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Abstract

Epithelial to mesenchymal transition (EMT) is a complex plastic and reversible cellular process that has critical roles in
diverse physiological and pathological phenomena. EMT is involved in embryonic development, organogenesis and tissue
repair, as well as in fibrosis, cancer metastasis and drug resistance. In recent years, the ability to edit the genome using the
clustered regularly interspaced palindromic repeats (CRISPR) and associated protein (Cas) system has greatly contributed
to identify or validate critical genes in pathway signaling. This review delineates the complex EMT networks and discusses

recent studies that have used CRISPR/Cas technology to further advance our understanding of the EMT process.

Keywords Epithelial-mesenchymal transition - CRISPR - Gene editing - Cancer

Introduction

Epithelial to mesenchymal transition (EMT) defines a
complex cascade of events through which epithelial cells
lose their apico-basal polarity and acquire mesenchymal
characteristics leading to a fibroblastic-like morphology
with a front-rear polarity. This highly plastic and dynamic
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phenomenon is involved in several biological processes
including embryonic development and organogenesis, induc-
tion of pluripotency, tissue repair, wound healing, as well
as pathological conditions including fibrosis, acquisition of
stem cell properties by cancer cells, cancer progression and
metastasis [1-3]. Indeed, during the EMT program, cells
enhance their migratory and invasive properties and often
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express N-cadherin at the expense of E-cadherin expression,
the so-called “Cadherin Switch”. This process has impor-
tant implications in the acquisition of motility by reducing
intercellular adhesion strength [4, 5]. EMT is primarily
regulated by microenvironmental signals such as growth
factors, cytokines, pH and hypoxia. While EMT has been
defined since 1968, only recent studies demonstrated that it
also plays a critical role in the progression of carcinoma and
resistance through inducing stem cell properties, preventing
apoptosis and senescence, and contributing to immunosup-
pression [2, 6-8].

Distinct populations of carcinoma cells coexist in tumors.
Most of them belong to the active proliferative pool show-
ing epithelial features, while some cells initiate the EMT
program and transit to a mesenchymal status [9]. Moreo-
ver, the EMT program is often activated in a reversible way
allowing carcinoma cells to revert via the inverse process
called mesenchymal to epithelial transition (MET) program
to an epithelial status during expansion in metastatic sites
[10]. Cells that underwent the EMT program, becoming
mesenchymal-like, are able to invade into adjacent tissues
and intravasate. Once in the blood or lymphatic flow, they
cooperate with non-EMT cells, expressing epithelial mark-
ers, for extravasation and colonization in distant organs
[11]. Both EMT and non-EMT cells are able to survive in
the circulation especially when forming microemboli with
platelets [12]. However, single cells that have undergone
EMT program may fail to arrest in a secondary site [11, 13,
14]. In addition extravasation can be facilitated by the pres-
ence of neutrophils [15]. Therefore, circulating tumor cells
(CTCs) demonstrate a dynamic phenotype, however, only
cells that have acquired the capability of self-renewal can be
defined as cancer stem cells (CSCs) or tumor initiating cells
(TICs). These cells are able to form secondary tumors, and
often show enhanced chemoresistance. Once extravasated,
carcinoma cells form micrometastases and eventually re-
express epithelial markers, through MET, to initiate growth
and develop into clinically detectable macrometastases [16,
17]. With our enhanced understanding of EMT, this process
is now considered as a continuum, with cells exhibiting a
spectrum of phenotypes between the epithelial and mesen-
chymal states [2].

