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Abstract

Interest in CRISPR technology, an instrumental component of prokaryotic adaptive immunity which enables
prokaryotes to detect any foreign DNA and then destroy it, has gained popularity among members of the scientific
community. This is due to CRISPR’s remarkable gene editing and cleaving abilities. While the application of CRISPR
in human genome editing and diagnosis needs to be researched more fully, and any potential side effects or
ambiguities resolved, CRISPR has already shown its capacity in an astonishing variety of applications related to
genome editing and genetic engineering. One of its most currently relevant applications is in diagnosis of
infectious and non-infectious diseases. Since its initial discovery, 6 types and 22 subtypes of CRISPR systems have
been discovered and explored. Diagnostic CRISPR systems are most often derived from types II, V, and VI. Different
types of CRISPR-Cas systems which have been identified in different microorganisms can target DNA (e.g. Cas9 and
Cas12 enzymes) or RNA (e.g. Cas13 enzyme). Viral, bacterial, and non-infectious diseases such as cancer can all be
diagnosed using the cleavage activity of CRISPR enzymes from the aforementioned types. Diagnostic tests using
Cas12 and Cas13 enzymes have already been developed for detection of the emerging SARS-CoV-2 virus.
Additionally, CRISPR diagnostic tests can be performed using simple reagents and paper-based lateral flow assays,
which can potentially reduce laboratory and patient costs significantly. In this review, the classification of CRISPR-
Cas systems as well as the basis of the CRISPR/Cas mechanisms of action will be presented. The application of these

systems in medical diagnostics with emphasis on the diagnosis of COVID-19 will be discussed.
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Introduction

Since the discovery of the clustered regularly interspaced
short palindromic repeats (CRISPR) locus in Escherichia
coli (E. coli) in 1987, [35] CRISPR has revolutionized
both research and practical achievements in biology,
particularly in the areas of genome editing and genetic
engineering. CRISPR-associated genes (cas genes) were
identified in 2002 [37] and further research has led to a

* Correspondence: ahmadian@nigeb.ac.ir

Somayeh Jolany vangah, Camellia Katalani and Hannah A. Boone
contributed equally to this work.

'Department of Industrial and Environmental Biotechnology, National
Institute of Genetic Engineering and Biotechnology (NIGEB), Tehran P.O.BOX:
14155-6343, Iran

Full list of author information is available at the end of the article

B BMC

deeper understanding of the structure as well as the
function of CRISPR and CRISPR-associated (Cas) pro-
teins. CRISPR-Cas systems are found in prokaryotic
cells, both bacteria and archaea, where their main role is
the protection of the organism against the introduction
of exogenous DNA, such as plasmids and bacterio-
phages. These systems provide adaptive immunity to
prokaryotes, which specifically destroy the foreign DNA
molecules [6]. In the last few years, different CRISPR-
Cas systems have been identified or engineered, each
containing distinct characteristics and applications.
These studies have generated many CRISPR toolboxes
and many CRISPR-based technologies have emerged.
The generation of in vivo and in vitro models [31, 63,
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65] developing molecular tools for genome manipulation
[48, 81] and antiviral and antibacterial drug development
[1] are some of the main technologies based on CRISPR-
Cas systems.

The main breakthrough within the field of genomic
engineering was the demonstration of CRISPR-Cas
in vitro genome editing [39]. After that, this tech-
nique was successfully exploited by different research
groups for the manipulation of many genomes, in-
cluding mice [86], Drosophila [8], Caenorhabditis ele-
gans [21], humans [15, 17, 39, 69], zebrafish [32],
bacteria [38], rice [88], etc.

Because of the need for precise diagnosis in many dis-
ease situations, another important application of the
CRISPR-Cas system has emerged: detection of diseases
and microbes [33, 49]. Although robust and potent plat-
forms were developed based on CRISPR-Cas9 [62, 90],
the discovery of Casl13a (formerly C2c2) [70] and Cas12a
(formerly Cpfl) [89] which both have collateral cleavage
activity has revolutionized the field of nucleic acid detec-
tion. Casl3a is a single-component, RNA-guided and
targeting enzyme, which is specific for ssSRNA and collat-
erally cleaves neighbor non-targeted RNAs. In contrast,
Casl2a is an RNA-guided, DNA-targeting enzyme which
targets DNA and collaterally cleaves ssDNA (45). Differ-
ent platforms have been developed based on these two
proteins. Specific high sensitivity enzymatic reporter
unlocking (SHERLOCK) was introduced by Gootenberg
in 2017 [25] which exploits Cas13a for the detection of
RNA molecules and a diagnostic platform based on this
method was developed in 2018 [24]. At the same time, a
Cas-12a-based diagnostic tool called one-hour low-cost
multipurpose highly efficient system (HOLMES) was in-
troduced in 2017 [14] and a diagnosis platform was de-
scribed in 2018 [45]. A striking example of the power of
these systems is the extremely fast development of a
CRISPR-Cas-based diagnostic test which can rapidly and
with a high sensitivity diagnose SARS-CoV-2, an emer-
ging virus responsible for the COVID-19 pneumonia dis-
ease [11, 19, 49]. This demonstrated the high potential
of CRISPR-Cas systems for the development of rapid de-
tection of newly emerging diseases. Figure 1 shows the
main milestones in the research and development of
CRISPR-Cas systems with a focus on the role of these
systems in medical diagnosis.

