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ABSTRACT

Forensic science has been helping law enforcement agencies in better understanding and presenting the
evidence in the court of law. In certain situations, when conventional forensic methods of investigations
cannot make better conclusions with more specific accuracy, then molecular techniques do help in reaching
the acquired accuracy in the results regarding the identification of evidence. Advanced molecular
techniques, which are using Deoxyribose Nucleic acid (DNA), Ribose Nucleic Acid (RNA), and protein
molecules to produce forensically important information from the samples recovered at the crime scene.
DNA can only distinguish among individuals but is unable to discriminate the type of samples originated
from the same sample. For this RNA has become a molecule of interest for its different levels of expression
in different cells/tissues of an individual. RNA molecules of different types are being used to build up
models for several purposes (injury-age, new-born age, molecular cause of death, etc.). Modern techniques
like Real-time Polymerase Chain Reaction (PCR) and Microarray are being used for the detection of RNA
molecules of interest both in the form of its abundance and as a unique molecular detection. This script will
help in understanding the importance of RNA application in forensic sciences by providing an overview of
the research done to date and the techniques being used for this purpose.
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organizations by using various biological
techniques. Deoxyribose nucleic acid (DNA) testing
helps only in finding persons from the DNA
obtained from the biological evidence.! Another
under research, the molecular tool is the Ribose
nucleic acid (RNA) testing, which has been
proposed to help in recognizing the source of
biological evidence as well as a substitute to several
other forensic pathological tests such as to know
death intervals, etc. To know the nature of
biological evidence is a growing interest in the
forensic science community.!
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The data obtained from different molecular
technologies have some meaningful applications.
Molecular techniques are helping in generating
Deoxyribose nucleic acid (DNA) profiles, tracking of
molecular changes with the passage of time and
identification of body fluids at the molecular level,
etc. In forensic sciences that data is useful in
declaring a person guilty or innocent, moreover, it
also helps inthe identification of the deceased when
no proper facial features are left after death. That is
why with the emergence of molecular techniques,
there is a surge in the development of forensic
techniques.2 One of the techniques is the use of
biological material as evidence in the criminal
investigation. After the start of the human genome
project, forensic DNA testing came into existence,
and protocols have been established, validated, and
implemented in the field of forensic science.?
However, in certain scenarios, e.g. sexual assault,
the DNA testing may only help in correlating the
accused person with the evidence obtained atthe
crime scene, but it is unable to further deny the
claims of the accused. The identification of the
source, nature, and type of the evidence material
that can further clarify the accusation and endorse
the connection between the suspect and the
evidence obtained can be reliably done through
RNA testing.3

RNA-based testing is incorporating several
types of RNA, some are used in the biosynthesis of
protein, e.g. mRNA, tRNA, and rRNA, while other
types (microRNA, anti-sense RNA, siRNA, and
snRNA) play their role in regulating the genes at
the post transcriptional level or acting as enzymes
e.g.ribozymes.*

RNA testing is an important tool in solving
several forensic cases like sexual assault, child
abuse, finding death intervals, age of stains, and the
source of the evidence like stains, chunk of meat,
and ‘touch DNA’ the RNA testing has become a
compulsory part of sexual assault cases in which a
suspect person has vaginal intercourse with a
female who was going through menses. Similarly,
biological evidence in the form of blood is obtained
from the suspect’s clothes. The suspect argues that
blood came from the nose of the victim, while the
prosecution argues that the blood came in the
result of a sexual act. Here it would become critical
to know the source of the blood for validation of
claims.> So the screenings of body fluids/tissues,

blood, semen, saliva, vaginal secretion, menstrual
blood and skin for micro RNA (miRNAs) is being
possible through a whole full spectrum of micro
RNA (miRNome) massively parallel sequencing
approach.t In another example in which child abuse
is involved and the accused person is one of the
family members (thus having some legal proximity
to the victim), and if some semen sample is
recovered from the scene, which helps in
identifying the suspect. Now, the accused person
can challenge the DNA testing results on the basis
that as he is a family member thus the biological
evidence collected from the bed comes from the
saliva (and not from the semen). In such a scenario
the RNA-based testing would help in distinguishing
the nature of biological evidence (either the
recovered suspected body fluid was saliva or
semen). Further, RNA can help us in providing
valuable information, which is not possible directly
from the genome (RNA degradation patterns for
tracking the post-mortem changes, etc), this could
be worth additional tool in examining post-mortem
samples.” This review paper aims to provide an
insight into the current literature and the future
potential of RNA testing in the biological, technical,
and forensic scenario.

Stability of RNA

The mRNA (with higher molecular weight) is more
prone to degradation, while the miRNA is more
stable due to their smaller size (~20 - 25 in length)
and is more vulnerable to degradation caused by
chemical and/or physical environmental strain,
thus making it useful biomarker for body fluid
identification.8,®

The mRNA has a wide range of stability. For
example, the c-fosproto-oncogene transcript has a
lifespan of 10-15 min, whereas the mRNA of globin
remains stable for several hours.10 This variability
leads to the relative abundance of RNA that would
be used for age determination. Anderson et al.ll
introduced the ratio of abundance between
transcripts of two classes of RNA, namely, (-actin
and 18S rRNA. Theoretically, 18S rRNA would
degrade slowly as it is present in ribosomes and
has an extra protecting layer of the ribosomes
itself, whereas the B-actin mRNA would degrade
faster due to less protection from the
environment.12
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miRNA for Forensic Application

The miRNA has been discovered as forensically
relevant to biological fluids and has been
investigated for body fluid identification in several
forensic laboratories.? Lux et al.13 reported the first
case application of RNA-based tissue identification,
in which they identified brain-specific RNA from
the samples obtained from suicide or homicide
used weapons.