Microenvironmental factors regulating EMT
in carcinoma

Inside the core of solid tumors, impaired angiogenesis and
dysregulated growth rapidly result in the development of
hypoxic conditions that in turn promote the anaerobic gly-
colytic metabolism causing increased lactic acid production
and subsequent acidification of extracellular tumor microen-
vironment [18-20]. Indeed, two main elements influencing
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EMT are hypoxia and acidity. Hypoxia is reported to be
responsible for the overexpression of mesenchymal mark-
ers such as Vimentin and N-cadherin, and downregulation
of epithelial markers such as E-cadherin. This is accompa-
nied by an increase in the invasive and migratory capacity
of cancer cells [21]. Hypoxia-inducible factor-1 (HIF-1) is
commonly involved in the regulation of the transcription
of various target genes in response to hypoxia, and conse-
quential cellular processes. Moreover, Twist, which is also
reported to be a downstream target of HIF-1, has a critical
role in EMT, regulating several pathways associated with
induction of the metastatic phenotype [22]. HIF-1 can also
directly regulate the expression of transcription factors
implicated in stem cell self-renewal and multipotency and
induce the expression of stemness markers in cancer cells
[23]. Tumor microenvironmental hypoxia can also promote
EMT induction via regulating intracellular messengers; for
instance, hypoxic promotion of EMT in breast cancer cells
via regulation of cellular reactive oxygen species (ROS) [24]
and intracellular calcium signaling [25]. Indeed, HIF-1 and
calcium reciprocally interact to promote cancer progression
[26]. Another main contributor to EMT in cancer, which is
a direct consequence of the tumor uncontrolled growth, is
microenvironmental acidosis. Due to extremely variable con-
ditions of the tumor mass perfusion, cells might be exposed
to acidosis for either short or long periods. It is therefore dif-
ficult to identify a common and universal marker of acidosis
[27]. Recently it was reported that Carbonic anhydrase IX
(CAIX), a well-known marker of hypoxic tumor regions, is
also subjected to a significant mRNA and protein expression
upregulation in melanoma, breast and colorectal cancer cells
exposed to transiently or chronically acidified medium (pH
6.7+0.1), independently from hypoxia [28-30]. CAIX is
also involved in the acquisition of chemo- and radio-resist-
ance, and activation of the PI3K/mTOR/p70S6K signal-
ing pathway [31]. EMT is also regulated by inflammation
throughout a series of cytokines produced and secreted by
stromal cells that induce EMT [32]. Among the numerous
cytokines reported, the most important ones are Transform-
ing Factor Growth beta-1 (TGF-f1), Tumor Necrosis Factor-
alpha (TNFa), Notch and Wnt. In particular, TGF-p1 plays
a critical role in EMT induction and carcinogenesis. At low
concentration and at early tumor stages, TGF-p1 has an anti-
tumor effect by inducing growth arrest and apoptosis, while
at higher concentrations during tumor progression, it gains
a pro-tumorigenic role, by inducing EMT, migration and
invasion of cancer cells [33]. TGF-f1, both in physiological
and pathological conditions is reported to be an effective
EMT inducer in mammary, lung, pancreatic and other tis-
sues by activating SNAI1 (Snail) and SNAI2 (Slug) through
the canonical SMAD signaling pathway [34, 35]. TGF-f-
induced EMT can also be driven by microRNA (miRNA)
since the zinc-finger E-box-binding homeobox 1 (ZEB1) and
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ZEB?2 expression are regulated by the pro-epithelial miR200
family and miR205 (discussed in “Non-coding RNAs and
EMT”), which are downregulated by TGF-f via the Akt
serine/threonine kinase pathway [36]. TGF-p1 regulation
of EMT was recently described in melanoma to be medi-
ated via upregulation of the urokinase plasminogen activator
receptor, which in turn stimulates metastasis [37], as well
as in pancreatic cells, through an increase of mitochondrial
mass and ROS, and decrease of mitochondrial membrane
potential [38].

Cadherin expression pattern in EMT

One of the typical traits of EMT is the downregulation
of E-cadherin and upregulation of N-cadherin, reflecting
the loss of epithelial cell polarity, a reduction in cell—cell
adhesion, and the acquisition of mesenchymal traits. In
particular, the loss of E-cadherin expression is associated
with increased migratory and invasive phenotype, as well
as the acquisition of anoikis resistance [39]. This switch,
although commonly reported in many tumors, is only par-
tially executed, such as in ovarian carcinoma and in lung
adenocarcinoma [40]. E-cadherin was reported to be deregu-
lated by hypermethylation in several cancers as well as by
cis-acting factors including Snaill, Slug, Twist, ZEB1 and
ZEB2 [41, 42]. E-cadherin is also downregulated by miR9 in
esophageal squamous cell carcinoma demonstrating that this
phenomenon could be orchestrated by many pre- and post-
transcriptional pathways [43]. Therefore, to date, regulation
of E-cadherin represents a major target to inhibit EMT, and
this approach has been explored via both gene therapies
by knocking out miRNAs targeting its suppressors, and by
pharmacological approaches [44—47].

EMT related metabolic alterations

During EMT, cell metabolism is subjected to radical
changes, however, the nature of these changes appears
to be context- and tumor-dependent [48]. Indeed,
the enhancement of both oxidative phosphorylation
(OxPHOS) and glycolytic activity is suggested to be
associated with EMT. Some studies reported an enhanced
OxPHOS metabolism induced by peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC-1a),
whose expression is associated with EMT, metastasis and
poor prognosis of patients with invasive ductal carcino-
mas [49]. Other studies, instead, described that rapidly
growing tumors often face increased hypoxic condition
that induces and stabilizes HIF-1a, a master regulator of
glycolysis and a well-known EMT inducer, thus potentially

connecting glycolysis with EMT [23]. These discrepancies
in metabolism could be due to the highly plastic nature of
EMT, leading cancer cells to express different sets of epi-
thelial and mesenchymal markers in the so-called hybrid
states [50].