The biology of the CRISPR-Cas systems, their charac-
teristics, and classification will be summarized in this re-
view. Then, the application of CRISPR-Cas in the
diagnosis of infectious and noninfectious diseases as well
as the advantages and disadvantages of these systems
will be described by relevant examples. Finally, the
present status of the commercially available CRISPR-
based diagnostics and the future perspectives of this field
will be discussed.
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CRISPR-Cas Biology and Characteristics

CRISPR loci are composed of repeat sequences, with
a length of about 20-40bp, which are separated by
unique interspaced 20-58 bp sequences called spacers
[34]. A series of sequences are located downstream of
the CRISPR locus which code for Cas proteins. At
the time of their discovery, it was shown that some
of these proteins were those previously thought to be
involved in DNA repair [6]. Several different classes
of Cas proteins with a variety of activities, including
nuclease, helicase and polymerase activities which can
be exploited for nucleic acid manipulation have been
described. The CRISPR-Cas system is responsible for
the adaptive immune response of prokaryotes [50].
Following the entry of viral DNA or plasmids into
the cell for the first time, it will be degraded and
inserted into specific sites between repeated sequences
by Cas proteins and the CRISPR array will be orga-
nized (Fig. 2a).

However if the bacterial host does have a CRISPR sys-
tem, these sequences are transcribed in the cell to gener-
ate CRISPR RNA (crRNA). Subsequently the crRNA
accompanying Cas proteins forms an interfering com-
plex. The complex, under crRNA guidance, directs for-
mation of hydrogen bonding between the crRNA and
the viral DNA that catalyzes the breaking apart of for-
eign DNA (Fig. 2b). Therefore, the infection essentially
has ended before it starts. In fact, the CRISPR-Cas sys-
tem acts like a bacterial immune system with the spacers
in the CRISPR array presenting a history of old infec-
tions [34, 44].

Classification of CRISPR-Cas Systems

Co-evaluation of specified anti-CRISPR proteins
encoded by invading viruses furthermore progress the
ability of innate immunity in archaeal and bacterial
organisms, leading to remarkable diversity and fast
adaptive evolution in Cas systems [44, 76]. Classifica-
tion ofCRISPR-Cas systems was just emphasized on
evolutionary relationships. Therefore combination of
several criterion have recruited for classification
schemes that are similar between conserved Cas pro-
teins using: clustering and phylogenetic algorithm,
architectural organization in the effector modules, the
phylogeny of Casl and the presence of exclusive sig-
nature gene in the CRISPR-Cas loci. Although it’s
harder than it seems, basically comparative genomic
analysis and experimental data is essential for nomen-
clature and determining the molecular mechanisms of
CRISPR-Cas systems [44, 52, 53]. The primary no-
menclature of Cas genes based on the highest hom-
ology and frequency was termed on four names:
Casl, Cas2, Cas3 and Cas4 [37].
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Fig. 1 The timeline of the progresses of the CRSPR/Cas systems in research (pink chart) and applications (blue chart)
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Fig. 2 Biology of the CRISPR-Cas system. a Formation of CRISPR array occurs during adaptation process in which after injection of invader
genome into the host cell, some Cas proteins like Cas1 and Cas2 recognize the protospacer sequence (green rectangle) and cut it and integrate
it into host genome in CRISPR loci. b In crRNA maturation, a pre-crRNA is transcribed and Cas6 proteins attach to the 3’ end of repeat segments
and cut the 5" end of spacer fragments to construct the mature crRNA. In the interference process the mature crRNA-Cas protein complex
recognizes and cuts the complementary sequence on the phage genome
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In recent vyears, the classification of CRISPR-Cas
systems have developed considerably with the latest
classification in 2020. Currently, based on the pub-
lished classification, CRISPR-Cas systems are charac-
terized in two major classes, which are further
divided into six types and forty-eight subtypes [53].

Nearly 90% of the characterized CRISPR-cas loci
located in Class 1 are most frequently found in fungal
genomes with a small proportion found in bacteria.
The known indicator of this class is the presence of
heteromeric multiprotein effector complexes. Whilst
Class 2 encompasses approximately 10% of all CRIS
PR—cas loci, it is more common in bacteria than
other organisms, and is characterised by single multi-
domain effector proteins [71].

Class 1 Classification Scheme
Class 1 CRISPR-Cas systems consist of the three types,
type I, III and IV systems, as well as 22 subtypes [53, 64].
The characteristic nucleases in Class I, which include en-
zymes Cas3, Cas10 and Cas8-like (csf1) are considered sig-
nature genes in types I, I1I, and IV, respectively (Fig. 3).
The target recognition and nucleic acid cleavage is car-
ried out by effector modules that consist of Cas3, Cas5—
8, Cas 10 and Cas 11 proteins [23, 73, 80]. The Repeat-
Associated Mysterious Proteins (RAMPs), Cas7 and
Cas5, exist in single or multiple copies and form the
backbone of effector complexes in Classl types. The
large subunit of the effector modules in Class 1 consists

of Cas8 and CaslO in type I and III, respectively with
Casl1 located with the small subunit [67, 82].

It has been shown that the type IV CRISPR-Cas sys-
tem is a divergent derivative of types I and III. Typically,
type IV lacks the adaptation complex. Despite a similar
organization between effector modules and target recog-
nition, there is minimal sequence conservation between
types L, III and IV [60]. Also, there is high sequence di-
vergence in the sequences of Cas5, Cas7 and cas6 in dif-
ferent subtypes [51].

Type I systems are further divided into nine subtypes I-A
to I-G with derivatives of I-F1, I-F2 and I-F3 considered as
separate subtypes. Phylogenetic trees demonstrating evolu-
tionary relationships demonstrated that homology in Cas3’
(a derivative of Cas3) exactly reflects the subtype classifica-
tion [36]. The Cas3 protein is a helicase that acts to open
DNA-DNA or DNA-RNA duplexes. The Cas 3 protein
also contains an HD family endonuclease domain which
participates in target DNA cleavage. This domain is located
at the carboxy terminal end of Cas3 proteins of all subtypes
except subtypes I-A and I-G [52].