Principle of Forensic RNA Testing

The DNA is present in all the body cells, while RNA
being the intermediate part of the expression of
hereditary material into protein, varies in body
organs. The differentiation of cells involves the
regulation of different genes, which means some
genes do express transcriptionally while others
remain dormant.!4 During a time span, each cell
possesses a unique combination of the
transcriptome that is unique for its presence and
the relative abundance in each cell type.l> This
differential expression is known as ‘gene
expression signature’ and is the key concept in
identifying and or distinguishing a tissue/fluid.The
other applications, i.e. finding death interval,
involved the measurement of the elevated presence
of a particular RNA.16

Isolation of RNA for Forensic Purpose

The first RNA application in forensic sciences has
been reported back in 1984 and there has been
extensive research on RNA application in forensic
sciences. Juusola and Ballantyne proved in their
early research that a sufficient quantity of mRNA
can be extracted from the biological traces.17,18
Also, some studies showed that the co-extraction of
DNA and RNA from the samples is possible, which
results in a good amount of both of them for
laboratory analysis.!® Two different principles of
co-extraction involve a commercial kit that uses a
spin, mini-column methodology and a quick, simple
nucleic acid isopropanol precipitation-based
protocol. The simultaneous extraction of DNA and
RNA via both methods results in a crucial quantity
required for forensic case work which further helps
in using a minute amount of sample for both DNA
typing and detection of sources of forensically

important biological material.®20-23 RNA extraction
from different types of samples requires different
protocols. For example, the protocol for RNA
extraction from surgical bone tissues was
suggested by Kuliwaba et al. 24 that the bone should
be processed within 12 hours of retrieval for the
reliable isolation of intact total RNA. Similarly, for
RNA extraction from hair root for its being a useful
source for genetic tests, Bradley et al.25 reported a
successful method for the detection of mRNA after
ten days of storage at room temperature after
plucking.

Techniques for RNA Detection

The methods being used for the detection of miRNA
expression are northern blotting, microarray, and
gPCR. Northern blot is nonspecific as it cannot
discriminate between precursor and mature
miRNA thus is unreliable. The throughput of
miRNA profiling can be improved by using
microarray, but it may not be employed due to low
sensitivity and specificity along witha being costly.
Hence quantitative polymerase chain reaction
(qPCR) is of prime importance for nucleic acid
detection due to its high sensitivity and specificity.*
Eva Sauer et al26 worked on 15 preselected
miRNAs by using the microarray technique and
reported 5 miRNAs found to be organ tissue type-
specific (Table-2).

Importance of Viability of RNA

The main problem in analyzing the crime scene
stains is the degradation of RNA, which can lead to
false-negative results.2? RNA integrity can be
maintained in minimizing the activity of RNase
during the storage of samples and disruption. The
integrity of the RNA presents meaningful biological
data,?8 as the maximum RNA integrity is required
for the procurement of the tissue samples.2?
Recovery of intact RNA from the deceased tissues is
the major challenge as the integrity of RNA is
compromised both by targeted and generalized
ribonuclease enzymes (RNases) that degrade
mRNA.2¢ However, Lindenbergh et al.3° used 28
years stored blood and semen stain samples for his
study which indicates the long-term viability of the
RNA. Some RNAs are more stable and tissue-
specific thus is used as a reference marker.
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Hemoglobin Subunit Beta (HBB) marker is a very
stable mRNA and is highly specific for blood
testing.8 However, the accurate profiling of RNA
depends upon the quality/purification of total
RNA.#

The possibility of miRNAs as biomarkers for
body fluid identification from pathological
conditions requires the stability of RNA regardless
of different cellular internal conditionsi.e. activity
of ribonucleases or RNases.3! There are two
possibilities for the absence of a marker gene
during detection either the missing of a particular
type of fluid or the failed detection of severely
degraded RNA. The possible solution for this
problem is that a reference gene should be used as
a positive control for each body fluid along with
marker genes.'8 The housekeeping/or reference
genes are expressed in certain body parts
throughout the life span. The RNA from the genes
recovered from the stains is a good source for the
identification of the organs/fluids. Due to the
degrading nature of RNA, there is a need for the use
of more than one marker gene as the presence of
one or all of them will decrease the ambiguity in
identification.32 However, an ideal reference gene
must be equally or more stable than a transcript of
interest.18

The co-extraction of RNA with DNA has become
easy and time-saving. Now co-extracted RNA and
DNA can be used for the molecular analysis either
DNA or RNA-based. A study was conducted and
validated by Haas et al.22 by using co-extracted DNA
and RNA. The results showed ‘high sensitivity’ in
duplex and ‘moderate sensitivity’ in pentaplex
amplification from co-extracted DNA and RNA.