EMT associated aggressive phenotype

Although mechanisms driving EMT are relatively well
described, those governing the metastatic cascade are still
very much debated. The metastatic cascade consists of
four main consecutive steps: local invasion of adjacent
tissue of the primary tumor, intravasation, extravasation,
and colonization of distant organs [51]. Due to the extreme
difficulties to monitor this complex process in vivo, it is
speculated that during invasion, carcinoma cells modu-
late their cell-cell adhesion, and acquire migratory and
invasive capacities. In blood or lymphatic vessels, CTCs
acquire anoikis resistance to survive shear stress and
escape immune surveillance. Notably, in breast cancer,
CTCs may exhibit intermediate epithelial-mesenchymal
phenotype, that can function as a critical driver for tumor
progression and metastasis [52, 53]. Bioinformatic analy-
sis of CTC transcriptomes also shows that CTCs exhibit
intermediate values in the EMT scoring [54, 55]. Two
recent studies using spontaneous breast-to-lung metastasis
mouse models [56] and mouse pancreatic ductal adeno-
carcinoma models [57] claimed that EMT is dispensable
for metastasis but plays a major role in chemoresistance,
however this has raised debate and conflicting view on the
importance of EMT in metastasis. However, it is now clear
that carcinoma cells engaging in the metastatic process
display different degrees of EMT phenotypes [58—61]. The
role of more epithelial-like carcinoma cells in metastasis
could, however, be envisioned in the primary tumor at the
invasive front or in the blood flow [11]. Indeed, a report
has shown that EMT cancer cells can invade adjacent con-
nective tissues, and intravasate, but they are unable to form
metastasis until co-injected with non-EMT cells, that may
play an important role in adhesion to the lung vasculature
and extravasation. Hence, cooperation between the non-
EMT and EMT cells completes the metastatic process [9].
Moreover, it should be pointed out that CTCs cannot be
assumed to be CSCs. CTCs exhibit a spectrum of EMT
plasticity and express some stem cell markers [62], how-
ever, only the CTCs with indefinite self-renewal ability
have real CSC characteristics [63]. Another CSCs typical
feature is the acquisition of drug resistance due to unbal-
anced anti-apoptotic protein expression, increased levels
of ATP-binding cassette (ABC) transporters and the non-
proliferative status of stem cells [10].
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EMT-related genes and signaling pathways

Several signaling pathways are involved in EMT includ-
ing TGF-p, fibroblast growth factor (FGF), hepatocyte
growth factor (HGF), Wnt, Notch, and Hedgehog (Fig. 1)
[64]. Snaill/2, Twist and ZEB1/2 are common downstream
transcriptional factors (TFs) of these pathways. However,
these TFs act differently to initiate EMT [65]. Modula-
tion of expression of multiple markers is observed during
the progression of EMT. Epithelial genes, such as zonula

occludens-1 (ZO-1), occludin and E-cadherin, are down-
regulated whereas mesenchymal genes, such as Fibronec-
tin, Vimentin and N-cadherin, are elevated [66]. Snaill/2
and ZEB1/2 directly bind to E-cadherin to suppress its
activity, while Twist indirectly represses E-cadherin [42,
67].

EMT is involved in the development, fibrosis, wound-
healing and carcinoma metastasis [68—70]. During early
embryonic development in vertebrates, epithelial cells of
the epiblast undergo transient EMT during gastrulation to
form mesoderm and definitive endoderm; similarly, neural
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Fig. 1 Distinct intermediate states of epithelial-mesenchymal transi-
tion in the progression of carcinoma. EMT is a functional transition
of differentiated epithelial cells into migratory mesenchymal cells. A
list of EMT-inducers and common markers expressed in the epithe-
lial and mesenchymal cells during EMT and its reversal process MET
are provided. Colocalization and combinatorial expression of these

@ Springer

distinct markers define intermediate EMT phenotypes. EMT enables
the transitioned mesenchymal-like carcinoma cells to reduce or lose
intracellular adhesion and gain invasive potential. This allows them to
intravasate into the blood and lymph vessels and subsequently extrav-
asates to form micrometastases, which can revert to an epithelial-like
state through MET and thus forming a clinically detectable tumor
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crest cells dissociate from the dorsal border of the neural
epithelium by EMT before migrating in different territories
of the embryo [71]. In the embryonic heart, Notch signaling
promotes EMT by transcriptional induction of Snail, which
leads to the development of cardiac valve [72].