The type III group of proteins is divided into subtypes
from III-A to III-F. The signature gene CaslO in this
type encodes a protein containing a Palm domain, a
form of RNA recognition motif (RRM). The Palm do-
main occupies the large subunit of crRNA—effector com-
plexes and carries nucleic acid polymerase and cyclase
activity [28]. The largest subunit in all type III proteins
except subtype III-D is fused to an HD nuclease domain.
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dashed outlines. The figure is adapted and modified from Ref. [53]

One of the major activities mediated by the type III
casl0-csm complex is RNA-guided cleavage of target
DNA and its transcript that is performed using inde-
pendent active sites in the complex [68].

The type IV group of proteins are less studied and
consist of seven distinct variants. The majority of type
IV systems lack any nucleolytic active sites, and would
require use of host encoded restriction enzymes to de-
grade their targets [64]. Most type IV loci contain mo-
bile genetic element (transposon-encoded) variants and
are carried by plasmid-like elements that target other
plasmids involved in plasmid competition [57, 64]. Some
type IV proteins contain either a DinG family helicase or
a small alpha helical protein.

Expanding Class Il Classification

Class 2CRISPR-Cas systems have a relatively simpler
organization and distinct architecture than the other clas-
ses. Class 2 systems are divided into three types: types II,
V, and VI, and 26 subtypes (Fig. 3) [70]. Classification of
class 2 complexes has been recently been updated and ex-
panded from an original 15 subtypes described in 2015 to
now recognize 26 subtypes. This class of proteins has
underpinned much of the great progress in recent years in
fields of genome editing and rapid detection of infectious
diseases, such as the recently emerged SARS-CoV-2 [87].
In subtype V-A and type VI proteins a large effector Cas
protein is responsible for pre-crRNA processing while a
non-Cas enzyme, bacterial RNase III, has robust activity
as a processing module in type II and various type V sub-
types. There are unique signature effector nucleases, with

Cas9 for type II, Cas12 for type V and Cas13 for type VI,
which plays a fundamental role in CRISPR-Cas classifica-
tion [71].

Type II is the simplest and the most well-known CRIS
PR-Cas system containing four subtypes. The crRNA-
effector complex in this type is a single multi-domain
protein Cas9. It is possible that Cas 9 evolved from a
mobile-genetic element unrelated to the CRISPR system,
since the Cas9 signature gene on its own is not sufficient
for classifying it as a particular CRISPR gene and Casl
and Cas2 genes are utilized as auxiliary genes for identi-
fication of type II systems [16]. Cas9 requires two ancil-
lary nuclease domains namely HNH and RuvC-like for
cleavage the target DNA, and each nuclease only cleaves
one strand of target DNA [70].

Until 2015, the type V system was considered as a pre-
sumed type, containing only one subgroup [52]. However,
in the newest classification, the type V system was
assigned the largest number of subtypes among all types
related to CRISPR-Cas systems, with 17 derivative sub-
types [53]. The cleavage of a double stranded DNA target
by Type V systems is catalyzed by a RuvC-like nuclease
domain, which is present in the Cas12 system [5, 22]. The
Cas 12a, also known as Cpfl, provides a novel and sensi-
tive platform named DNA endonuclease-targeted CRISPR
trans reporter (DETECTR) used in various viral diagnostic
assays that are considered below [13, 89].

The newest characterized CRISPR-Cas system is type
VI that consists of five subtype variants. The effector
complex in this type contains two HEPEN RNase do-
mains involved in toxin-antitoxin modules that are
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associated in defense systems in bacterial or eukaryotic
RNase L [3]. The effector protein Casl3a present in VI-
A subtype acts as a kind of RNA-guided RNase, where
Casl3a attaches to crRNA and forms a complex that
cleaves ssRNA [25, 58]. A potent platform named SHER
LOCK (specific high sensitivity enzymatic reporter
unlocking) has been developed by Prof. Feng Zhang
et al. as a potent platform for rapid and sensitive detec-
tion of many different infectious diseases, including
COVID-19 [87].

CRISPR-Cas System Mechanism

The CRISPR-Cas system functions through three differ-
ent steps: adaptation (or spacer acquisition), crRNA
maturation, and interference (Figs. 2 and 3).

Adaptation

In the adaptation stage, Casl and Cas2 are the two main
protein components which play roles in three main types
(L, 11, and III) of CRISPR-Cas systems. Both of these pro-
teins are dimers that can form a complex together in
order to undergo acquisition of foreign DNA [30]. Casl
has both nuclease and integrase activity and can cut the
viral genome and integrate a specific piece of the viral
genetic element into the spacer DNA, whereas Cas2 is
an endoribonuclease that mainly cuts RNAs [30, 75].
Since the subtype I-E of the CRISPR-Cas system of E.
coli has been well-studied and characterized, it has be-
come the best model for analysis of the adaptation
mechanism of type I systems. In CRISPR-Cas type I and
II systems, a short sequence named the protospacer-
adjacent motif (PAM) exists in the foreign genome that
leads Casl and Cas2 to recognize the protospacer
flanked region. In subtype I-E of E. coli, in the presence
of PAM, Casl and Cas2 recognize the adjacent sequence
to the PAM. Casl and Cas2 dimers cut the PAM-
adjacent sequence. After adjusting the size of the proto-
spacer, the presence of the integrated host factor (IHF)
protein is required for integrating the spacer into the
host genome. By bending the host DNA near the inser-
tion site, IHF guides Casl and Cas2 to the correct pos-
ition of the CRISPR array for integrating the spacer [30,
75]. However, in the CRISPR-Cas system of Streptococ-
cus pyogenes (subtype II-A), other Cas proteins including
Cas9, Csn2 (whose function is related to Casl and Cas2
in DNA acquisition process [85], trans-activating CRIS
PR RNA (tracrRNA) and the leader-anchoring site (LAS)
element in place of IHF are required for correct integra-
tion of the spacer sequence by Casl and Cas2 [75].