The environmentally compromised biological
stains can result in a better mRNA profiling and are
therefore potentially useful for forensic casework
analysis.33  Although RNA-based testing has
improved since the last few years,certain problems
such as cross-reactivity with other species or
tissues and specificity for particular tissues yet
exist.3* For degradation problem both quantitative
(Qubit fluorometer and Nano Drop™) and
qualitative tests such as denaturing gel
electrophoresis and monitoring RNA integrity with
RNA integrity number (RIN) is important to check
for intact RNA. The typical values range from 1 to
10. 1 means RNA is degraded and 10 means RNA is
intact, are necessary.2’

Methods for RNA Analysis/Fluids Identification
RNA Analysis

Advanced methods being developed for mRNA
profiling of forensic samples include capillary
electrophoresis (CE)-based analysis, quantitative
RT-PCR (gRT-PCR), and more recently, high-
resolution melt (HRM) analysis and single-cell RNA
sequencing.15,35 Endpoint PCR capillary
electrophoresis is an emerging technique for mRNA
testing, it provides information regarding the
presence or absence of a particular transcriptome.
But the expression of fluid specific marker genes
even in traces in other fluids may be a problem.
Nussbaumer et al.3¢ proved in his study the large
amount presence of transcripts of haemoglobin
alpha (HBA) locus 1 and mucein (MUC) in semen as
well as in lower amounts of salvia and vaginal
secretions. Thus, still there is a need for careful
study and the validation of biomarkers to make
sure that a particular expression is related to
particular body fluid and there is no cross-
reactivity.18 The Endpoint PCR is well established
and there is the easiness of data interpretation by
just checking the presence or absence of a peak on
the electrophoretogram. The capillary
electrophoresis technique seems promising, for
certain gene markers like kallikrein3 (KLK-3) that
are only expressed in semen.18

Fleming et al. for the first time developed,
validated and implemented mRNA multiplex RT-
PCR for the detection of circulatory blood,
menstrual blood, vaginal material, semen (with and
without spermatozoa) and saliva. Latterly,
Lindenbergh et al. showed a large-scale RT-PCR by
using markers for each sample which include
saliva, semen, menstrual secretion, vaginal mucosa,
and skin cells.32

Conventional Methods for Body Fluids
Identification

The conventional methods for forensic analysis
including alternate light source, chemical tests
(Luminol for blood detection), catalytic tests
(Kastle-Meyer and benzidine tests for blood, and
acid phosphatase test for semen detection),
immunological tests (Hemastix for blood detection,
and a prostate-specific antigen for semen
detection). These conventional methods are
presumption based and less confirmatory, one can
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only presume the presence of a certain body fluid
but cannot confirm the exact presence/type of the
fluid. The methods involve the detection of
different biological components (e.g. sugar,
enzymes, and proteins, etc.).3’The current forensic
body fluid identification practices include chemical
tests, immunological tests, protein catalytic activity
tests (Luminol), spectroscopic methods (Raman
spectroscopy), and microscopic examination of
number and type of cells (e.g. from urine). Also,
these methods can detect only one type of
biological fluid stain while there is a shortage of
samples and time. That's why it becomes vital to
advent a method that can do testing for all types’
fluids in a single step.38

The above mentioned conventional tests
involve protein-protein interactions and/or
chemical reactions for the detection of body fluids
may be fast, inexpensive, easy to perform, and
interpret for data analysis, but these tests may have
some disadvantages e.g. in Kastle-Meyer test, a
chemical being wused for the detection of
haemoglobin in trace evidence do have cross-
activity with household chemicals (hypochlorite)
as-well-as its no specific detection of haemoglobin
from animal blood.1839 Takayama test is used for
the presence of blood in the sample. The purpose of
these tests is to narrow down the range of suspects
or victims associated with a crime that is under
investigation.®0 But there are certain demerits of
these methods like consumption of sample, labor-
intensive, time consuming, non-specificc and
technologically diverse. To eliminate all such
problems, there is a need for molecular-based
identification of these fluids.

RNA-Based Body Fluids/Tissue Identifications

The main forensic application of the RNA is the
identification of body fluids. It is important in terms
of subsequent processing of samples in the lab.18 A
stain can be from different body fluids, e.g. blood,
saliva, tears, sweat, urine, semen, menstrual blood,
and vaginal material or the mixture of these fluids.
The development of new biomarkers for fluids
detection has been a matter of interest for forensic
scientists.41

Erin K. Hanson et al.#2 discovered a panel of
known miRNA—miR451, miR16, miR135b,
miR10b, miR658, miR205, miR124a, miR372, and

miR412— by using a minute quantity (50pg) of
total RNA for the identification of forensically
relevant body fluids.

Zheng et al® reported three more miRNA
markers for body fluid testing. They found that the
relative expression ration (R) of different miRNA
markers can distinguish between different body
fluids. Currently, >1000 mature miRNA has been
identified in the human genome.* Wang et al. has
worked on 754 known miRNA and found seven
miRNA as fluid specific (miR16 and miR486 for
venous blood, miR888, and miR891a for semen,
miR214 formenstrual blood, miR124a for vaginal
secretions, and miR138-2 for saliva).

Sirker et al.#3 identified five miRNA (miR10b,
miR203, miR374, miR451, and miR943) by using
ROC analysis for the identification of blood, saliva,
semen, vaginal secretions, menstrual blood, and
skin. Hanson et al.#2found miRNA as inconsistent in
their study while Wang et al.* used the mirVana™
miRNA isolation kit, which is particularly designed
for the detection of siRNA and miRNA, and
obtained consistent results.

