evaluated for
each of the unstained cuttings as items washed at the same temperatures were washed
together. Reference markers were not included in the data analysis for the swatches
evaluating transfer as they would be present in normal washing conditions through general
skin contact [35] and do not specifically contribute to body fluid identification. Transfer of
MRNA was observed in samples when washed in cold water and air dried, and surprisingly

when washed twice in cold water air and machine dried. The transfer of blood specific
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MRNA has also been previously reported by van den Berge et al. [35]. Samples washed
without the addition of other clothes did not exhibit any transfer of mMRNA, which is also
consistent with several previous studies [19,34,35]. The blood miRNA target (miR-451a)
was detected in all unstained cuttings, and transfer of the semen specific target (miR-891a)
was observed in half of the unstained samples. A higher number of transfer events were
noted in samples washed in colder water than hot, but more experimentation is necessary
to determine any significant trends. Additionally, as no human identification techniques
were performed in this study, the sources of the transfer events were not limited to
experimental samples included in the wash, but may also be due to residual biological
material in the washing machine itself. The transfer of cellular material through laundry
can have significant implications, especially in cases regarding abuse and trafficking
[21,37]. The authors agree with statements made by other groups investigating the transfer
of genetic material via laundry that transfer is highly contingent on a number of variables
including, but not limited to, fabric type, temperature, detergent type, storage time,
collection method, and analysis methods of the laboratory and that results should be
interpreted with caution [35,37].
Concluding remarks

Although this work used only one body fluid-specific MRNA and miRNA marker
each for blood and semen, miRNA appears more stable and persistent than mRNA under
the environmental conditions tested. All miRNA targets were observed in all samples for
the duration of the 180-day experiment, while mRNA was not detected in environmentally
challenged samples after 30 days. Both body fluid specific and reference miRNA targets

were observed in all laundered samples, though only a cursory investigation of laundry
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scenarios were explored. While the stability of these markers is promising and would likely
persist beyond the 180 day limit of this experiment, any alteration in expression ratios, as
seen in the degraded semen samples, may yield inconclusive results using already
complicated interpretation strategies via RT-gPCR methods [1,2]. CE-based miRNA
assays have been developed [3-5]; however, issues regarding mixtures, standardization of
markers, and background transcription remain.

The limited stability and persistence of mMRNA in forensically relevant samples has
been demonstrated in this study as well as numerous others [6-11]. The body fluid specific
mRNA markers, HBB and PRM1, were detected for over 30 days in challenging conditions
including elevated temperature, high humidity and exposure to direct sunlight. The
transcripts also persisted through wash cycles and machine drying. Implementation of
stable region transcripts (STaRs) [12] or the use of massively parallel sequencing [13] may
further improve body fluid identification analyses for challenging forensic samples.
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CHAPTER IV
Evaluation of an early-access targeted mRNA massively parallel sequencing for

body fluid identification on challenging and mock casework-type samples.
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Abstract

Messenger RNA (mRNA) profiling for body fluid identification has been proven
as a useful tool for forensic investigations. The technique has been deemed highly sensitive,
confirmatory for several different forensically relevant body fluids, and can be performed
in parallel analysis to DNA. The development of massively parallel sequencing
technologies has allowed for simultaneous detection of numerous targeted transcripts. The
inclusion of consensus markers can increase confidence in the determination of a sample’s
body fluid(s) of origin. Few studies, however, have applied this technology to challenging
samples.

In this study, an initial evaluation of a customized Verogen mRNA profiling panel
was performed using samples of venous blood, menstrual blood, semen, saliva, and vaginal
secretions exposed to various compromised conditions. Stained swatches placed on a
decomposing cadaver as well as outdoors without protection from precipitation were
collected over a two-week period. Mock casework samples such as post-coital underwear,
laundered stains with and without machine drying, swatches placed outdoors with
protection from precipitation, buried swatches, and aged samples were also collected and
analyzed. While extensive validation studies will be required, the panel was able to amplify
transcripts in these challenging samples, suggesting the panel could be a powerful tool for

forensic analysts.

Keywords: Massive parallel sequencing, messenger RNA, body fluid identification,

persistence
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Introduction

Massively parallel sequencing (MPS) offers capabilities that have greatly interested
the forensic community. In addition to highly valuable sequence-based information,
sequencing can now be performed in a high-throughput manner and simultaneously
analyze a multitude of targets. MPS panels have been commercially developed for the
forensic community for the analysis of STRs [1], mitochondrial DNA [2], ancestry
informative SNPS [3], identity informative SNPs [4,5], and phenotypic SNPs [6,7]. As
MPS platforms are being adopted for casework use, panels are also being developed for
other forensic genomic capacities including targeted messenger RNA (mMRNA) sequencing
for body fluid identification (BFID) [8-10].

MRNA profiling was developed as a molecular means to identify the biological
material of evidentiary samples and increase the confidence of this determination both
scientifically and in the courtroom. Gene expression patterns in terminally differentiated
cells based on both presence and abundance of certain gene transcripts can positively
associate a sample to a fluid or tissue type [11]. The profiling system also addresses many
of the limitations of current serological tests, particularly human and body fluid specificity,
while also increasing the number of fluid or tissue types that can be tested simultaneously.
To this end, capillary electrophoresis-based mMRNA assays have been developmentally
validated and incorporated into casework [12,13].

In addition, the increased sensitivity of DNA analysis has highlighted the necessity
of answering questions about the nature of the deposition of cellular material [14-18].

While a DNA profile may yield the identity of an individual, the context of deposition is
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unknown. Information regarding the body fluid or cell type of the sample may be able to
answer questions regarding the activity level source of a sample.

While several studies have demonstrated the utility of mRNA for forensic use [19-
24], the reputation of RNA as being unstable endures. To further address this
misconception, researchers have continued to improve the detection window of these
assays. Recently, RNA sequencing on time-course degraded samples yielded specific areas
of mMRNA that were more likely to persist over time, termed stable region RNAs or
“STaRs” [25]. The development of primers targeting these regions greatly increased the
likelihood of transcript detection in degraded samples [26-28]. RNA sequencing also
affords the opportunity to identify SNPs within each transcript which may be used to
associate a body fluid with an individual [8]. In this study, an early access MPS panel for
BFID based on STaR data was evaluated using a variety of challenging samples.
Materials and Methods

Sample Collection

Samples of venous blood, menstrual blood, semen, saliva, and vaginal secretions
were collected with informed consent using an IRB approved protocol. Venous blood was
collected via venipuncture into EDTA treated BD Vacutainer™ tubes, semen was self-
collected, whole saliva was collected without instruction to abstain from food or beverage,
and menstrual blood and vaginal secretions were self-collected via cotton swab.