TGF-p signaling has been shown to activate fibrosis and
wound-healing [73]. Downstream signaling of the TGF-§3
pathway, Smad?2/3, plays a key role in activating Snail, ZEB
and Twist expression [74]. Studies showed that elevation of
TGF-p-Smad signaling pathway induces EMT marker pro-
duction causing fibrosis in many tissues/organs such as lens
[75], kidney [76-78], liver [79], and lungs [80]. Indeed, sur-
gical replacement of cataractous lens induces TGF-f} secre-
tion in capsule, facilitating induction of wound healing in
lens capsular epithelial cells. However, excess of TGF-f
in capsule leads to abnormal growth in lens epithelial cells
(LECs) [81], further causing posterior capsular opacifica-
tion (PCO), also referred to as secondary cataract. Recent
studies indicated that aldose reductase (AR) [82, 83] and
aB-crystallin [84] are involved in TGF-B2-induced EMT in
LECs. A blockade of AR or aB-crystallin might delay the
onset and/or progression of development of PCO.

Other than TGF-p-Smad signaling, FGF and its down-
stream pathways, RAS/MAP kinase and PI3/AKT pathways,
are another EMT inducing signaling serving many functions
in both the developing and adult organisms [85]. However,
FGF shows an opposing effect against TGF-p-Smad sign-
aling by inducing suppressive micro-RNA-20a [86]. FGF
signaling also plays essential roles in embryonic develop-
ment by downregulating E-cadherin [87], and in vertebrate
development by activating phosphorylation of Smad1 [88].

In cancer cells, Wnt activation suppresses the destruction
complex of glycogen synthase kinase 3 beta (GSK-3), facil-
itating B-catenin translocation into the nucleus. This process
induces the transcriptional production of Snail, leading to
downregulation of E-cadherin [89, 90].

Jagged/Notch signaling regulates differentiation, metab-
olism and angiogenesis of cancer cells [91]. After activa-
tion, Notch intracellular domain (NICD) is released via a
cascade of proteolytic cleavage and translocated into the
nucleus, leading to transcriptional expression of Snaill/2
and Twist [90]. ZEB1/2 are another transcriptional suppres-
sors of E-cadherin, which are found in carcinogenesis of
diverse cancer types including melanoma [92], gastric can-
cer [89] and breast cancer [93]. In addition, Notch signaling
is induced by TGF-p signaling to initiate EMT in epithelial
cells from mammary glands, kidney tubules, epidermis [94],
and embryonic retina [95]. In non-small cell lung cancer
(NSCLC) carcinogenesis, Notch signaling is involved in
EMT-triggered metastasis [96].

To date, therapeutic resistance is one of the most chal-
lenging issues in cancer therapy. Therapeutic resistance
mainly includes chemoresistance, endocrine resistance,

targeted drug resistance and radiation resistance [97]. In
the aspect of chemoresistance, chemokines are known to
promote cancer cell migration and metastasis [98, 99] and
EMT plays an important role in this process. For instance,
interleukin 6 (IL-6) is able to induce Snail expression
through STATS3 signaling [100]. In addition, TNF-a, a cru-
cial cytokine involved in cancer progression renders breast
cancer resistance through NF-kB-induced EMT activation,
resulting in loss of E-cadherin and gain of Twist, Snail and
ZEB [101]. A recent study showed that ubiquitin-specific
protease 1 (USP1) stabilizes Snail via de-ubiquitination,
leading to ovarian cancer cell resistance to platinum [102].
EMT has been increasingly recognized to have a critical role
in cancer drug resistance. Indeed, targeting EMT to over-
come drug resistance has been the subject of some clinical
trials [90, 103].

Non-coding RNAs and EMT

The existence of non-coding RNAs (ncRNAs) was not
demonstrated until the discovery of small nuclear RNAs
(snRNAs), in 1986, as a possible player in the excision
of introns from nascent mRNAs and later small nucleolar
RNAs (snoRNAs) joined the clamour [104]. The advent of
sensitive high-throughput genomic technologies provided an
unprecedented ability to detect the vast majority of novel
transcripts, which surprisingly, seem not to be derived from
annotated protein-coding genes. Indeed, while ~75% of
the human genome is transcribed to RNA, only ~ 1.2% is
responsible for encoding proteins [105]. Thus, a large por-
tion of the genome is transcribed into non-coding RNAs,
which are thought to be dedicated to cis and trans regulatory
functions.