Yan Xu et al.#* developed a Highly Sensitive and
Specific mRNA Multiplex System called (XCYR1) for
forensic testing. They used 16 RNA markers for the
identification of 10 different body fluids/tissue. For
the first time, they used a marker gene for the
identification of urine, sweat, and nasal secretions
in a single multiplex PCR.

A multiplex system was developed by Song
et al.20 for body fluids identification. However, it
was difficult to identify some samples found at the
crime scene, especially body fluids mixtures, tissue
mixtures, and traces samples, and emphasized on
seeking more markers and methods to increase
sensitivity and stability to obtain more reliable
identification of a forensic stain are necessary.
More recently, Dgrum et al.6 applied the whole
miRNome massively parallel sequencing to six
forensically relevant body fluids.

Blood Identification

Blood is the most prevalent evidence of violent
crime scenes such as homicide and sexual assault.40
It becomes a dire need to identify blood as body
fluid and source of the blood. The identification of
the source of the blood gains prime importance in
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certain scenarios like sexual assaults. For example,
in fraudulent cases where a victim can claim the
bloodstains caused by menstruation blood as a
result of injury and no other direct evidence is
available to confirm the claim. To address such
problems, RNA-based emerging research is being
conducted.

In this perspective, several studies have been
conducted to establish RNA-based identification of
blood as a body fluid or source of the blood as
either menstrual or venous.

Yan Xu et al.#4 were able to produce a full mRNA
profile from a bloodstain on the wood. In another
test, they used 2-year old blood stains and
recovered the mRNA profile of one marker gene
beta-globin (HBB) but amplification of DNA was
unable to produce, which was presumed due to the
possibility of a large amount of reticulocyte in the
sample.#¢ The other method for menstrual blood
detectionis based on differences in isozyme
patterns, fibrinolytic activity, hormone
concentrations, and fibrin fibrinogen degradation
products.40

Haas et al.22 produced ‘highly sensitive duplex’
(HBB, HBA) and ‘moderate sensitivity’ pentaplex
(ALAS2, CD3G, ANK1, PBGD, and SPTB).22
Kohlmeier and Schneider8 obtained successfully an
RNA profile for two specific blood markers HBB,
SPTB from 23-year blood stains from different
career materials jeans, leather, wood, wallpaper,
carpet, wool, and nylon fabric. Zubakov et al.*5 used
the Affymetrix U133 plus2 Gene Chip platform for
detecting the biomarkers for blood and saliva
stains.

Skin Identification

“Every contact leaves a trace” (Locard’s Principle,
by Dr. Edmond Locard 1920). The skin
identification is very important in forensic testing,
for example, to corroborate the ‘“touch DNA’
recovered from the evidence to the skin of the
accused person. In manual strangulation cases,
where victim and suspect were arguing while being
in close proximity before killing the victim with his
tie. The recovery of forensic DNA profile from the
ligature (tie) may cause a doubt that the suspect’s
DNA was transferred via skin cells (fromthe
suspect’s hands) or form the saliva droplets, as they
both were arguing. The suspect could claim his

DNA transfer via saliva droplets rather he touched
the tie to strangulate the victim, and that the victim
accidentally strangled by his tie. In such cases,
identification of the source of DNA (either saliva
droplets or skin cells from hand)would be strong
evidence against the suspect.4¢ So, the mRNA-based
test would be able to distinguish the source of
evidence (which is the DNA of the suspect) either
from saliva or skin cells.46

Song et al.#’ first time exploited the skin as a
source of sample for investigating any correlation
between mRNA andpost-mortem interval (PMI).
They worked on four loci of two housekeeping
genes actinin alpha 1 (ACTN1), actinin alpha 2
(ACTNZ2),  Fattsyresyntes 1  (FASN1), and
Fattsyresyntes 2 (FASNZ2) as these have been used
for time-dependent quantitative changes in
mRNA.#7 Yan Xu et al# used Cystatin-M er et
protein (CST6) and Lorcirin protein(LOR )Jmarkers
for skin identification, but they found a high cross-
reactivity of these markers with other fluids, thus
they eliminated these markers from their X-C Motif
Chemokine Receptor 1) (XCYR1). Hanson et al.#¢
worked on identifying the skin ‘touch DNA’
identification, he established multiplex RT-PCR
comprising on five (Late Cornified Envelope 1C
(LCE1(Q), Late Cornified Envelope 1D (LCE1D), Late
Cornified Envelope 2D (LCE2D), C-C Motif
Chemokine Ligand 27 (CCL27), Interleukin 37
(IL1F7) genes that are specific to the skin’s shed
cells. Recently, mRNA-based skin identification was
performed on 11 candidate genes with quantitative
PCR.48

Estimation of Postmortem Intervals (PMI)

The post-mortem interval is a duration elapsed
from the time since death. The estimation of post-
mortem intervals is of prime importance in forensic
pathology as it helps with the identification of the
human remains and contributes to investigating the
possible causes of death.4® The traditional methods
of PMI are unreliable due to in accuracy as these
methods involve the observation of physical
modifications in the corps (algor, rigor, and livor
mortis), which are affected by environmental
factors (e.g. exposure of corps to water or heat).
The release of RNases both internal and
exogenous is a major factor to be considered for
estimating the PMI. The rapid release of lysosomal
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RNases occurs in bones stored at 37°C, and
similarly, the release also occurred in when
freezing and thawing of the samples is done.2¢ The
integrity and stability of the specific mRNA species
is the function of noting the PMI.24 The fragility of
RNA could be exploited to help determine the post-
mortem interval if there is a correlation between
the quantity of residual RNA and elapsed time.*’
The estimation of PMI is affected by the rate of PM
changes caused by different factors like
environment temperature, body structure, and
cause of death, location of the body, or putative
drug consumption.4?