Samples were dried overnight and placed in various conditions as described in
Table 1. Poly-cotton fabric (approximately 13 in x 9 in) was stained with 50 pL aliquots of
the designated fluid or a whole cotton swab was attached with tape to the fabric. Fabric

was stained with multiple fluids (approximately 2 in apart) to prevent sample loss during
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treatment. Buried samples were placed in a hole approximately six inches deep. Samples
placed outside with exposure to rain were placed underneath metal mesh (0.5 cm x 0.5 cm
diameter) to reduce interference from birds and small animals. Samples positioned outside
without exposure to train were placed under tented polyvinyl sheeting (approximately 24
in height). Blood and semen (50 uL) were pre-stained onto swatches (100% cotton muscle
shirt and cotton flannel pants) and attached to clothing on the cadaver via safety pins to
reduce possible contamination during clothing (Fig 1a-b). The cadaver was placed at the
Applied Anatomical Research Center (AARC) in November 2018. A covered cage was
placed over the cadaver to reducing scavenging and exposure to precipitation (Fig 1c).
Laundered samples were washed in a top-loading Whirlpool® Commercial Washer Heavy
Duty Series at a preprogrammed cold setting of 15°C with one Tide PODS® packet
(Proctor & Gamble, Cincinnati, OH) for 30 min and either air dried or machine dried for
45 minutes using a Whirlpool® Commercial Single Load, Super Capacity Stack Dryer on
the permanent press setting at a reported 57°C. Aged samples were placed in an oven at
37°C for 16 weeks at high humidity. Post-coital underwear was provided by the female

wearer and varied in material and color and stored at room temperature until extraction.
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Table 4.1. Sample treatments for challenging samples. VB — venous blood, SE — semen,
SA —saliva, MB — menstrual blood, VS — vaginal secretions.

Biological Time in Treatment/
Treatment Sources/ Fluids Collection
Fluid Timepoints
Control 3 VB,SE,SA,MB,VS n/a
Buried 3 VB,SE,SA,MB,VS 3 days
Outside — No Rain 3 VB,SE,SA,MB,VS 1 month
Outside 3 VB,SE,SA,VS Days 1,3,7,10,14
Decomposing Cadaver 3 VB,SE Days 1,3,7,10,14
Wash (Air Dry) 3 VB,SE,SA 30 min wash
Wash (Machine Dry) 3 VB,SE,SA 30 min wash/45 min
dry
Aged 3 VB,SE 16 weeks — 37°C
oven
Post-Coital Underwear (Female) 3 SE,VS As provided
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C.

Fig. 4.1. Samples placed on a decomposing cadaver. a Venous blood samples placed on
the trunk of the cadaver. b Semen samples placed on the groin/upper leg region of the
cadaver. ¢ Cage and tarp placed over the cadaver and samples.
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Extraction and quantification

All samples were extracted with the AllPrep DNA/RNA Mini Kit (QIAGEN,
Hilden, Germany) according to manufacturer’s instructions with the addition of a
centrifugation step of 5 min at 16,000 g to remove lysate from the substrate. DNA and
RNA elution volumes were 50 uL.. DNA was quantified using QuantiPlex Pro (QIAGEN)
on a 7500 Real Time PCR System (Applied Biosystems, Foster City, CA). DNA was
removed from RNA extracts using the TURBO-free DNase Kit (Invitrogen, Carlsbad, CA).
RNA was quantified using the High Sensitivity RNA Assay (Invitrogen) on a Qubit 2.0
(Applied Biosystems) and the RNA 6000 Pico Kit (Agilent, Santa Clara, CA) on an Agilent
2100 Bioanalyzer.

DNA amplification and detection

DNA extracts were amplified using the Investigator QS 24plex Kit (QIAGEN) on
a ProFlex Thermal Cycler (Applied Biosystems) with a target of 0.8 ng using
recommended manufacturer protocols. The full volume (15 pL) was used for samples
below the target. Fragments were detected using a 3500 Genetic Analyzer with POP-4™
and a 36 cm capillary array (30 s injection time at 13 kV) and analyzed with Genemapper
ID-X v. 1.4 (all Applied Biosystems). Stochastic and analytical thresholds were 100 RFU
and 200 RFU, respectively.

RNA sequencing

Reverse transcription and library amplification

Samples were sequenced using a custom library preparation kit and panel. Briefly,
10 uL of neat sample was added to 4 uL. of cDNA Primer Mix and the mixture was

incubated at 65 °C for 5 minutes followed by chilling to 4 °C to hybridize primers to RNA.
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cDNA Reaction Mix (5 uL) and Reverse Transcriptase (1 pL) were added to each reaction
and reverse transcription negatives were processed in parallel for each sample using 1 uL
Nuclease Free water in lieu of enzyme. Reverse transcription was performed using the
following parameters: 25 °C for 5 min, 42 °C for 50 min, 95 °C for 5 min, and at hold at 4
°C. Samples were barcoded and amplified in reactions consisting of 2 uL. each of Index 1
and 2, 19.4 uL PCR1 Reaction Mix, 0.6 uL Enzyme Mix, 20 uLL Primer mix, and 16 pL
cDNA using the following PCR parameters: 98 °C for 3 min; 8 cycles of 96 °C for 45 sec,
80 °C for 30 sec, 54 °C for 2 min, 68 ° for 2 min; 10 cycles of 96 °C for 30 sec, 68 °C for
3 min; 15 cycles of 98 °C for 20 sec, 66 °C for 30 sec, 68 °C for 90 sec; 68 °C for 10 min,
and a hold at 10 °C. Targets and amplicons sizes are listed in Table 2.

Table 4.2. Loci targeted in the BFID panel. Numbers in the parentheses are for notation
purposes to distinguish between amplicons from the same gene.

Body Fluid Gene Name  Accession Number Exons Amplicon Size
Circulatory Blood ALAS? XM_005261995.2 10,10 73
GYPA NM_002099.6 6,5 85
HBD( 1) NM_000519 11 69
HBD(_2) NM_000519 3,2 62
SLC4A1( 1) NM_000342.3 4,3 77
SLC4A1( 2) NM_000342.3 3,2 80
Menstrual Blood MMP10(_1) NM_002425.2 54 98
MMP10(_2) NM_002425.2 43 101
MMP11 NM_005940.3 55 64
MMP3 NM_002422.3 4,4 63
PLAUR 1 NM_002659.3 6,6 69
PLAUR 2 NM_002659.3 7,6 77
SNORAZ35 NR_002993.1 1,1 62
STC1 NM_003155.2 4,4 73
Semen KLK2 NM_005551.4 2,2 85
MSMB NM_002443.3 2,2 68
PRM1 NM_002761.2 1,1 60
PRM2 NM_002762 2,1 60
SEMG1 NM_003007.3 2,2 77
SEMG?2 NM_003008.2 1,2 63
SPATA42 NR_049777.1 1,1 63
TNP1 NM_003284.3 11 60
Saliva CST1 NM_001898.2 1,1 62
FDCSP NM_152997.3 4,4 61

HTN3 NM_000200.2 55 66
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Body Fluid Gene Name  Accession Number Exons Amplicon Size
PRB4(_1) NM_002723.5 3,3 45
PRB4(_2) NM_002723.5 4.4 48
STATH NM_003154.2 4.4 61

(continued)