crRNA Maturation

In the crRNA maturation step, transcription begins in
the CRISPR array. The RNA transcribed by this process
is termed pre-ctRNA and contains complementary
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sequences of the repeats at the 3" end and the spacers at
the 5’ end. The maturation process of pre-crRNA occurs
differently in various types of CRISPR-Cas systems [75].
In type I CRISPR-Cas systems, palindromic repeat se-
quences of pre-crRNA located at the 3" end of the tran-
script, transform these parts of pre-crRNA into a
hairpin-like structure. Following pre-crRNA transcrip-
tion, Cas6 endoribonuclease attaches to the hairpin-like
structure and cuts the 5” end of the spacer sequence ad-
jacent to that hairpin-like sequence. At the end of this
process, there are several mature crRNAs that enable a
Cas6 protein to remain bound to each one. An exception
to this is seen with processes involving types I-A and I-B
where the repeat sequences are not palindromic and
Cas6 releases the crRNA [30]. This product is a ribonu-
cleoprotein that identifies a specific phage genome [29].

In type II CRISPR-Cas systems, tracrRNA binds to the
repeat sequence on the crRNA and transforms the 3’end
of crRNA into a double-strand RNA. This double-strand
RNA is called single guide RNA (sgRNA). In this type,
RNase III and Cas9 catalyze the cleavage of pre-crRNA
that yield to maturation crRNAs [12].

In type III systems, a dimer of Cas6 cleaves the 3’end
of the repeat sequences adjacent to the spacers within
the pre-crRNA. Once the cleavage process is complete
the mature crRNA is then released.

crRNA maturation in type IV CRISPR systems is un-
known at present. Cas12 and Casl3 carry out the cleav-
age of pre-crRNA and maturation of crRNA in types V
and VI, respectively [75].

Interference

During the final step of interference, type-specific Cas
proteins together with crRNA form a complex that rec-
ognizes and cuts the invader’s genome. In types I and II,
the PAM plays an important role to increase the specifi-
city of recognizing the invader’s genetic elements be-
cause not only can the crRNA identify the phage’s DNA
sequence but the Cas enzyme can distinguish the PAM
sequence [80].

In type I systems, interference occurs through a com-
plex involving crRNA and Cas6, which acts as a scaffold
for attaching other Cas proteins (including Cas5, Cas7,
Cas8, and Casll) to form CRISPR-associated complex
for antiviral defense (Cascade). This in turn recognizes
the invader’s genome. Moreover, recognition of the
PAM sequence by Cas8e as the large subunit of Cascade
increases the specificity of target recognition. After bind-
ing between crRNA of complex and target DNA the
complex recruits Cas3 which functions as the nuclease
that cleaves the non-target DNA strand to make an
intermediated product. The ultimate cleavage of target
DNA seems to occur by another nuclease provided
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either by the host cell or by utilizing the cascade-
independent activity of Cas3 [7, 30].

In type II interference, a complex consisting of sgRNA
and Cas9 recognizes the target DNA and cleaves it. This
particular types has been utilized extensively for the pur-
pose of gene editing in addition to diagnostics [16].

Type III interference is similar to that of type I sys-
tems where a complex of Cas proteins (involving Cas5,
Cas7, Casl0, and Casll) named Csm (subtype III-A)
and Cmr (subtype III-B) accompanied by crRNA, recog-
nizes the RNA that is transcribed from target DNA.
After binding to this single-strand RNA, cleavage is car-
ried out by subunits of Cas7. Alternatively, Cas10 can
catalyze dsDNA cleavage and by transforming ATP into
cyclic AMP as a second messenger, can activate the
Csm6 protein which is an RNase. Csm6 then cleaves
remaining RNAs in a nonspecific manner [30].

Type IV interference has not undergone characterization
[30]. Interference in type V systems is divided into three
subtypes: A, B, and C, in which the effector proteins in
interference processes are Cas12a, Cas12b, and Casl12c, re-
spectively. Similar to Cas9, Casl12b and Casl2c need the
tracrRNA for their interfering activity while Casl2a does
not. Cas12 proteins have a collateral nuclease activity which
has been used in diagnostic applications such as the DNA
endonuclease-targeted CRISPR trans reporter (DETECTR)
method. During the interference step, recognizing the
target double-strand DNA (dsDNA) and PAM se-
quence is accomplished by c¢rRNA and Casl2, re-
spectively. After binding this complex to the target,
Casl2 cuts the dsDNA and by its collateral nuclease
activity also cuts surrounding single-strand DNAs
nonspecifically. Both of these nuclease activities are
catalyzed by the RuvC domain of Casl2a protein [46].

In type VI system interference, Casl3, which has
higher eukaryotes and prokaryotes nucleotide (HEPN)-
binding domains [30], which has collateral nuclease ac-
tivity like Cas12 acts as the effector protein. This system
is utilized in specific high sensitivity enzymatic reporter
unlocking (SHERLOCK) technology. Cas13 does not re-
quire tracrRNA and PAM. The target of the Casl3-
crRNA complex is single-strand RNAs (ssRNAs). In
addition to crRNA guidance, the Cas13-crRNA complex
requires a protospacer flanking site (PFS) for binding to
the complementary ssRNA. PES is an analogue of the
PAM sequences on the RNA targets and is required for
Casl3a activity in Leptotrichia shahii [30]. After binding,
the complex cleaves the target and non-target ssRNAs
[46, 75].