A mathematical (mice) model was established
by Sampaio-Silva et al.#% to measure the PMI. They
used five commonly used reference genes (Actb,
Gapdh, Hprt, Cyp2E1, and Ppia) for their study and
found that Bhmt and Alb genes specifically
expressed in the liver and Alb is significantly
correlated with PMI. They also found Srp72 gene
expression in the femoral quadriceps, and Rps29
gene expression in all the tissue types (heart, liver,
and femoral quadriceps) are strongly related to
PMI, and thus can be pronounced as ‘universal’
biomarker for PMI estimation.*®

Their findings of Rps29 endorsed the results
proposed by De Jonge et al5® to post-mortem
samples. Scientists have observed no significant
correlation between the mRNA human cardiac,
brain, and skeletal muscle, this could be possible in
case of using a smaller number of mRNA
markers.”.28:49

Bauer et al23 found a strong correlation
between mRNA degradation (from human blood
and brain samples stored in the refrigerator for 5
days) and PMI. Koppelkamm et al.28 observed the
influence of various parameters like type of tissue,
age at death, gender, and body mass index (BMI), as
well as the duration of agony, cause of death, and
post-mortem interval on the RNA integrity.

Wound Age Estimation

The determination of human dermal injury helps in
forensic investigation. It can help the investigators
to get answers to important questions such as the
timing of the injury and incident the order of
infliction (where there is more than one injury), the
survival time after injury (post infliction interval),
and the relationship of the injury to the incident. A

lot of research is being done to develop some
methods for the accurateestimation of human
dermal injury age.5!

Wound estimation has always been a challenge
in forensic pathology. With the rapid development
of bioinformatics and molecular biology-based
detection technology, the contemporary trend is to
infer time using DNA or RNA.52 Qiu-xiang et al.52
worked on mRNA expression levels of seven
candidate genes (ICAM-1, NF-xB, MX2, MT1, MT2,
and Cox6c) and expression trends of the seven
genes were all found to be related to wound age.
Palagummi et al5! developed an RNA-based
multiplex assay for the simultaneous investigations
of mRNA expression in wounds. They observed the
mRNA expression patterns CMA1, DUSP1, IL1b, IL7,
TNFa, and VEGFA genes having potential in
estimating human dermal injury age, but only at
earlystages (days) of injury healing.

Age Determination of Biological Evidence
Trace/stains

The determination of the time of deposition of
biological evidence is the most intriguing thing in
forensic science. For example, the recovery of a hair
on the crime scene becomes very interesting that
either it was left there during the crime was
committed or its presence before the crime and no
immediate connections. The age determination is
based on the degradation time of RNA. The first
attempt was made by Bauer et al.23 as they studied
the pattern of degrading mRNA changes. Anderson
et al.l! found the ratio between B-actin and 18S
rRNA successful in predicting the age of the stain.
However, for stain age determination, it is better to
compare transcripts from different RNA classes
instead of comparing transcripts of the same RNA
class.

Molecular Analysis of Cause of Death

Investigating the cause of human death is of prime
importance in forensic science. The conventional
postpartum examination is not just enough to
explain the cause of a person’s death, but there is a
dire need for further molecular testing.18

Death of a body does not mean the cessation of
cell processors and the variation in gene expression
patterns. A death without any prominent physical
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signs on the dead body may be a natural death or
the result of the killing. The killing may be done in
several ways, e.g. via mechanical asphyxiation,
poison, hitting (without any sign on the body), and
drug abuse. In all these cases, there is a need for the
development of molecular-based testing. Until now
some studies have been done on rats.

The examination of gene expression levels
during post-mortem analysis of cause or
circumstance during death may lead to some novel
application of molecular biology in forensics.2” The
isolation of RNA after several days of post-mortem
is a breakthrough in utilizing the RNA for a death
investigation. 5354 The main problem of the use of
RNA in post-mortem testing in the short time
stability of RNA, but several researchers have
reported the recovery of a commendable quantity
of RNA from dead bodies after several days.5455
Zhao et al.5¢ possibly presented the first study of
the biomarkers for the determination of the cause
of death. Ikematsu et al.5” successfully identified the
conditional change of transcriptome after the death
of rats. Also, Zhao et al.5¢ studied the changes in
expression levels before and after the death of a
human. The change in expression in vascular
endothelial growth factor (VEGF) strongly
differentiate the cardiac death versus asphyxia.56

Drug Abuse

Matsuo et al.>8 studied the change in expression in
rats by exploiting them to methamphetamine.
Martin et al. confirmed the changes in the
expression of c-fos, fosB, Crf, Cck, and Npas4
transcripts due to the exposure of non-toxic
methamphetamine injections to the rates.s®
Similarly, Jean Lud Cadet et al.t® worked on the
methamphetamine-induced dopamine-
independent alterations in striatal gene expression
in the 6- hydroxydopamine hemi parkinsonian rats.
There is a dire need to check the discovery of
genetic response to the use of different drugs, and
the establishment of RNA-based testing for
different drug abuses.6!