Vaginal Material HOXAL11( 1) NM_005523.5 2,2 84
HOXA11(_2) NM_005523.5 2,2 95
HOXA13(_3) NM_000522.4 2,2 79
HOXA13(_1) NM_000522.4 2,2 79
HOXA13( 2_ NM_000522.4 2,2 60
MYOZ1 NM_021245.3 11 68
PRSS21 NM_006799.3 5,5 86
SPRR2G NM_001014291.3 2,2 99
Skin CCL27 NM_006664.2 3,3 63
CST6 NM_001323.3 3,3 77
LOR NM_000427.2 2,2 81
Urine AQP6( 1) NM_001652.3 4.4 61
AQP6(_2) NM_001652.3 4.4 81
House-keeping Genes  TCEA( 1) NM_006756.3 7,6 70
TCEA( 2) NM_006756.3 12,12 67
G6PD(_1) NM_000402.4 10,10 97
G6PD(_2) NM_000402.4 13,13 61
UBE2D2 NM_181838.1 1,1 79

Library purification, quantification, and normalization

Sample Purification Beads (SPB2) (49.7 uL) and Proteinase K (0.3 pL) were added
to 50 pL of each amplified library, vortexed for 2 min at 1800 rpm, and incubated at room
temperature for 10 min. The samples were placed on a magnetic stand and the supernatant
was discarded. Libraries were then washed twice as follows: 200 puL of 80% ethanol was
added to each library, placed on a magnetic stand for 30 sec, and the supernatant discarded.
Libraries were eluted by adding 52.5 pL Resuspension Buffer (RSB), vortexing for 2 min
at 1800 rpm, and incubating at room temperature for 2 min. Purified libraries (50 pL) were
collected for quantification and normalization. Libraries were quantified with the Qubit HS
DNA Assay on a Qubit 2.0 according to the manufacturer’s protocol. Libraries were

normalized to 0.75 ng/puL and pooled (5 pL from each library).
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MiSeq sequencing

Libraries were denatured and diluted immediately before sequencing. Pooled
libraries (5 uL) were combined with 5 uLL 0.2 N NaOH, vortexed, centrifuged for 1 min at
280 g, and incubated for 5 min at room temperature for denaturation. The denatured
libraries were diluted to 20 pM by adding 990 uL of prechilled HT1. A 180 uL volume of
the 20 pM libraries was combined with 418 pL prechilled HT1 and 2 pL or 4 uL pM
denatured PhiX library, resulting in a final library concentration of 6 pM. The 6 pM
denatured libraries (600 pnL) were then deposited in the reagent cartridge for sequencing.
A MiSeq Reagent Kit v3 (150 or 300 cycle) was used for sequencing.

Data Analysis

Samples were demultiplexed, parsed, and aligned using the Local Run Manager
with the RNA Amplicon Analysis Module v. 1.0.2. Reads from reverse transcription
negatives were subtracted from sample read values at each amplicon to reduce
incorporation of reads from genomic amplification. A 100 read minimum was applied to
all targets along with a 5% of total reads for each sample. Control RNA positives were
evaluated using a 0.5% threshold. SNPs were identified using IGV aligned to a custom
amplicon genome file.
Results and discussion

DNA

Co-extracted DNA profiles ranged from 31.1 — 100% profile completeness (Fig.
4.2). Allelic dropout was observed most frequently, nine of the fifteen profiles, in the
buried samples. Buried samples can be challenging due to microbial degradation of DNA

and addition of inhibitors, such as humic acid, both of which are naturally present in soil
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[29,30]. DNA extracts from the buried samples had a dark appearance, though no inhibition
was detected by the QS sensors. Additionally, contamination between samples was

detected in four samples, likely occurring during the burial or recovery process.



Blood (n=3) Semen (n=3) Saliva (n=3) Vaginal (n=3) | Menstrual (n=3)

Control

Buried - 3 days I
Outside - No Rain - 1 month -
Outside - Day 1
Outside - Day 3
Outside - Day 7

Outside - Day 10 100%
Outside - Day 14 95-99%
Laundered - Air Dry 90-95%
Laundered - Machine Dry 80-89%
Decomposing Cadaver - Day 1 70-79%
Decomposing Cadaver - Day 3 60-69%
Decomposing Cadaver - Day 7 50-59%
Decomposing Cadaver - Day 10 I 40-49%
Decomposing Cadaver - Day 14 <50%
Aged Not Tested
Post-Coital Underwear Cutting 1 ||||||||||||||||||||||||||| Mixture

Post-Coital Underwear Cutting 2 Cadaver Profile

Fig. 4.2. Heat map of STR profile completeness. Each cell represents one sample.

cel
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As expected, mixtures were also observed in the post-coital samples consisting of
profiles of the respective partner. Male profile completeness ranged from 59 — 100%
complete and female profiles ranged from 82 — 100% complete. Similar to the buried
samples, the extracts from the pair of cuttings from Pair 1 were dark in appearance due to
fabric dye co-extracting with DNA, but no inhibition was detected. Interestingly, only two
samples placed on the cadaver showed alleles from the cadaver. A blood sample from day
7 contained a partial profile from the cadaver and the blood donor, while a blood sample
from day 10 exhibited a full, single-source profile belonging to the cadaver. As seen in
previous research, full profiles were observed in both the air dried and machine dried
laundered samples [24,31,32].

RNA

RNA quantification results and total read counts can be seen in Tables 3 and 4,
respectively. Elevated values were noted in the buried samples as well as the samples
placed on the decomposing cadaver, likely due to the presence of microbial flora as read
counts were generally lower for these samples. Sequencing was performed over eight runs
with % Q30 score averages ranging from 94.4 — 96.6% and 93.8% of clusters passing filter.
After arun failure due to low cluster density, the 6 pM PhiX control library spike-in volume
was increased from 2 pL to 4 uL in run 5 to increase cluster generation beyond the threshold

and continue the run.



Table 4.3. RNA quantification values for each sample taken from Bioanalyzer results

. Results are presented as ng/uL.

Venous Blood Semen Saliva Vaginal Secretion Menstrual Blood
Control 224 16.4 45.6 98.1 20.5 156.3 114 241 2542 24957.0 38.9 887.1 603.3 17.0 45.5
Buried - 3 days 24818 75259 37258 13759 16221 17635 55 7021 4424 22187.2 6028.0 7469.4 29604.0 2884.8 3840.0
Outside - No Rain - 1 moth 455 14.4 8.3 7.37 20.0 16.1 76 478 660 171420 356 7584.4 12146 24118 30357
Outside - Day 1 53.4 3.7 19.4 408.3 78.9 641 662 295 620 24123 299  10335.4
Outside - Day 3 9.0 13.8 9.7 144.1 1749 8451 324 202 330 596.4 290.3 567.7
Outside - Day 7 12.5 8.1 24.6 495.4 29.3 105.2 131 402 61.7 384429 2762.7 6220.3
Outside - Day 10 63.4 14.3 25.6 261.4 167.2 6.2 59.6 833 557 49979.1 387.3 44127
Outside - Day 14 1.8 312 23.0 320.1 119.7 11660 314 420 417 109913 415 3501.0
Laundered - Air Dry 50.3 137.3 53.6 355 28.7 56.6 161 40.9 4438
Laundered - Machine Dry 93.9 127.0 745 238 95.7 209.2 858 288 39.0
Decomposing Cadaver - Day 1 284.0 974 188.7 522.9 1101 2333
Decomposing Cadaver - Day 3 621.1  11421.7 379475 630.2 1858.7  468.7
Decomposing Cadaver - Day 7 1574  17954.8 274043 2325 173.3 82.8
Decomposing Cadaver - Day 10 459.2 1670.3 82273 153758 11726 5616.6
Decomposing Cadaver - Day 14 23450 8456.5 469.7 246.3 84.6 75.0
Aged 18.4 23.7 13.0 44.7 4.8 19.2
Post-Coital Underwear Cutting 1 321 33.2 31.2
Post-Coital Underwear Cutting 2 34 26.3 73.0

YET



Table 4.4. Total read counts per sample after application of thresholds.