CRISPR as a Diagnostic Tool

Using the principle that nucleic acids are effective bio-
markers for diseases, CRISPR-based diagnostic methods
rely primarily on identifying a certain sequence
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associated with a disease and then cleaving it in order to
produce a readable signal. Examples of target sequences
include oncogenic mutation sequences or viral and bac-
terial sequences derived from the infectious agent. The
goal of CRISPR systems is to identify the specific
pathogens, as well as to repair alleles that cause dis-
ease through specific DNA sequence editing at exact
locations on the chromosome [20]. The goal of CRIS
PR systems is to identify the specific pathogens, as
well as to repair alleles that cause disease through
specific DNA sequence editing at exact locations on
the chromosome [79].

Various properties of the CRISPR system have led to
development of various diagnostic methods. While some
tests make use of both the identification and cleavage of
the target, other tests function based singularly on the
guide RNA and Cas protein identification of the target
[79]. Identification of the CRISPR system in pathogenic
bacteria has become a useful diagnostic tool, due to the
CRISPR being a part of most bacterial defense systems.
Certain diagnostic methods based on these mechanisms
are: serotyping/subtyping utilizing CRISPR, diagnostic
assay based on single guide RNA (SgRNA), and another
method of diagnostic assay based on CRISPR interfer-
ence (dCas9) [79].

The rapid, sensitive, specific, accurate, cheap, and reli-
able, features of CRISPR-based diagnostic tools provide
huge potential for applications in a wide range of areas
[41, 46, 84]. They have the capacity not only for detec-
tion of pathogens during an epidemic, but also in cancer
diagnosis, single-nucleotide polymorphisms (SNPs) iden-
tification, and genetic disease detection [41]. The highly
sensitive nature of CRISPR diagnostic tests is derived
from the fact that most are able to utilize fluorescent
probes which are highly sensitive. This specificity arises
from the binding to the target via Watson-Crick base
pairing between DNA-RNA or RNA-RNA. The tests can
proceed at a rapid pace since it is not necessary to cul-
ture isolates or extract genomic DNA [79].

CRISPR-Based Diagnosis of Viruses

The most widely explored area for CRISPR-based diag-
nostic systems is within the field of viral infection. Sev-
eral researchers have developed methods based on the
CRISPR-Cas12a and Casl3a families, dubbed DETECTR
and SHERLOCK, respectively [10, 42]. As indicated
above and shown in Fig. 4, DETECTR uses the Type V
Casl2a enzyme to directly bind to DNA targets in a
three-stage process: a guide RNA first directs the Casl2a
enzyme to a double-stranded sequence of DNA within a
specified viral genome [13]. Once bound to its viral gen-
etic target, a single-stranded DNA molecule bound to a
quencher molecule and a reporter fluorophore are
cleaved indiscriminately by the Casl2a enzyme [42].



Jolany vangah et al. Biological Procedures Online (2020) 22:22 Page 8 of 14
DETECTR technology SHERLOCK technology
® o ® ©
7 /
‘/\,\N@ fluorescent : s fluorescent
0-/\0 reporter 0}\0 reporter
e
target DNA = -
S o e target RNA
Cas12 Cas13

\

wmm—e= i - - W W
CRISPR array
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nuclease activity of the Cas12 leads to cleavage of the reporter molecule nonspecifically after which the fluorescent signal is detectable. In the
SHERLOCK technology, Cas13a guided by the single CRISPR RNA (crRNA) to cleave ssRNA or mRNA and the same process occurs

This “collateral” cleavage is detected as a fluorescent sig-
nal released from the fluorophore and quencher [13].
The primary advantage of the DETECTR method lies in
its high sensitivity, as it is able to detect a single mol-
ecule of viral particle within a microliter of sample [42].
In the SHERLOCK approach, detection occurs by
binding and cleaving RNA indiscriminately through the
use of crRNA targets via the Type VI Casl3a enzyme
[24, 42]. A targeting molecule with an attached fluoro-
phore binds to the target RNA and cleaves it in a collat-
eral manner as seen in Fig. 4, causing a fluorescence
signal in the presence of specific sequences, which can
then be detected and analyzed to confirm the presence
of virus nucleic acid [10]. SHERLOCK has been explored
significantly for its uses in viral detection and diagnosis
since its initial creation, and researchers have further op-
timized the method, producing the simplified and more
specific SHERLOCKv2 protocol [24]. Improvements in-
clude the addition of multiplexing which was accom-
plished through identifying orthogonal sequencing
ability by optimizing enzymes from Casl3a and Casl13b
families, resulting in the ability to identify four differing
RNA target sequences within a single reaction through
fluorescence reporting [10]. Casl3 enzymes were also
combined with the supplemental CRISPR-associated
Csm6 enzyme, which more than tripled sensitivity [24].

DETECTR and SHERLOCK methods can be applied to
diagnose a significant array of viruses in both laboratory
and clinical settings [10]. The DETECTR method has
been utilized significantly for diagnosis of human papil-
lomavirus (HPV), although it can be applied to theoret-
ically any virus [10]. Both SHERLOCK and DETECTR
methods can be coupled with recombinase polymerase
amplification (RPA) to enhance amplification and de-
tection of viral material [42, 56]. Furthermore, the
SHERLOCK protocol can be optimized for diagnosis
of human immunodeficiency virus (HIV), which con-
tinues to be a viral pathogen of significant concern
worldwide [10].