In the early 2000s, the non-coding RNA biology gained
attention with the discovery of miRNAs, ~22 nucleotide
non-coding regulatory RNAs, emphasizing the prominence
of post-transcriptional events in gene expression in eukary-
otic organisms. There are more than 2000 miRNAs that have
been annotated in the human genome, several of which have
since been identified as a putative component of oncogenic
and tumor suppressor networks. It is obvious that loss- or
gain-of-function of specific miRNAs aids in cellular trans-
formation and tumorigenesis since the miRNA expression
patterns are highly specific for cell-type and cellular differ-
entiation status. Over 90% of cancer-related deaths are due
to the metastatic events that are initiated by deregulation
of EMT regulatory miRNAs. Deregulation of the miR200
family, miR200a, miR200b, miR200c, miR141 and miR429,
is one of the major events in EMT [106]. Expression of the
miR200 family is downregulated at the transcriptional level
by ZEB1 and Snail factors, providing a positive regulatory
loop to maintain the expression of ZEB1 [107], an essential

@ Springer



R. Mohammadinejad et al.

gene in the initiation of EMT [108, 109]. Recent studies
have highlighted a prime EMT inducing role of miR103/107,
which modulates multidrug resistance in human gastric car-
cinoma and metastasis of oral, breast and colorectal cancer
[110-112]. miR21 expression was elevated in several human
tumors and related to the development of therapy resistance
through EMT in p53 mutant tumors [113]. In oral cancer,
let7d functions were reported as novel regulators of EMT
that promote the regulation of chemoresistance [114]. Like-
wise, altered expression of miR21, miR125b-2, miR134,
miR 155, miR184, and miR205 was reported in aggressive
oral squamous cancers in which EMT is the major driver
event for metastasis and chemoresistance [108, 115, 116].

Nevertheless, several miRNAs act as tumor suppressors
which could serve as an early biomarker in EMT-associated
cancer progression. For example, miR328, miR876-5p,
miR30a, miR302b/c/d, miR199b-5p, miR148, miR335 and
miR 140 inhibit EMT in several human cancers through mod-
ulating the mesenchymal marker genes such as TWISTI,
BMI, ZEB1/2, Vimentin and TGF-f expression, and sensi-
tize the tumors to chemo or radiotherapy [117-119]. Apart
from the downregulation of tumor suppressor miRNAs,
overexpression of miR197 in lung, miR708 in melanoma,
miR224 in bladder, miR216a in ovarian and miR92a in lung
cancers through modulating PTEN/PI3K/AKT signaling
accounts for enhanced proliferation, invasion, metastasis to
local or distal regions and promotes EMT [97, 120-123].
Taken together, several functional studies demonstrate that
deregulated miRNAs exert a promoting role in EMT-related
cancers and can serve as promising biomarkers and attractive
therapeutic targets.

In the midst of these newly discovered RNA elements,
long non-coding RNAs (IncRNAs), greater than 200 nucleo-
tides in length, are thought to have functional roles in an
array of cellular functions such as development, differen-
tiation, proliferation and cell fate determination, in addi-
tion to pathogenesis [124]. Although thousands of IncR-
NAs have been identified, most of their functions are yet
to be revealed. Here, we focus on some of the well-studied
IncRNAs that have a significant role in EMT and cancer
therapy resistance. LncRNA XIST in non-small cell lung
carcinoma and IncRNA ZEB2-AS1 in oral squamous cell
carcinoma promotes metastasis through the deregulation of
TGF-pB, WNT/p-catenin and ZEB pathways [108]. CCAT1
and CCAT?2 that are found to be overexpressed in several
cancers, were super-enhanced by the oncogene MYC and
contributes to chemoresistance via sponging several tumor-
suppressive miRNAs [125, 126]. NORAD, a cytoplasmic
IncRNA, regulates TGF-f signaling and EMT-like pheno-
type in lung adenocarcinoma and pancreatic cancer [127].
Overexpression of IncRNA CRNDE facilitates EMT phe-
notype in intrahepatic cholangiocarcinoma, bladder can-
cer, thyroid carcinoma and modulates PI3K/AKT signal
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and Notch1 pathways to enhance EMT in gastric cancer
and osteosarcoma, respectively [125, 126, 128]. Cancer
stemness is principally responsible for EMT related tumor
reoccurrence and therapeutic resistance and is promoted by
several of the IncRNAs such as ROR, OIP5-AS1, SOX20T,
NEAT1, HOTAIR and DANCR [108, 125, 129].