Venous Blood Semen Saliva Vaginal Secretion Menstrual Blood
Control 26012 14691 25979 366 27107 58847 314 109 23911 277147 289273 328032 143599 34430 113007
Buried - 3 days 0 3016 706 21039 1410 152638 0 209 0 1499 0 0 0 0 0
Outside - No Rain - 1 month 55130 45064 52951 8193 45316 210743 0 444 1705 43998 277729 141341 147811 226413 181411
Outside - Day 1 5867 1741 3504 388 1111 73220 0 0 0 115724 109651 95384
Outside - Day 3 6046 4310 5034 27267 27470 17351 0 0 0 42886 94797 80059
Outside - Day 7 2313 145 577 19852 2410 19208 289 0 0 36264 23828 66145
Outside - Day 10 62884 6576 5411 9346 7582 26317 36152 626 930 97738 165791 211553
Outside - Day 14 6408 1582 4976
Laundered - Air Dry 415 2678 814 956 106 114 156 382 1313
Laundered - Machine Dry 13810 7191 786 568 1955
Decomposing Cadaver - Day 1 0 1826 580 84009 86443 86045
Decomposing Cadaver - Day 3 137 3801 127 13377 81694 6042
Decomposing Cadaver - Day 7 326 748 478 1235 39197 120666
Decomposing Cadaver - Day 10 5841 519 230 89404 77287 40087
Decomposing Cadaver - Day 14 269 1370 2445 60810 52927
Aged 583 1126 313
Post-Coital Underwear Cutting 1 0 148529 156466
Post-Coital Underwear Cutting 2 0 78409 1477513

GET
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Positive controls

Control RNA and a water negative was run with every amplification. Negative
controls ranged from 8 — 32 reads. Control RNA total reads per target ranged from 140,772
— 605,444 and percentage of reads per target can be seen in Fig. 4.3a. Although total read
counts were run dependent, composition remained similar between runs. In the controls as
well as experimental samples, several targets exhibited less than 0.5% of total reads of the
sample, and MMP10_2 spanning exon 4,3 was not detected in any positive controls or
experimental samples (Fig. 4.3b). In contrast, two saliva markers, STATH and PBR4_1
represent over half of the total reads in each positive control. It is unknown whether the
disproportion of targets is due to the composition of the control RNA or primer differences

between targets which may affect the amplification of other targets and skew analysis.
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Poor Marker Amplification in Positive Control Samples
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Fig. 4.3 a Composition of reads (primary axis) and total reads (secondary axis) for each
positive run with control RNA. b Percentage of occurrences in which a locus not pass
thresholds in positive control samples (n=8).

Experimental Controls

Results of the experimental controls can be seen in Fig. 4.4. The total reads of the
samples are substantially lower than some treated samples, particularly for the saliva
controls. As the treated samples were prepared and place before the control samples were
prepared, it is possible that RNA degraded during that time. Fluids were stored as whole

fluids and exposure to oxygen and the presence of endogenous RNases may have decreased

the overall amount of RNA in the whole fluid.
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Experimental Controls
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Fig. 4.4. Composition (primary axis) and total reads (secondary axis) for experimental
control samples.

Venous blood, semen, and menstrual blood samples showed compositions over
50% of reads being attributed to markers of the target fluid. Saliva samples ranged from
34.7 — 100% composition of target markers. Interestingly, vaginal markers showed a high
composition of skin targets (37.0 — 91.7%). Control samples for vaginal secretions were
obtained from swabs self-collected from the vaginal cavity. The swab also likely collected
epithelial, which likely accounts for the high proportion of reads attributed to skin. Skin
targets have also been observed in vaginal samples [8,9,33], though at much lower levels.
Vaginal samples also contained 8.3 — 53.3% reads attributed to menstrual targets. No
specific guidelines were placed for donors for time of collection between menstrual cycles,
though swabs did not appear to contain menstrual blood upon visual inspection. Low levels
of menstrual markers have been observed in vaginal swabs, as well [8]. Developmental

validation will certainly include numerous individuals and controls to ascertain the natural
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variety of expression levels from different individuals to correctly identify body fluids in
casework.

Buried samples

As seen with the corresponding DNA profiles, burying the samples had a
detrimental effect on RNA profiling after only three days (Fig. 4.5). As mentioned above,
extracts from the buried samples had a dark appearance. While no inhibition was noted in
the STR profiles, reactions during the RNA workflow, such as reverse transcription, may
have been inhibited and reduced the efficiency of the reaction. No read counts above the
100 read minimum were observed in any menstrual samples along with one venous blood
sample, and two of each saliva and vaginal samples. Venous blood samples had a high
composition of reads attributed to circulatory blood targets; however, the fluid of origin of
the remaining samples is less obvious. Contamination, evident in the DNA profiles, may
also account for non-fluid reads as seen in the remaining vaginal sample.

Buried Samples
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Fig. 4.5. Composition (primary axis) and total reads (secondary axis) for experimental
buried samples.
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Samples outside without exposure to rain

Samples placed outside for one month, with variable exposure to UV, temperature,
and humidity, but protected from direct precipitation, yielded high total read counts for
most samples (Fig. 4.6). With the exception of saliva samples (total reads 0 — 1705), all
other samples produced read counts of above 10,000. Venous and menstrual blood targets
composed of 59.8 — 100% of the reads for the respective samples. While semen target reads
comprised between 0 — 23.8% of semen samples, transcripts from all body fluid categories
were present in these samples. It should be noted that these samples had a large proportion
of reads in the corresponding reverse transcription negatives, which will be discussed
below. Similar to the control samples, vaginal and menstrual swabs included a considerable
proportion of reads attribute to skin targets likely from the swab collection method. In
previous studies, BFID transcripts were not able to be detected after a one month period in
these conditions [19,34]. Successful typing in this study may be due to lower average
temperatures experienced by the samples (average of approximately 13°C) or differences

in platform.
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Outside - No Rain Exposure
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Fig. 4.6. Composition (primary axis) and total reads (secondary axis) for samples placed
outside underneath polyvinyl sheeting.

Samples placed outside with exposure to rain

Results from the samples placed outside with exposure to precipitation can be seen
in Fig. 4.7a-d, though some day 14 samples were not included in amplification due to
reagent limitations. During the two-week period, it rained on three different days for a total
of approximately 1.21 in. It should be noted that while samples were collected over time,
it should not be considered a time-course study as samples were exposed to different
amounts of direct rain due to placement. However, there is an overall trend of decreasing
read counts over time in blood and vaginal samples.