Sex Determination

The sex determination of a required person
becomes crucial to the investigators when
biological evidence is recovered from the scene.2

DNA-based sex determination is being done
(amplification of amelogenin), however, RNA-based
discrimination is being researched. Puoti et al.63
investigated the RNA for sex determination in
Caenorhabditis elegans. Berge et al3 studied the
sex-specific RNA markers and worked on
multiplexes to simultaneously identify the sex of
the donor and the cell type of the material. Silva et
al.3! identified a subset of four miRNAs (miR-548-
3p, miR-1323, miR-940, and miR-1292) to be highly
regulated in females (63-95%), demonstrating its
potential to distinguish gender. Similarly, Wang
et al.6* showed that mir-130b and mir-18b had
slightly higher concentrations in male serum
samples as compared to females. Another study
attested a significant change in two miRNAs, let-7 g
and miR-221, which were overexpressed in the
serum of individuals and more prominent in
women.65

Tissue origin of Stains

The identification of organ tissues becomes
important if the biological traces are recovered
from the scene, which may help in forensic
investigations. Traditional identification techniques
like histological and immunological assays would
be replaced with molecular genetic approaches that
could result in superior to them.26

The new emerging molecular biological tools
would require a minor amount of biological
evidence material (stain) to test its nature or its
source.3* The biomarkers wused for stain
identification would be specific for a particular
stain as well as having an ability of survival from
environmental insults that a forensic sample may
encounter. Conti and Buel3* extracted RNA from
samples of age up to 4 years. Conti and Buel
amplified semen specific gene PRM2 from 1666
days old seminal stain stored at room temperature
in the dark. They also noted no big difference in Cts
from samples exposed long (>500 days) period to
elevated temperature conditions. HBB gene is very
stable and can be detected from 13 to 26 months
old blood stains.34 Similarly, the PRM2 gene is also
very stable and can be detected from 16 to 24
months old seminal stains. Moreover, mRNA
profiling assay for organ tissue identification using
a targeted panel of 46 mRNA biomarkers for tissue,
organ identification is effective.66
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Identification of New-born’s Age

Age identification becomes very important in
certain cases like suicide terrorist attacks and child
kidnapping. New-born identification is useful in
certain crimes as child kidnapping, assault, criminal
abortion investigation, and hospital abduction. In
criminal abortion cases, it becomes important to
distinguish between the new-born blood and adult
blood.¢7

In theory, a comparison of the gene expression
profile from individuals of different ages could
reveal the constellations of candidate genes whose
expression is correlated with a specific age.6” The
discovery of age-specific expression of different

genes would help in determining the age. A typical
example of age-specific gene expression is
haemoglobin gene switching.68 As human J-
haemoglobin locus present on chromosome
number 11 encodes five -like haemoglobin g, Gy,
Ay, 6 and B, and B -pseudogene (F).6° There is a
shift in the expression of these genes with the
passage of life. Alvarez and Ballantyne$” first time
identified two novel gamma haemoglobin
transcripts (HBG1n and HBG2n) that exhibit
restricted expression in the blood of (human) new-
born children. MiRNAomes and DNA methylomes
in the same CD4+T cell roles were demonstrated in
individuals during the aging process.”?

Table-1: Comparison between conventional and RNA-based methods.>71.72

Conventional Method

RNA-based Method

e (Can test a stain only for one type of body fluid at a time.

e These are presumptive and qualitative tests

e Nonspecific (cross-reactive with other species) for example
detection of saliva by detecting enzyme amylase that is also
present in other fluids (pancreatic, urinary) 34

e No test for menstrual blood and vaginal secretions

e Require multiple tests for fluid identification (first presumptive
test for the detection of fluid then confirmatory test for the origin
of fluid)

e Technologically diverse techniques

e  Available for only some fluid types (semen, blood)

e Costly in terms of:

- Time (more steps)
- Labor required (technical person, histologist, serologist, etc)
- Sample consumption

e For example:

- Takayama test, immunological identification for blood 74
- Immunological sperm detection by using prostate-specific

antigen (PSA or p30)

- Blood stains are tested via tetrabase (4,4-bis (dimethylamino)
diphenylmethane) test 75, the Kastle-Meyer phenolphthalein test,
the tetramethylbenzidine test 76, the orthotolidine test 77, or the
luminol (3-aminophthalhydrazide) chemoluminescence test
- Phadebas test is for the detection of saliva via an enzymatic

amylase test’8

Multiplex ability can analyze all the possible types of body fluids.

These are confirmatory and quantitative tests

mRNA based biomarkers have been identified to distinguish

between menstrual blood and vaginal secretions

Can perform both works in one step/test.

Can detect all types of body fluids (semen, blood, sweat, urine,

saliva or vaginal, etc.)

Technologically same techniques

Detection of several markers at a time

Economical in terms of:

- Time (fewer steps)

- Labor required (only one technician, i.e. serologist can do all
steps)

- Sample consumption (the ability of co-extraction with DNA73)

Tissues specific mRNA, miRNA, snRNA test

Table-2: RNA markers used during research for different purposes.