Many studies have established the role of IncRNAs in
a competitive regulatory interaction, known as competing
endogenous RNA (ceRNA) networks, wherein IncRNAs can
act as miRNA decoys to modulate gene expression. Such
interactions are often interconnected, hence the aberrant
expression of either miRNA or IncRNA could disrupt the
complex regulatory network leading to disease pathology
[130]. H19, TUG1 and MALAT1 co-operatively sponge
miR21 and miR148a and promote tumor by overexpress-
ing downstream targets EGFR, KLF4, DNMT1 and AGO4
in gastric cancer [108]. Similarly, CCAT1, ROR, ZEB2-
AS1 and OIP5-AS1 sponge several anti-proliferative and
metastatic inhibitory miRNAs in oral cancer and account
for EMT progression and poor therapeutic outcomes [108,
125]. XIST accounts for EMT in non-small cell lung car-
cinoma by activating TGF-f pathway through sponging
miR367/141 [131]. Likewise, overexpressed CRNDE and
DANCR promote cell proliferation, invasion and metastasis
by competing to bind with the miR384 in papillary thyroid
cancer and miR33a-5p in osteosarcoma, respectively [125,
129]. In addition, adding another layer of complexity to the
ceRNA regulatory network, miR203 was found to inhibit
HOTAIR in renal cell carcinoma and regulates tumorigen-
esis through EMT [132]. Similarly, miR192 and miR204
were also identified to target IncRNA HOTTIP which targets
GLS]1 as its downstream target to promote tumor progression
in hepatocellular carcinoma [133].

CRISPR/Cas systems

Studying and manipulating the genetic mechanisms under-
pinning cancer biology and pathogenesis is critical and
demands a comprehensive genetic toolkit for efficient, pre-
cise, and scalable genetic manipulation. Such functional
genomic technologies are crucial to our ability to study
and modify cancer cells and cellular processes involved in
cancer progression. New advances in genomic biotechnolo-
gies—particularly CRISPR/Cas-based tools—have revolu-
tionized our ability to perform targeted genetic manipula-
tions in diverse organisms and been instrumental in enabling
genome editing across a diversity of cell types and model
systems [134].

CRISPR, or clustered regularly interspaced short palin-
dromic repeats, is a group of DNA sequences in prokaryotes
that play an important role in bacterial and archaeal immu-
nity, and have been co-opted for genome editing across the
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tree of life [135, 136]. In type I CRISPR systems, so-called
“spacer” sequences from CRISPR loci (which are derived
from viral, plasmid or other foreign DNA that have been
inserted into the CRISPR locus) are transcribed into RNA,
and processed into small CRISPR RNAs (crRNAs), which
then associate with CRISPR-associated (Cas) proteins and a
trans-activating crRNA (tracrRNA). Together, this complex
is targeted to “protospacer” sequences based on base-pairing
complementarity between the protospacer and the crRNA
sequence, and the presence of a protospacer adjacent motif
(PAM) site. Cas proteins have endonuclease ability and can
cause double-strand breaks (DSBs) at the target protospacer
locus.

While this system is natively used by prokaryotic cells to
detect and cleave invading foreign DNA, more recently, it
has also been exploited as a powerful biotechnology tool for
precise genome editing at a targeted genetic locus in mam-
malian cell lines [134]. This precision editing of CRISPR
was first demonstrated using the Cas9 protein from Strepto-
coccus pyogenes and a modified chimeric single small guide
RNA (sgRNA), which was a fusion of both the crRNA and
tractRNA. By manipulating the sequence of this sgRNA, the
Cas9 endonuclease could be programmed to target a spe-
cific DNA sequence and generate a DSB [135]. These DSBs
are then repaired by cellular processes and machinery that
protect the cell from DNA damage. In general, these DSBs
can be repaired in one of two ways: by non-homologous
end joining (NHEJ), which is mutagenic, and can result
in insertions or deletions (indels) at the target locus, or by
homology-directed repair (HDR). The latter repair strategy
can only be exploited by the cell if a DNA template with
homology to the target locus is present.

Therefore, by expressing these components in a desired
cell line (the Cas9 endonuclease, a sgRNA targeting a
region of interest, and a DNA template to be used for HDR),
researchers are able to make precise DSBs, and can direct
HDR using a supplied template to generate specific muta-
tions or alterations at the target locus. Since the first example
of CRISPR based genome editing [135], a number of other
studies quickly demonstrated the power of CRISPR-based
gene editing for in vivo applications [137-140]. Since then,
several new variants of these CRISPR technologies have
been developed. Several of these technologies take advan-
tage of a nuclease-dead version of the Cas9 enzyme (dCas9),
which can no longer generate DSBs, but retains the abil-
ity to be guided by sgRNA to targeted genomic loci. For
instance, CRISPR interference (CRISPRi) exploits dCas9
fused to the transcriptional repressor, along with sgRNAs
targeting promoter regions in order to silence transcription
and knockdown expression from specific genes [141, 142].
CRISPR-based gene activation or overexpression (CRIS-
PRa) [141, 143], uses a similar strategy and functions by
fusing the dCas9 protein to transcriptional activator proteins.

Fusing dCas9 with other enzymes, including those involved
in epigenetic modifications, can be used to target specific
genomic regions with targeted epigenetic marks [144—146].
Recent additions to the CRISPR technology toolkit include
CRISPR-based precise DNA base editing technology [147],
and CRISPR-based RNA editing [148].