Blood samples continued to exhibit high percentages of reads attributed to
circulatory blood transcripts (90.2 — 100%) (Fig. 4.7a). In contrast to the samples that were
buried and placed outside without rain exposure, semen samples were comprised of

generally larger proportions of reads attributed to semen targets (12.5 — 100%) (Fig. 4.7b).
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No transcripts were detected in 10 of the 15 experimental samples. One saliva sample did
yield a substantially higher number of reads (97,738) with most reads attributed to skin
markers (Fig. 4.7c). For this sample, it is possible that a piece of epithelial skin from
another part of the body was present in the oral cavity, such as lip or from cuticle biting,
then deposited into the collection container and onto the fabric substrate. Interestingly,
composition of reads remained similar between donors of vaginal samples: donor 1 had
consistently high levels of reads attributed to skin, donor 2 had similar ratios of menstrual
to skin read and no vaginal reads, and donor 3 samples maintained similar ratios of
menstrual, skin, and vaginal reads (Fig. 4.7d). In one other study profiling RNA in samples
exposed to precipitation, body fluid specific transcripts could not be detected after a

maximum of seven days [19]. The increase in time of detection may be due to differences

30000

25000

20000

15000

10000

5000
- o ~ o

in platform or elemental exposure.

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0 —

Venous Blood Samples

- oo N~ O < F el

Percent Composition
Total Reads

X
o

o [e) m ~ O < o

5 > > > <7 295 > > > <2 7 5 > > > < <

= © © @© > > £ © © © > > £ © © © > >

o [a)] [a)] [a)] © © o a a (a) © © ) (a) (a) (a) © ©

S o o § o o § o o
Donor 1 Donor 2 Donor 3

H Blood ™ Menstrual B Semen Saliva M Vaginal mSkin M Urine M Housekeeping @Total



Percent Composition

Percent Composition

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

©
fus
s}
<
Qo
(@]

—
>
©

[a]

o
>
©

[a]

Donor 1

~
>
©

[a)

o

—
>
©

[a]

Semen Samples

o

~

> >
© ©
a a

Day 1

©
fus
fres]
=
o
(]

Donor 2

Day 10

s %
s 8
o
o

o
>
©

o

~ o
> —
© >
o ©
o

Donor 3

80000

70000

60000

50000

40000

30000

20000

10000

mBlood M Menstrual mSemen mSaliva M Vaginal MSkin EUrine B Housekeeping @Total

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Control

— o ~
> > >
© © ©
o o o

Donor 1

Day 10

Day 14 @

Control @

Saliva Samples

Day 10

Day 14 @

Control - | INNGI

Day 1.
Day 3@
Day 7.

pay 10 NG

Donor 3

120000

100000

80000

60000

40000

20000

EBlood ® Menstrual mSemen mSaliva MVaginal mSkin B Urine B Housekeeping @Total

Total Reads

Total Reads

144



145

Vaginal Sa

m
™ ~ — ™ ~ — (92]
> > > > > > >
© © © © © © ©
o o [a] o o [a] o

Donor 1 Donor 2 Donor 3

ples

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

350000

300000

250000

200000

150000

Percent Composition
Total Reads

100000
50000

0

— ~
> >
© ©
[a] o

H Blood ® Menstrual B Semen Saliva M Vaginal mSkin M Urine B Housekeeping @Total

control NI
Day 10 NG
control [N
Day 10 NG
control NG
Day 10 [N

d.
Fig 4.7. Composition (primary axis) and total reads (secondary axis) for outside a
Venous blood samples. b Semen samples. ¢ Saliva samples. d Vaginal samples.
Laundered samples
Laundered samples had reads ranging from 106 — 13810 (Fig. 4.8a). Machine dried
saliva samples could not be included due to technical issues. It was found that reverse
transcription negatives had roughly equal amounts of reads in each sample (Fig. 8b)
indicating the presence of genomic DNA in these samples. Apart from semen samples, no
other sample conditions yielded consistently high reads in reverse transcription negatives,
suggesting that DNase treatment was affected. DNase may have been digested by residual
proteinases present in laundry detergent. While this was not observed in previous studies
examining laundered items [24,31,34], different genomic DNA removal treatments were

used. Also, proteinase K or specific protein denaturation steps were not performed in the
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extraction process of this study. Additional experimentation is needed for any conclusive

determinations.
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Fig 4.8. a Composition (primary axis) and total reads (secondary axis) for laundered
samples. b RNA reads compared to reverse transcription negative reads for each sample.
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Decomposing cadaver

Similar to the samples placed outdoors, transcripts were detected throughout the
two-week period of collection of swatches placed on a decomposing cadaver for both
venous blood and semen samples (Fig. 4.9). A blank swatch from the upper leg area taken
at day 14 to evaluate possible contribution by the cadaver did not yield any reads past the
thresholds (not shown). In general, total reads for blood samples were lower than the
samples outside also protected from direct rain (0 — 5841 compared to 45064 - 55130).
This may be due to differences in fabric used in the study. The shirt placed on the cadaver
was 100% cotton and much thinner than the polycotton blend used in the other treatments.
Interestingly, no non-blood targets were observed in the sample in which the corresponding
DNA profile was solely that of the cadaver. One of the samples containing a mixed DNA
profile, however, had reads attributed to both circulatory blood and vaginal material,
suggesting possible contamination in that sample. Semen samples yielded a wide range of
total reads, 2445 — 120,666 with reads attributed to semen markers ranging from 53.8 —
100%. While the total reads of these samples were lower than the other semen samples
placed outside without exposure to direct rain (8193 — 210,743), a higher proportion was
attributed to semen marker reads. These results may also be due to differences in fabric

(poly cotton blend vs cotton flannel).
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Blood Samples
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Fig 4.9. Composition (primary axis) and total reads (secondary axis) for samples placed
on a decomposing cadaver. a Venous blood samples. b Semen samples.
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Aged Samples

Results from aged samples can be seen in Fig. 4.10. While no reads from saliva
samples were detected, total reads from blood samples ranged from 313 — 1126 with all
reads associated with circulatory blood targets. The detection of blood transcripts, but not
saliva transcripts is consistent with a previous study examining samples in hot and humid

conditions at the appropriate timeframe [20].
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Fig 4.10. Composition (primary axis) and total reads (secondary axis) for cuttings taken
from samples aged for 37 weeks in warm and humid conditions.

Post-coital samples

Unlike the corresponding DNA profiles, two samples failed to amplify any targets
(Fig. 4.11). The remaining samples ranged from approximately 78k — 148Kk in total reads.
As mentioned in the DNA section, extracts from these samples had a dark appearance
which was likely dye from the underwear that had been co-extracted. While no inhibition

was detected by the QS markers in the STR profiles, the dye could have negatively affected
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RNA processing. Also contrary to the STR profiles that clearly indicate the presence of
female cellular material, only one sample in RNA profiling contained evidence of a female
contributor (0.7% of total reads). However, DNA contributor proportions are not
necessarily equivalent to that of RNA [35,36] and the amplification of female targets may
have been lost to stochastic effects in the presence of high amounts of semen transcripts.
In a capillary electrophoresis-based assays, semen markers were also amplified at higher
levels and vaginal material was only detected in profiles with higher amounts of input
cDNA [12,33]. As a differential extraction is performed many cases where semen is
detected [37], it is possible that RNA profiling of the non-sperm fraction will contain

detectable levels of vaginal RNA.
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Fig 4.11. Composition (primary axis) and total reads (secondary axis) for cuttings taken
from post-coital underwear.
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Panel performance

As seen in the positive control samples, performance varied across markers (Table
4.5). In general, markers that were not detected in the positive controls were also not
observed in experimental samples. Due to the high number of reads in reverse transcription
negatives, laundered samples were not included, and markers present in semen may not be
true transcripts, but amplified products from genomic DNA. Changes in the workflow may
further improve results. For instance, semen samples had an average of 56.9% of reads in
reverse transcription negatives, in contrast to 91.2% in venous blood samples. These results

suggest that sperm persisted through extraction and likely released DNA during PCR.
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Table 4.5. Percentage of samples with reads above thresholds for each marker. Markers in
bold appeared with reads below thresholds in more than half of positive control samples.
Shaded cells indicate markers expected in each fluid type.