To make the SHERLOCK procedure even more effi-
cient, the Heating Unextracted Diagnostic Samples to
Obliterate Nucleases (HUDSON) protocol was created
in order to detect viral genetic material from bodily
fluids including urine, blood and its isolates, and saliva
[56]. HUDSON protocol researchers found that con-
served regions within the genetic material of these vi-
ruses can be identified using universal-flavivirus RPA, as
well as crRNAs specific to a given viral species [56].
SHERLOCK and HUDSON protocols can also be ap-
plied to any virus, but previous testing focused on diag-
nosis of flaviviruses such as Zika, Dengue, West Nile,
and yellow fever viruses [24, 56].
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Of significant acute interest to scientists currently is
how CRISPR methods can be applied to diagnosis of the
novel coronavirus (SARS-CoV-2), an emerging pathogen
which has infected over 12.9 million people and killed
over 500,000 to date [40, 89]. SARS-CoV-2 is an envel-
oped RNA-based virus of the Coronaviridae family, and
it causes mild to severe symptoms across various demo-
graphics. Of additional concern is the substantial incuba-
tion period, as a person can have the virus but remain
asymptomatic for up to two weeks before showing
symptoms [59]. The DETECTR method has been used
for detection of this virus and in the applications de-
scribed focuses on identifying the presence of the N and
E gene variants specific to SARS-CoV-2. A positive re-
sult is generated if both genes are detected, and the pro-
cedure has been optimized to exclude false positives
resulting from related coronaviruses [11]. The proposed
SHERLOCK method generates a positive result for
SARS-CoV-2 when the S and Orflab gene sequences are
detected [90].

Bacterial Diagnosis by CRISPR System

CRISPR-based procedures and methods have been
greatly explored for their use against viruses, but they
can also be applied for bacterial diagnosis, especially in
identifying antimicrobial drug resistant bacteria. The
CRISPR-Cas9 system is among the major systems used
for molecular diagnostics, facilitating detection and
characterization of diseases, including those caused by
bacterial infection [84]. A single guide RNA (sgRNA) di-
rects the endonuclease Cas9 to DNA sequence which
has been targeted, and initiates site-specific manipula-
tion [79]. The Type II CRISPR/Cas9 system is an exten-
sively used DNA-editing method, as a result of the
ability to design CRISPR-guided nucleases in this system
easily and relatively quickly [20, 27].

One method, dubbed FLASH (Finding Low Abundance
Sequences by Hybridization), uses Cas9 enzyme recom-
bination along with multiplex guide RNAs for precise
identification of a pathogen by eliminating background se-
quences, and the Cas9 system cleaves target sequences
into fragments ideal for next generation sequencing [66].
FLASH and its associated software tool FLASHit was used
to design a Cas9 enzyme set which would target a total of
3624 bacterial genetic sequences associated with anti-
microbial drug resistance. The method was used to test
drug resistance of S. aureus cultured isolates, but also had
significant application in direct testing of clinical cases, in-
cluding in patients with MRSA infections and
vancomycin-resistant E. faecium [66)].

Besides the FLASH method for diagnosis drug-
resistant bacterial infections, CRISPR has usability for
rapid Mpycobacterium tuberculosis (Mtb) testing using
the Casl2a system. The procedure for Mtb diagnosis
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uses RPA followed by detection through Casl2a opti-
mized enzymes [2]. Additionally, CRISPR techniques
were used in 2011 during an outbreak of enterohemor-
rhagic E. coli. The bacterial strain causing the outbreak
was the hybrid strain STEC 0O104:H4, and CRISPR-
based testing focused on identifying the O104:H4 locus
specific to the hybrid with a 99.06% sensitivity rate [18].
It is also worth noting that CRISPR systems can be used
for treatment of antimicrobial drug-resistant bacterial in-
fections using bacteriophages or vectors, although a full
consideration of this potential function of CRISPR is be-
yond the scope of this review [4, 84].

CRISPR-Based Diagnosis of Non-infectious Diseases

Since its discovery, the CRISPR/Cas9 system has been
recognized as an applicable tool for the purpose of iden-
tifying oncogenes and other mediators of cancer, and
has become integrated into cancer research. Currently,
CRISPR technology is used to investigate the genetic
mechanisms in almost all areas of cancer [78].

The CRISPR/Cas9 system can also be utilized for drug
resistance blocking, as it can successfully identify syner-
gistic gene interactions [78]. Furthermore, post-
treatment gene expression changes as well as pinpointed
genes associated with resistance to targeted drugs can be
revealed by functional genome-screening approaches
using the CRISPR system. This offers the potential for
offering new insights into cancer development with
identification of new precision therapy biomarkers [78].
Moreover, determining sensitive genes through the use
of genetic diagnostics is crucial for cancer prevention.
The CRISPR-based diagnostic system SHERLOCK which
uses Casl3 has been established and successfully used
for such needs [41, 78].

Pros and Cons of CRISPR-Based Diagnosis Systems
Two types of diagnostic tests exist for the detection of
viral pathogens: those that target host antibodies pro-
duced in response to viral infection and those that target
the virus genome directly. Tests based on antibody reac-
tions (also known as serological tests) blood sample ac-
quisition from suspected patients several days after viral
transmission to give their immune system enough time
to produce antibodies [11, 47].

On the other hand, nucleic acid-based tests that rely
on qRT-PCR to amplify reverse-transcribed viral RNA
focus on identifying the virus directly present in samples.
Thus, these tests can detect viruses in patient samples
even before symptoms start. Therefore, the nucleic acid-
based tests are more useful over antibody-based tests to
counter the spread of a virus. Therefore, point-of-care
and rapid testing fights the spread of highly contagious
viruses, as it allows infected individuals to be rapidly
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identified, so they can be contact-traced and isolated
(Table 1) [11, 26].