Together, all of these CRISPR technologies are powerful
tools for precise genome editing and regulation and have
been extensively applied to cancer research [149]. CRISPR-
based genome editing has revolutionized the field of gene
therapy, which holds immense potential for applications in
cancer therapeutics [150]. If CRISPR editing can be effec-
tively used in vivo to genetically target and modify cancer-
related mutations, tumor suppressor genes, or oncogenes,
then this would be a powerful gene therapy against cancer
progression. As cancer cells notoriously accumulate many
genetic mutations, CRISPR/Cas editing might be applied to
target and correct such genetic mutations as an anticancer
strategy. Further, since epigenetic modifications are known
to be critical for cancer cell development, using dCas9-based
tools for targeting epigenetic regulation may also prove an
important therapeutic tool against cancer progression.

CRISPR/Cas9-mediated EMT gene editing

As discussed, EMT is one of the major mechanisms that
contribute to the development of an organism. On the
contrary, EMT has also been shown to play a key role in
the progression of various pathologies such as cancer and
fibrosis. A number of techniques have been employed in
order to ascertain the role of diverse genes in the regulation
of EMT during various disease conditions. RNA interfer-
ence or RNAI is one such powerful molecular tool that has
been used to study the role of genes involved during EMT
in vitro. However, knockdown of target gene expression by
RNAI in vivo is impractical due to its non-specificity to the
target cell type, as well as its temporary nature. The recent
advances in molecular techniques involving RNA-guided
Cas9 nuclease from the microbial CRISPR adaptive immune
system are being used to facilitate the efficient genome engi-
neering in eukaryotic cells and overcome the pitfalls of the
RNAI technique. The CRISPR/Cas9 gene-editing technique
is now being used to investigate its efficiency in editing
genes in various disease conditions such as cancer, cataract
and fibrosis. The CRISPR/Cas9, editing genes at the DNA
level, helps us to identify novel EMT-related genes [151].
These genes could be used as a potential therapeutic target
in EMT-related diseases [151] and this technique applied as
an emerging tool for precision therapy (Fig. 2) [152].

This is exemplified by effective gene editing using
CRISPR/Cas9 system, achieved for tropomyosin (Tpm)
in the lens epithelial cells (LECs). Normal rat LECs,
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Potential applications of

Screening of EMT inhibitory drugs

]
CRISPR/Cas systems for m@
EMT study f’ Identifying novel EMT-related genes/factors
.EMT epigenetic Disease therapy by blocking EMT
regulation
. EMI SUppressor Generation of EMT models
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Fig.2 CRISPR toolkit is applied to study EMT. Different approaches including gene knockout, knockdown, knock-in, and epigenetic regulation
are achieved by the CRISPR/Cas technology to study EMT-related genes and pathways and identify novel drugs to control the EMT process

express low levels of tropomyosin (Tpm) isoforms, Tpm1
and Tpm2. However, these isoforms were shown to be
increased during EMT, correlating with fibrosis observed
in the rat PCO model. In order to understand the role of
Tpm in injury-induced EMT in the lens, CRISPR/Cas9
gene editing was used to knockout tpm gene which ulti-
mately led to preventing EMT, and thus lens opacity and
cataract [153].

Genes implicated in cancer EMT were also edited by
CRISPR/Cas9. One study specifically abrogated Snaill
expression in human ovarian adenocarcinoma (RMG-1) cells
and showed that Snaill is critical for TGF-f-induced EMT
in RMG-1 cells [154]. Fibronectin (FN), one of the major
extracellular matrix proteins required for cell adhesion, is a
well-known EMT marker. An alternatively-spliced fibronec-
tin containing the extra domain-A (EDA), is expressed at the
sites of migrations in embryos, wound-healing and cancers,
while EDA is excluded in normal adult tissues. The peptide
motif (CTYSSPEDGIHEC) within EDA is necessary for the
binding of integrin a91, which remodels actin cytoskeleton
to facilitate cell adhesion, proliferation and EMT in can-
cer cells. EDA positive fibronectin (EDA + FN) is shown
to be increased in response to pro-tumorigenic factors such
as TGF-f and TNFa in highly aggressive salivary adenoid
cystic carcinoma (SACC) [155]. Several approaches have
been applied including siRNA to knockdown EDA +FN,
however, these approaches have been unsuccessful. For
example, knockdown of EDA + FN by siRNA actually
decreases the total amount of FN [155], while FN is vital to
normal tissues. CRISPR/Cas9 EDA editing, allowed to abro-
gate the pro-oncogenic effects of EDA +FN and to induce
inhibition of tumor progression both in vitro and in vivo
[129].