Venous Menstrual Semen  Saliva Vagipal
Marker Blood Blood (n=42) (n=21) secretions
(n=43) (n=9) (n=21)
GYPA 0.0 0.0 0.0 0.0 0.0
ALAS?2 14.0 11.1 4.8 4.8 0.0
Circulatory =~ SLC4Al_1 65.1 11.1 2.4 0.0 0.0
Blood SLC4Al 2 83.7 0.0 2.4 0.0 0.0
HBD 1 0.0 0.0 0.0 0.0 0.0
HBD 2 0.0 0.0 0.0 0.0 0.0
MMP10 1 0.0 33.3 0.0 0.0 0.0
MMP10 2 0.0 0.0 0.0 0.0 0.0
MMP11 0.0 11.1 16.7 4.8 4.8
Menstrual MMP3 0.0 11.1 2.4 0.0 0.0
Blood PLAUR 1 0.0 66.7 7.1 23.8 66.7
PLAUR_ 2 0.0 55.6 0.0 0.0 57.1
SNORA35 0.0 0.0 0.0 0.0 0.0
STC1 0.0 0.0 0.0 0.0 0.0
SEMG2 0.0 0.0 0.0 0.0 0.0
SEMG1 0.0 0.0 2.4 0.0 0.0
KLK2 0.0 0.0 0.0 0.0 0.0
Semen MSMB 0.0 0.0 11.9 0.0 0.0
TNP1 0.0 0.0 0.0 0.0 0.0
SPATA42 0.0 0.0 2.4 4.8 0.0
PRM1 0.0 0.0 73.8 0.0 0.0
PRM2 0.0 0.0 78.6 0.0 0.0
HTN3 0.0 0.0 0.0 9.5 0.0
STATH 0.0 0.0 26.2 19.0 4.8
Saliva FDCSP 0.0 0.0 2.4 4.8 0.0
CST1 0.0 0.0 7.1 0.0 0.0
PRB4 1 4.7 0.0 19.0 9.5 0.0
PRB4 2 0.0 0.0 7.1 0.0 0.0
HOXA13 1 0.0 0.0 2.4 0.0 0.0
HOXA13 2 0.0 0.0 0.0 0.0 0.0
HOXA13_ 3 0.0 0.0 4.8 0.0 0.0
Vaginal HOXA11l 1 0.0 0.0 2.4 4.8 0.0
HOXA11l 2 0.0 0.0 0.0 0.0 0.0
MYOZ1 0.0 0.0 0.0 0.0 0.0
PRSS21 0.0 0.0 0.0 4.8 0.0
SPRR2G 2.3 0.0 0.0 9.5 23.8
. LOR 0.0 22.2 0.0 14.3 61.9
Skin

(continued)



153

Venous Menstrual Semen  Saliva Vaginal
Marker Blood Blood (n=42)  (n=21) secretions

(n=43) (n=9) (n=21)
CCL27 0.0 0.0 0.0 0.0 0.0
CST6 0.0 33.3 0.0 4.8 57.1
Urine AQP6 1 0.0 0.0 0.0 0.0 0.0
AQP6 2 0.0 0.0 2.4 0.0 0.0
TCEA_1 0.0 0.0 7.1 0.0 0.0
TCEA_2 2.3 0.0 2.4 4.8 4.8
Housekeeping G6PD_1 0.0 0.0 24 14.3 0.0
G6PD_2 0.0 0.0 0.0 0.0 0.0
UBE2D2 0.0 0.0 0.0 4.8 0.0

SLC4A 1 and SLC4A 2 was the most persistent in venous blood samples,
appearing in 83.7% and 65.1% of samples, respectively, while HBD_1 and HBD 2 were
not present above thresholds in samples. GYPA was also not observed past thresholds. A
SNP was identified in NM_002099.6:r.209 (A/G) in one donor sample. SNPs were also
identified in SLC4A1 at rs5035 (G/T) in two donors.

In menstrual blood samples and vaginal samples, amplicons from PLAUR were
observed most consistently, accounting for the majority of reads associated with menstrual
blood. However, expression of PLAUR may be donor dependent, as it was not observed
past thresholds for Donor 1 in several samples (Fig. 7d). Skin markers, LOR and CST®,
were also present in both sample types, likely due to the collection procedure, as discussed
above. Expression of vaginal marker SPRRG2G may also be donor dependent, as it was
only observed in one donor consistently (data not shown) and SNPs were observed at
NM_001014291.3:r.537 (A/G) in two donors. MMP10 1 was only detected in
experimental menstrual blood control samples, while MMP10_2, SNORA35, and STC1

were not observed in any samples.
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Although interpretation of the performance of the panel for semen samples is
limited to due issues mentioned above, some general trends were observed. PRM1 and
PRM2 were observed most consistently and accounted for the majority of semen attributed
reads in semen samples, which is similar to sequencing results in previous studies [8,9]. Of
the saliva markers, no targets were observed consistently and non-target fluid markers,
such as PLAUR, were also detected in saliva. Similar results were also observed in a
previous study [9] and challenges in body fluid specificity for saliva have been well
documented [12,38-41].

Housekeeping markers were sporadically observed in samples. The inclusion of
these markers in a multiplex is challenging due to the variable expression between both
individuals and tissues [42]. Zubakov et al. (2015) used housekeeping genes as positive
controls for biological material rather than as a normalizing marker, likely because of this
variation [10]. Hanson et al. (2018) faced a different challenge in which high proportions
of reads were attributed to housekeeping markers thus reducing efficiency of other markers
[8]. While it has been suggested that these targets are necessary for the assessment of
mixtures [10], a likelihood approach may be more appropriate [43].

Concluding remarks

The performance of the early access mMRNA BFID panel is very promising. Overall,
the panel was able to detect transcripts in samples challenged in several different manners.
Based on the results of this study, it is recommended that future extraction methods ensure
sperm lysis and include a proteinase to reduce possible protein contaminants. In addition
to the extraction and workflow recommendations, future iterations may include primer

titration adjustments to improve amplification of poor performing markers. Extensive
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developmental validation studies including, but not limited to the determination of allele
frequencies and expression level variation, sensitivity, and mixture studies. Additionally,
robust interpretation strategies must be developed to ensure the accurate determination of
the body fluid in a sample.
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CHAPTER V
Conclusions

BFID may assist investigators establish or verify facts during the course of an
investigation and this information may also be used in the prosecution of crimes. Therefore,
the adoption of a confirmatory BFID method is critical for the objective and accurate
evaluation of evidence and has been identified as a Research and Development Need by
the Organization of Scientific Area Committees (OSAC) for forensic science. mMRNA
profiling, which has been implemented in other parts of the world, affords laboratories the
ability to obtain both STR and BFID information from a single sample. US laboratories,
however, have been reluctant to adopt this BFID strategy due to the perception of RNA as
a volatile molecule as well as the lack of availability of commercial Kits. This project
explores miRNA and mRNA profiling for BFID purposes to provide evidence of their
utility in forensic science in both current and emerging technologies.