Body Fluid RNA Markers References
Delta-aminolevulinate synthase (ALAS2) 22,37,41,71
Haemoglobin alpha (HBA) 22, 36,41
Haemoglobin beta (HBB) 22,34,41
Beta-spectrin (SPTB) 22,41,67,33,34,71
Circulatory Blood Porphobilinogen deaminase (PBGD) 22,33,41,71
Blood Stains CD3 y molecule (CD3G) 22,34,41
Ankyrin 1 (ANK1) 22,41,79
Glycophorin A (GLY) 44
CASP2, C1QR1, ALOX5AP, AQP9, C5R1, NCF2, MNDA, ARHGAP26 45
AM1CA1 30, 45
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Menstrual Blood

Saliva

Saliva Stains

Nasal Secretions

Semen

Vaginal Secretions

GYPA

Pro-platelet basic protein (PPBP)

ALAS2, ANK1, HBB

SPTB, PBGD

HBA, ALAS2, GlycoA

miR-190a-5p, miR-454-3p

HBD, SLC4A1

miR451

hsa-miR-144-3p

CASP1, AMICA1, C1QR1, ALOX5AP, AQP9, C5R1, NCF2, MNDA, ARHGAP26
Matrix metalloproteinase 7 (MMP7)

Matrix metalloproteinase 10 (MMP10)
Matrix metalloproteinase 11 (MMP11)
Glycophorin A (GlycoA)

Keratin 19 (CK19), Progesterone Receptor (PR)
NCF2, MNDA, CASP1, C1QR1, ARHGAP26, AMICA1, ALOX5AP, AQP9, C5R1
LEFTY2, MMP10

HBA, ALAS2, GlycoA, HBD1, MUC4, Lcris, Lgas, MMP7, MMP10, MP11
miR-141-3p, miR-497-5p

MMP3, STC1

miR16

miR-412-3p

Statherin (STATH)

Histatin 3 (HTN3)

PRB4

SPRR3, SPRR1A, KRT6A

KRT4, KRT13

Follicular dendritic cell secreted protein (FDSCP)
HTN3, MUC7, STATH

STATH, HTN3

miR-935, miR-3168

SPRR3, SPRR1A, KRT4, KRT6A, and KRT13
KRT4, KRT6A, KRT13, SPRR1A, SPRR2A
STATH, HTN3, MUC7

Statherin (STATH)

Protamine 1 (PRM1)

Protamine 2 (PRM2)

KLK/prostate-specific antigen (PSA)
Transglutaminase 4 (TGM4)

Semenolegin 1 (SEMG1)

SEMG1

MSP

Microseminoprotein (MSMB)

PRM2, SEMG1, TGM4

PRM1, PRM2

PRM2, SEMG1, TGM4

miR-888-5p, miR-135a-5p

TNP1, KLK2

miR10b, miR374

miR-10b-5p

Human B-defensin 1 (HBD1)

Mucin 4 (MUC4)

16S rRNA

Human B-defensin 1 (HBD1)

ESR1

SFTA2, FUT6, DKK4, IL19, MYOZ1, CYP2B7P1
Mesothelin (MSLN)

80

21

15

33

20

81

82

43

83

45
23,37,41,71
23,71,79
23,41,80

80

5,71,80

84

15

20

81

82

43

85
5,33,37,41,71,80
5,33,37,41,67,71,80
79

45

30,45

21

15

33

81

45

84

20

44
23,33,41,67,71
23,33,34,37,41,71,80
34, 36,41
37,79,80
34,41,79

79

79

21

15

33

20

81

82

43

85

71
33,36,37,41,67,71
86

41,71

79

46

21
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CYP2A7, CYP2B7P1, DKK4,

FUT6, 1L19, MYOZ1, NOXO1 15
MUC4 33
HBD1, MUC4, Lcris, Lgas 20
miR-3134, miR-31-3p 81
miR1280, miR4286, miR124, miR203, miR205 43
miR-124a-3p 85
Corneodesmosin (CDSN) 48
Loricrin (LOR) 48
Cytokeratin 9 (KRT9) 48
LCE1D, LCE2D, CCL27, IL1F7, LCE1C 46
Skin/touch-DNA CST6 44
CDSN, LOR, KRT9 48
CDSN, CST6, DSC1 87
CCL27,IL1F7, KRT9, LCE1C, LCE2D 15
miR-4761-5p, miR-137, miR-4473, miR-585-3 81
miR3169 43
Touch-DNA LCE1C, LCE1D, LCE2D, CCL27, IL1F7 46
Oral Mucosa Keratin 4 (KRT4) 44
Urine Uromodulin (UMOD) 44
Sweat DCD 44
Brain Clorf6l 13
Sex Determination from Biological XIST for Female 3
Samples Parts RPS4Y1 for Male
Brain hsa-miR-219a-5p 26
Liver hsa-miR-122-5p 26
Skin hsa-miR-205-5p 26
Heart hsa-miR-208b-3p 26
Skeletal hsa-miR-206 26
c-fos, fosb, c-jun, junB, Crf, Nmu, Cck, Npas4 59
Drug Abuse .
Tacl, Tac2, Pdyn, Nts, Nmu, Fst. Inhba, Acvrl, Pdgf-d, Cox-2, Syt, Synj2bp 60
ICAM-1, NF-kB, MX2, MT1, MT2, sTnl, Cox6c 52
Wound Estimation (CMAL1), (COL3A1), (DUSP1), (IL1b), (IL2), (IL6), (IL7), (TNFa), (VEGFA) 51
Fosb, Atf3, IL6, Cxcl1, Zfp36, Jun, Rasd1, Fos, Apold1, Sfrp2, Fcna, 88
GAPDH, 18SrRNA, S15, beta-actin 5,21, 28,44
Positive Control (Housekeeping gene) B2M, COX1, HPRT1, PGK1, PPIH, S15, TCEA1, TFRC, UBC, UBE2D2 15
S15, B-actin, GAPDH 33