The disadvantages associated with current diagnostic
strategies such as serological tests and nucleic acid-
based tests, led the researchers to develop CRISPR-based
techniques DETECTR and SHERLOCK assays [13, 25]
which are distinguished by targeting DNA and RNA, re-
spectively. The two CRISPR-based strategies meet these
criteria in addition to offering unique multiplexing abil-
ities [1, 26]. Particularly, the CRISPR-based DETECTR
assay is as accurate as qRT-PCR but is a more rapid ap-
proach as well. Therefore, the limitations that are men-
tioned for qRT-PCR assays including availability of
personal protective equipment, [9] extraction kits, and
reagents, as well as sample collection and RNA extrac-
tion methods, also exist for the CRISPR-based diagnosis
assay early stages. However, the CRISPR-based approach
has some more advantages over qRT-PCR including
rapid turnaround time, isothermal signal amplification
that prevents the need for thermocycling, single nucleo-
tide target specificity, no requirement for complex la-
boratory setup, and integration with accessible reporting
formats including lateral flow strips [33]. CRISPR sys-
tems have a unique ability to be quickly reorganized to
diagnose infectious diseases caused by emerging viruses,
showcased by the rapid development of the DETECTR
assay for the diagnosis of SARS-COV-2. A quick diag-
nostic CRISPR-based solution is able to identify the mu-
tated strains of coronavirus family members with high
fidelity. Because the rapid and timely detection of vi-
ruses, including SARS-CoV-2, in an infected person is of
great importance for epidemiological studies and
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subsequent treatment development of diagnostic strat-
egies to control the spread are necessary. Allied with this
is the importance of being able to detect asymptomatic
infections and the appearance of mutant strains of the
virus as they arise. Another important point regarding
coronavirus is that the viral load can fluctuate during
the day and at different stages of infection, therefore a
qRT-PCR test could be negative at the time when the
viral load is low but it does not exclude infection and a
more accurate test is needed [33].

Because the sequences used to design guide RNA in
CRISPR are selected from the conserved region between
strains, even if a virus undergoes mutations, theCRISPR-
Cas -based diagnosis test will be able to detect it. As the
test is based on the diagnosis of a viral genome, it can
be used at any stage of infection, especially in the early
stages of the incubation period, without the need for
additional confirmatory tests. One of the main draw-
backs of the current available tests is that they cannot
detect the virus immediately after infection and need
time to increase the load of the virus; therefore false-
negative results can be obtained [55].

However, one of the main disadvantages ofCRISPR-
Cas system is the non-specific binding of sgRNA to the
genome of the organism under study (off-target
phenomenon) which in turn, leads to the poor signaling
and misinterpretation of the results.

In order to reduce the effects of off-target CRISPR-Cas
complex, sgRNAs must be designed using specialized
bioinformatics tools to select the best ones. Since cleav-
age sites are usually located in areas rich in uracil of
sSRNA or ssRNA loops or ssRNA junctions with dsSRNA

Table 1 Pros and cons of CRISPR-based assay for infectious disease. Adapted from James P. Broughton et. al,, 2020, Nature

biotechnology, CRISPR-Cas12-based detection of SARS-CoV-2

SARS-CoV-2

CDC SARS-CoV-2

DETECTR, RT-LAMP/Cas12 gRT-PCR
Target E gene and N gene® N gene (three amplicons, N1, N2 and N3)
Sample control RNase P RNase P

LoD 10 copies per pl input

Assay reaction time (approximate) 30-40 min

Assay sample-to-result time

(approximate)
Assay results Qualitative

Assay components
(37°C, 10 min) Lateral flow strip

45 min (with manual RNA extraction)

RT-LAMP (62 °C, 20-30 min) Cas12

1 copy per input® and 3.2 copies per pl input®
120 min
4 h (including RNA extraction)

Quantitative

UDG digestion (25 °C, 2 min), reverse transcription (50 °C, 15 min),
denature (95 °C, 2 min) amplification, (95 °C, 3's; 55 °C 30's; 45 cycles)

(RT, 2 min; no additional time if using

fluorescence readout)

Bulky instrumentation No
required

US FDA EUA approval Pending clinical validation

Yes

Yes

a: E gene primers target the same amplicon region as in the WHO protocol; N gene primers target the same N2 amplicon region as in the CDC protocol. UDG,

uracil-DNA glycosylase

b: Limit of detection confirmation CDC 2019-nCoV Real-Time RT-PCR Diagnostic Panel with QIAGEN QIAmp DSP Viral RNA Mini Kit6
C: Limit of detection confirmation of the CDC 2019-nCoV Real-Time RT-PCR Diagnostic Panel with QIAGEN EZ1 DSP6
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inside the predicted target sequence, folding prediction
software can be used to address these cases. Another
problem that might be faced when using CRISPR-based
methods is that binding to the target sequence may be
affected by its secondary structure and the presence of
RNA-binding proteins which is especially important
when using CRISPR for genome modification [41, 55].

A significant advantage of both SHERLOCK and DETE
CTR is that they can be completed more quickly than RT-
PCR tests (~ 30 min versus > 1h) due to their use of iso-
thermal amplification technologies, as these methods neg-
ate the need for denaturing DNA by using strand-
displacing DNA polymerases. In addition, both of these
tests can be adapted for detection through the use of lateral
flow dipsticks, making bulky thermocycling and/or detec-
tion equipment unnecessary. Turnaround time reduction
and limited equipment requirements make CRISPR diag-
nostics increasingly effective candidates for rapid diagnostic
assays. Additionally, CRISPR-based DETECTR assay can be
supplemented with microfluidic- or SPR-based (Surface
Plasmon Resonance) detection systems to develop a port-
able rapid test applicable at the site of the patient [61, 91], a
module which is not possible with other tests, including
qRT-PCR, which need expensive instrumentation.