Traditional miRNA analysis is performed using RT-qPCR and often requires
numerous reactions, thereby increasing time and cost per analysis. To avoid these issues
and provide a streamlined method for miRNA analysis, an eight-marker miRNA multiplex
was developed for capillary electrophoresis. A co-extraction (DNA/RNA) approach was
performed to analyze both DNA and BFID profiles in parallel. For miRNA analysis, a
linear primer system was modified to maximize availability for markers using both length-
and dye-based separation strategies. Reverse transcription and PCR primers were
developed for each marker, evaluated in singleplex, and then multiplexed. Markers were
chosen to identify venous blood (miR-451a and miR-142-3p), menstrual blood (miR-412-

3p and miR-141-3p), semen (miR-891a and miR-10b), saliva (miR-205), as well as an
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endogenous reference gene (let-7g). All DNA profiles were complete and while several
miRNAs were not found to be body fluid specific, decision tree-based interpretation
strategy was developed to identify single source body fluids.

Due to the recent focus on understanding the nature of the deposition of cellular
material to assist in ‘activity level’ assessments, the stability and persistence of miRNA
and mRNA were evaluated in challenging samples. miRNA and mRNA were detected
using reverse transcription quantitative PCR (RT-gPCR) assays. Targets were chosen for
both mRNA (HBB, PRM1, and B2M) and miRNA (miR-451a, miR-891a, and let-7g) for
blood, semen, and an endogenous reference gene, respectively. A time-course study
included blood (n=3) and semen (n=3) samples placed in two different conditions. Samples
were challenged through placement in an area exposed to natural heat, humidity, and UV
light while controls samples were placed in an environment with controlled temperature,
low humidity, and darkness for six months. In experimental samples, mRNA persisted up
to 30 days and control mMRNA and all miRNA transcripts were detected at all time points
during the six-month experiment. Laundering and either machine or air-drying blood (n=3)
and semen (n=3) stained swatches was performed as a persistence study. miR-451a, miR-
891a and HBB were detected in respectively blood and semen stained samples, PRM1 was
detected in all but one semen stained samples. Transfer of both miRNA and mRNA was
observed by taking an unstained portion of the swatch. This study demonstrates that
MIiRNA and mRNA can be detected in harsh and challenging conditions. Additionally, the
increased stability of miRNA compared to mRNA was established which had not been

directly compared in previous studies.
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In the final study, an early access mRNA panel for BFID was evaluated. Samples
of venous blood, menstrual blood, semen, saliva, and vaginal secretions were placed in a
variety of challenging conditions including outside with and without exposure to direct
precipitation, buried, on a decomposing cadaver, laundered, aged, and post-coital samples.
Co-extracted DNA profiles ranged in profile completeness from 31.1 — 100%. RNA was
successfully extracted and typed in most samples. Of the myriad of challenged samples
(over 120), only 25 samples yielded no reads. Samples with no detected RNA included
several buried samples, post-coital samples, and samples outside exposed to rain. Due to
suspected inhibition and reads present in reverse transcription negatives, thorough pre-
processing steps, such as extraction and DNase treatment are recommended for accurate
typing. Additionally, several markers did not amplify in control or experimental samples,
suggesting further panel development is necessary. However, initial results are positive.

In summary, emerging technologies and extensive research has provided the
forensic community with the opportunity to advance BFID methodologies. This study
contributed to the body of research by providing valuable information about the use of
miRNA and mRNA for the purposes of BFID. While the widespread implementation of
any new technique requires significant changes, the adoption of these techniques will likely

benefit the criminal justice system.
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APPENDIX
Consent for Participation in Research
Development and evaluation of a combined DNA and miRNA system for forensically

relevant body fluids using capillary electrophoresis.

Why am | being asked?

You are being asked to be a participant in a research study about the forensic
identification of human bodily fluids using miRNA markers conducted by Dr. Sheree
Hughes-Stamm, the Department of Forensic at Sam Houston State University. This study
is funded by the National Institute of Justice. You have been asked to participate in the
research because you are eligible to participate. We ask that you read this form and ask

any questions you may have before agreeing to be in the research.

Your participation in this research is voluntary. Your decision whether or not to
participate will not affect your current or future relations with Sam Houston State
University or the Forensic Science program. If you decide to participate, you are free to

withdraw at any time without affecting that relationship.

Why is this research being done?The biological samples provided in this study will serve
as mock crime scene evidence. These materials will be used for research, and will
provide researchers with the appropriate human samples for forensic analysis

investigating the utility of miRNA markers for the identification of body fluids.
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Biological samples from living humans are required in order to simulate mock crime
scene samples such as small amounts of blood, semen and saliva on items of evidence.
The ability to recover and get a "match™ from the minute amounts of human DNA and

RNA from these types of samples is vital for forensic analysis.

What is the purpose of this research?

The purpose of this project is to evaluate whether miRNA markers can be used to identify
the biological source of evidence (saliva, semen, vaginal material, and venous or
menstrual blood) in conjunction with traditional DNA profiling methods used for human

identification.

What procedures are involved?
If you agree to be in this research, we may ask you to do one or more of the following

things:

« Wipe the inside of your cheek with two swabs for approximately 30 seconds.

« Collect saliva in a tube (approximately 1 mL).

« Have your venous blood collected by a qualified phlebotomist.

« Collect a sample of menstrual blood using a cotton swab in the privacy in your
own home.

* Collect a sample of vaginal material using a cotton swab in the privacy in
your own home.

« Collect one emission of semen in a container in the privacy in your own
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home.
Samples (and consent form with name) will be destroyed after a period of 2 years after
the completion of the project. Samples will be disposed of via the standard pathological
waste collection service.
Approximately 10-20 subjects may be involved in this research at Sam Houston State

University.

What are the potential risks and discomforts?
There is minimal risk for the participants. These may include:
*Mild irritation and bruising whilst getting blood drawn (arm).
There are no significant physical or psychological, legal or reputational risks to

participation.

If you feel uncomfortable at any time during the study, please notify Dr. Sheree Hughes-
Stamm on 936-294-4359.
All collection procedures will be done at the same time and no future participation is

required.

What other options are there?
There are no other options. Animal samples cannot be used for forensic human

identification work.
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What about privacy and confidentiality?
The only person who will know that you are a research participant is the principle
investigator (P1) of this research project. No information about you, or provided by you
during the research will be disclosed to others without your written permission, except:
«-if necessary to protect your rights or welfare (for example, if you are injured and
need emergency care or when the SHSU Protection of Human Subjects monitors
the research or consent process)
When the results of the research are published or discussed in conferences, no
information will be included that would reveal your identity. If photographs, videos, or
audiotape recordings of you will be used for educational purposes, your identity will be
protected or disguised. Any information that is obtained in connection with this study and
that can be identified with you will remain confidential and will be disclosed only with
your permission or as required by law.
All samples are treated as anonymous, and are assigned a numbered code upon
collection. No personal information is collected except the sex, ancestry, hair color, eye
color and skin color of the participant. All personal information will only be accessed by

the PI.