Technologies Being Used
Nano String Technology

To make an authentic identification of tissues, there
is a dire need for the use of more than one marker.
For this a new technique, Nano String technology
was used by Jong-Lyul Park et al. 3% for the
identification of multiple forensic markers. The
Nano Stringn Counter (Nano String Technologies,
Seattle, WA, USA) is a recent platform that can
quantify the expression of hundreds of mRNAs in a
single reaction using color-coded molecular
barcodes.89 Jong-Lyul Park et al.3® used 18 body
fluid-specific mRNA markers at the same time.
They used R software (version 2.6.1) for the data
interpretation and P > 0.5 was considered more
accurate in their body fluid relation.

Real - Time PCR

The RT-PCR allows the detection of relative gene
expression levels in  different samples.#0
Quantitative reverse transcription PCR (qRT-PCR)
is very sensitive and specific as compared to the
other two precedent approaches and can be used
for absolute quantification. In forensic cases, the
quantity of genetic material collected can be less,
and therefore, it is important to use a methodology
that requires a fairly low amount of RNA. qRT-PCR
beyond being a well-established method, it also
requires a low amount of RNA and has a low cost
per sample. On the other hand, it also presents a
significant disadvantage, it cannot identify novel
miRNAs.31
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End Point PCR Capillary Electrophoresis

Endpoint PCR allows the detection of a transcript
only if it is available in enough quantity. The main
problem during this technique is the cross-
reactivity of markers.

Microarray

Microarray technology can study the expression of
thousands of genes at once involving a low-cost
price. The easiness of analyzing the expression of
all the genes at a time through microarray makes
the scientists be able to detect the body fluid. Both
DNA and RNA can be used for microarray analysis.
But due to its lack of specificity and sensitivity as
compared to real-time PCR or RNA sequencing, the
microarray is considered as a real disadvantage
that can tamper the results. Moreover, a large
amount of sample is required for experimentation,
which is a major problem with forensic samples.3!
Park et al?! used the Affymetrix U133 Plus2
platform to find out the fluid specific mRNA
biomarkers, and selected 137 genes from
microarray gene expression profiling. Lou et al.8!
performed genome-wide miRNA expression
profiling by using Exiqon’smiRCURYTM LNA Array
technology to screen out novel miRNA markers for
body fluids. Lee et al.2% used Affymetrix gene chip
for a comparison study on post-mortem samples on
the mouse and repeated the same method for
human., and found that Affymetrix gene chip can
detect degraded RNA, as its unique detection from
the 3" end of transcripts.2?

Similarly, Albani et al.82 characterized six novel
mRNA for body fluids by using the Massively
parallel sequencing (MPS)technique for the first
time to search novel body fluid RNA markers.

High-Resolution Melt (HRM) Analysis

To simplify and reduce the time and cost of RNA
analysis, Erin K. Hanson et al.% used another
technology known as High-Resolution Melt. This is
a bio-analytical method being used for finding the
mutation in a DNA sequence. This ideology of this
technique is the identification of PCR products
(amplicons) by their melting temperatures. The
melting temperature of an amplicon is dependent
on the length of its sequence and the ionic strength

of its environment, which can be measured post-
PCR.

It can be used in forensics for tissue/fluid
identification by measuring the specific amplicons
of body fluids/tissue. It has several advantages
over other methods. For example, it saves both cost
and time. Other methods like EC, RT-PCR requires
costly labelled primers for the detection of signals,
while this method uses unlabelled primers. EC
involves separate steps for amplification and
detection, thus increasing the time of analysis. HRM
analysis takes almost the same time as by RT-PCR
(2hours) but being multiplex is the advantage of
HRM over RT-PCR.90

CONCLUSION

The conventional methods being used in forensic
sciences for different purposes have been known to
show promising results. But in the modern era of
emerging technology and flourishing molecular
research, Ribonucleic Acid (RNA) is an emerging
molecule of interest to replace the conventional
methodologies, for its being more authentic and
having high sensitivity and specificity.

The RNA-profiling multiplex technique shows a
promising method to differentiate body fluids in
mixed ratios To analyze an unknown body fluid
mixture, it is necessary and meaningful to first use
an RNA-profiling. Similarly, other applications of
RNA in forensic sciences are emerging, e.g. cause of
death, age at death, gender and body mass index,
duration of agony, and storage conditions of the
body.Moreover, RNA-based gender identification
from body fluids will also be developed.

FUTURE PERSPECTIVE

In near future, there is a potential for the
development of RNA-based markers which would
help in investigating the type of circumstances
before a death occur, for example, if a person is
found dead and physically it sounds a suicide, but
that person may be under certain pressure and
there would be some genes which expressed under
pressure/tension situation.

LIMITATIONS OF THE STUDY

Every day, a huge volume of new research is being
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