The most important advantage ofCRISPR-Cas diag-
nostics systems is their multiplexing capability. It is pos-
sible to design pathogen-specific crRNAs from a
conserved region of the pathogen genome. The multi-
plex diagnostic capability can discriminate between mul-
tiple viral pathogens or even different serotypes of the
viruses in the same sample [56].

Compared to the previous approaches such as meganu-
cleases and zinc finger nucleases CRISPR-based methods
offer a more cost-effective and easier methods of genome
detection or manipulations. The CRISPR-Cas system was
selected as the primary revolutionary method in genome
editing research due to its easier manipulation, simpler
steps, and lower cost. By improving treatment methods,
this system might contribute to human health by fast and
efficient detection of many diseases [43].

In the near future, CRISPR-Cas kits consisting of vari-
ous Cas proteins and a variety of sgRNA with different
structures and molecules for different purposes are ex-
pected to become more popular tools. In addition, new
categories of targeting nucleases similar to CRISPR-Cas,
whose function depends on Watson and Cricket pairs,
can complement current systems. Generally, it is clear
that a bright future awaits CRISPR-based diagnostic and
genome engineering techniques.

Commercially Available Diagnostic Tools Based on
CRISPR

Since its emergence as a genome-editing and diagnostic
tool, many companies have developed commercially
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available kits for utilization of CRISPR. Among the most
notable are the DETECTR and SHERLOCK systems
mentioned previously [10]. DETECTR is sold by Mam-
moth Biosciences, and their diagnostic kits are
programmable for a wide array of viral and bacterial in-
fections, as well as cancer diagnosis [54]. The SHER
LOCK researchers have made great strides in developing
an affordable, time-efficient method using paper-strip
lateral flow readout assays. These types of tests have
been developed for Zika and Dengue virus [25]. Add-
itionally, with the addition of the HUDSON protocol,
the SHERLOCK protocol bypasses the purification and
dilution steps normally necessary for sequence analysis
and analyzes human samples directly, an ability of sig-
nificant interest to medical and laboratory practitioners
needing to provide rapid diagnosis for viral infections
and field-deployable diagnostic kits [42, 56]. Both the
DETECTR and SHERLOCK methods have been pro-
posed as diagnostic methods for SARS-CoV-2, and the
protocols designed specifically for SARS-CoV-2 detec-
tion can be accomplished in an hour or less, and at rela-
tively low cost [7, 90]. While there is significant interest
in the Type V Cas12a and Type VI Cas13-based systems,
the Type II CRISPR-Cas 9 systems still have much to
offer as gene editing and diagnostic tools. Cas9 systems
have been used for diagnosis of bacterial and viral infec-
tions, and are offered by several labs and companies
commercially, such as Sigma-Aldrich (Table 2) [72, 79].

One of the interesting emerging topics surrounding
CRISPR is the possibility of its utilization by “DIY scien-
tists” [74]. There are companies who are offering simple
CRISPR kits at prices as low as 200 USD, making it pos-
sible for individuals with virtually no prior training to at-
tempt CRISPR-based experiments [77]. Admittedly, this
is being used more for amateur gene editing than diag-
nostics, but there is serious potential for emerging CRIS
PR techniques and methods to come from more amateur
sources in the future [74].

Conclusion

The CRISPR-Cas system was adapted from a natural
gene editing process in bacteria in which the CRISPR
palindromic repeats play an important role in microbial
immunity. Since the initial discovery of the CRISPR sys-
tem within bacteria, researchers have utilized and repro-
grammed it to allow efficient genome editing in various

Table 2 Commercially available diagnostic tools based on CRISPR

Diagnostic System/Instrument
DETECTR Diagnostic Tests vV
SHERLOCK Diagnostic Tests Vi

CRISPR/Cas9 Products for Gene |l
Editing

CRISPR Type  Manufacturing Company

Mammoth Biosciences
SHERLOCK
Sigma-Aldrich
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species. It has been shown that the CRISPR system has
the potential to completely change medicine as well as
showing promising applications in treating different hu-
man and plant diseases, developing disease models and
in the area of biofuels. The fast evolution of CRISPR-Cas
systems for cell and molecular biology research have
been due to the efficiency, relative simplicity, and versa-
tility of the system.

One of the exciting applications of the CRISPR-Cas
biology is in the field of infectious diseases, understand-
ing the fundamentals of the host and microbe interac-
tions and especially to further development of accurate
and rapid diagnostic tools able to detect small genomic
fragments. Using specifically designed synthetic sgRNA,
CRISPR systems can be used to detect nucleic acids in-
volved in both infectious and non-infectious diseases
and in the development of portable diagnostic tests to
advance the identification, treatment, and prevention of
infectious disease.

Researchers are working continuously to design new
diagnostic tests based on the CRISPR gene-editing sys-
tem. For instance, the Casl2 and Casl3 enzymes that,
unlike the Cas9 enzyme, detect target sequences and cut
the fragments frequently, a behavior which is not desir-
able in gene editing, have an advantage in diagnosis of
specific DNA and RNA fragments, as these cuts can re-
lease the signals which can be visualized and detected.
This approach can help diagnose a wide range of bacter-
ial and viral infections early to allow implementation of
treatments in a timely manner to more effectively pre-
vent the spread of those diseases. Further diagnosis of
infectious diseases using methods such as PCR requires
high expertise and sophisticated equipment, all of which
are limited especially in underdeveloped countries. The
CRISPR-based diagnostic system makes it possible to
diagnose infections with the same accuracy of conven-
tional methods but with the lower cost.

We have covered in this review the recent emerging
CRISPR applications in basic and applied research that
could routinely be integrated into daily practice in the
near future and further studies will focus specifically on
optimizing this technology.
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