What if I am injured as a result of my participation?

In the event of injury related to this research study, you should contact your physician or
the University Health Center. However, you or your third party payer, if any, will be
responsible for payment of this treatment. There is no compensation and/or payment for

medical treatment from Sam Houston State University for any injury you have from
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participating in this research, except as may by required of the University by law. If you
feel you have been injured, you may contact the researcher, Dr. Sheree Hughes-Stamm at

936-294-4359.

What are the costs for participating in this research?

There are no research costs for which the subject is responsible.

Will I be reimbursed for any of my expenses or paid for my participation in this research?
The subject will not receive payment, remuneration or reimbursement for participation in

this study.

Can I withdraw or be removed from the study?

You can choose whether to be in this study or not. If you volunteer to be in this study,
you may withdraw at any time without consequences of any kind. You may also refuse to
answer any questions you don’t want to answer and still remain in the study. The
investigator may withdraw you from this research if circumstances arise which warrant

doing so.

The participant can withdraw from this study at any time for any reason.

Who should I contact if | have questions?
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The researcher conducting this study is Dr. Sheree Hughes-Stamm. You may ask any
questions you have now. If you have questions later, you may contact the researchers at:

Phone: 936-294-4359.

What are my rights as a research subject?

If you feel you have not been treated according to the descriptions in this form, or you
have any questions about your rights as a research participant, you may call the Office of
Research and Sponsored Programs — Sharla Miles at 936-294-4875 or e-mail ORSP at
sharla_miles@shsu.edu.

You may choose not to participate or to stop your participation in this research at any
time. Your decision whether or not to participate will not affect your current or future
relations with the University. Non-participation in this study will not result in any
sanction.

Participation is completely voluntary and you are under no obligation to participate. If
you are a student, this will not affect your class standing or grades at SHSU. The
investigator may also end your participation in the research. If this happens, your class
standing or grades will not be affected.

If you are a staff person at SHSU, your participation in this research is in no way a part of
your university duties, and your refusal to participate will not in any way affect your
employment with the university, or the benefits, privileges, or opportunities associated

with your employment at SHSU.
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You will not be offered or receive any special consideration if you participate in this

research.

Agreement to Participate

| have read (or someone has read to me) the above information. | have been given an

opportunity to ask questions and my questions have been answered to my satisfaction. |

agree to participate in this research.

Consent: | have read and understand the above information, and | willingly consent to

participate in this study. | understand that if |1 should have any questions about my rights

as a research subject, | can contact Dr. Sheree Hughes-Stamm at 936-294-4359 or by

email at shereehs@shsu.edu. | have received a copy of this consent form.

Your name (printed):

Signature:

Date:

Assigned number:
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Sheree Hughes-Stamm. Evaluation of Five Common Extraction Methods for Analysis
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of Human Remain Samples on Massively Parallel Sequencing Success. 4" Human
Identification Solutions Conference. (HIDS). (Rome, Italy)

2018 Carrie Mayes, Sarah Seashols-Williams, Sheree R. Hughes-Stamm. Initial
evaluation of the stability and persistence of mMRNA and miRNA for body fluid
identification in forensic samples. Gordon Research Conference: Forensic Analysis of
Human DNA (Newry, ME)

2018 Esiri Tasker, Carrie Mayes, Sheree Hughes-Stamm. Optimization of Direct
Amplification Methods for DNA Samples from Common Pipe Bomb Substrates Using
the GlobalFiler™ Kit. Gordon Research Seminar and Gordon Research Conference:
Forensic Analysis of Human DNA (Newry, ME)

2018 Kyleen Elwick, Carrie Mayes, Xiangpei Zeng, Jonathan King, Bruce Budowle,
Sheree Hughes-Stamm. Assessment of Five Common Extraction Methods for the
Analysis of Human Remains using the lon S5™ and MiSeq FGx®™ Systems.
Gordon Research Seminar and Gordon Research Conference: Forensic Analysis of
Human DNA (Newry, ME)

2018 Carrie Mayes, Sarah Seashols-Williams, Sheree Hughes-Stamm. A capillary
electrophoresis method for identifying forensically relevant body fluids using
miRNAs. Pittsburgh Conference (Orlando, FL)

2017 Carrie Mayes, Sarah Seashols-Williams, Sheree Hughes-Stamm. A capillary
electrophoresis method for identifying forensically relevant body fluids using
miRNAs. International Symposium on Human

Identification (Seattle, WA)

2017 Michelle Harrel, Carrie Mayes, David Gangitano, Sheree Hughes-Stamm. Do we
really need to crush? An alternate DNA extraction approach for bone samples. 27
Congress of the International Society for Forensic Genetics (ISFG) (Seoul, Korea)

2017 Carrie Mayes, Sheree Hughes-Stamm. Development and initial evaluation of a
miRNA system for forensically relevant body fluids using capillary electrophoresis.
American Academy of Forensic Sciences (New Orleans, LA)

2016 Carrie Mayes, Sheree Hughes-Stamm. Development and initial evaluation of a
mMIiRNA system for forensically relevant body fluids using capillary electrophoresis.
International Symposium on Human Identification (Minneapolis, MN)

2016 Carrie Mayes, Sheree Hughes-Stamm. Development and initial evaluation of a
MiRNA system for forensically relevant body fluids using capillary electrophoresis.
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Gordon Research Conference: Forensic Analysis of Human DNA (Waterville Valley,
NH)

SKILLS AND QUALIFICATIONS

Molecular Techniques

Proficient with DNA extraction using PCIA, Chelex®, and QIAGEN® Investigator
Kit; RNA extraction using AllPrep DNA/RNA Micro Kit, RNeasy Mini Kit, and the
miRNeasy Mini Kit; quantification using Quantifiler® Duo, Quantifiler Trio®,
Quantiplex Pro, Quantiplex Pro RGQ; amplification using Identifiler® Plus,
GlobalFiler™, NGM Detect™, Investigator 24plex QS, PowerPlex® Fusion 6C PCR
amplification Kits; gene expression using miScript and QuantiTect® workflows;
massively parallel sequencing library preparation using Precision ID Chef DL8 and
the ForenSeq™ DNA Signature Prep Kit

Instrumentation

QIAcube®, QIAgility™, AutoMate Express™ Forensic DNA Extraction System, EZ1
Advanced XL, ABI Real-Time 7500 PCR System, Qubit™ 3, Rotor-Gene® Q,
GeneAmp® 9700 Thermocycler, ProFlex PCR System, Applied Biosystems® 3500
Genetic Analyzer, lon Chef™, Ion S5™, MiSeq

Software
Applied Biosystems® Genemapper ID-X, converge™, STRait Razor, R Software,
vcftools, Microsoft Office

MEMBERSHIPS
Society of Forensic Science (Sam Houston State University)
American Academy of Forensic Sciences — Student Affiliate