@ Springer

Cancer cell survival depends on the ability of cells to
evade apoptosis that requires the activity of an array of
proteins known as inhibitor of apoptosis (IAP). One of the
major [AP is survivin, which is highly expressed in various
human cancers while its expression is low in fully differen-
tiated normal adult tissues. Survivin expression is known
to be associated with tumor metastasis and chemoresist-
ance in various cancers such as melanoma, renal, prostate,
and breast. In a recent study CRISPR/Cas9-mediated edit-
ing of survivin gene (BIRCS) in ovarian cancer cell types,
SKOV3 and OVCARS3, led to the inhibition of cell prolifera-
tion, migration, and invasion, and sensitized cell response
to chemotherapy. This study also revealed that survivin
may contribute to tumor metastasis and chemoresistance
by promoting EMT through the TGF-f pathway in ovarian
cancer cells [156]. A single-cell CRISPR-Cas9 screen was
recently used to identify the genetic machinery that con-
trols spontaneous- or TGF-p-mediated EMT [157]. This
study identified targets of KRAS to be critical through-
out the EMT continuum [157]. Recently, Qu et al. showed
that c-Myb transcription factor promotes colorectal cancer
(CRC) carcinoma through c-fos-induced EMT. c-Myb KO
established by CRISPR/Cas9 inhibited the xenograft growth
and metastasis, and induced tumor apoptosis [158]. Further-
more, it was shown that Snaill employed p-Catenin-LEF1
complexes to redirect Wnt/p-Catenin pathway activity [159].
Meanwhile, applying CRISPR/Cas9 technique, identified
beta-lactamase-like (LACTB) as a novel epigenetic silenced
tumor suppressor. It modulates the stability of p5S3 in CRC
[160]. Tn antigen exposure mediating Core 1 f3Gal-T spe-
cific molecular chaperone (Cosmc) knockout using CRISPR/
Cas9 promotes H-Ras-induced EMT activation and CRC
metastasis [161]. A recent study showed that CRISPR/Cas
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knockout of fyn-related kinase (FRK) in H1299 lung can-
cer cells markedly reduced cell invasion and EMT [151].
Table 1 includes studies where CRISPR/Cas technology has
been utilized to study EMT by targeting EMT-related genes.

Most of the studies involving the use of CRISPR/Cas9
system have been conducted in vitro; however, the effective
use of this novel gene-editing technique in vivo is under
investigation. The challenge is finding safe delivery meth-
ods to target organs efficiently [162, 163]. Recent advances
in delivery systems including viral or non-viral vectors
emerged the in vivo application of CRISPR/Cas gene-edit-
ing technique [164—167]. For example, Jubair et al. reported
systemic delivery of CRISPR/Cas9 to knock out oncogenes
and eliminate tumors effectively [162]. Genome editing has
broad utility in animal models, such as the establishment a
novel GADD45G mutated rabbit model to investigate the
link between EMT and lip development. Results showed
GADD45G ™~ rabbit embryos show significant overexpres-
sion of E-cadherin protein in the epithelium and decrease in
Vimentin protein level within the mesenchyme compared to
wild-type [168].

CRISPR/Cas9-mediated knockout of EMT
associated non-coding RNAs

Identifying the function of a non-coding transcript is one of
the most central parts in understanding the EMT progres-
sion. Screening differentially expressed ncRNA’s function
in a cancer cell by RNAi-based gene knockdown libraries
(loss-of-function) and overexpression libraries as a transgene
(gain-of-function) is tedious and time-intensive. In addition,
RNAI has a potential limitation of incomplete silencing or
off-targeting, especially, miRNA-like off-target repression
when homologous sequences encountered [169]. Even
though shRNA/siRNA or anti-sense oligonucleotides pre-
sent some advantages, the main obstacles remain the cost
and the size of the libraries, and the efficiency of delivery to
the target site/tissue; In addition they are short-term treat-
ment strategies [170—172]. More recently, the CRISPR/Cas
system has been established as an efficient genome editing
tool, highlighting its application, using sgRNA to target dys-
regulated non-coding RNA genes [138]. Unlike targeting the
transcript for degradation, the CRISPR/Cas system brings
the solution for long-lasting treatment or management and
hence can be used for the systematic identification of func-
tions of non-coding transcripts in EMT [173].

However, the main concern for using this method at
present is the off-target effects because most of the IncR-
NAs are transcribed from anti-sense or from within a part
of a coding gene, which means they share their genomic
segments with another coding gene [174, 175]. Similarly,
often miRNAs are encoded within introns of genes, making

it particularly challenging to achieve robust CRISPR/Cas-
based editing. In addition, the regulation of gene expres-
sion and genome architecture differs between mouse and
human, which makes it complex to extrapolate the effect
in human cells [176]. However, RNA editing by using cat-
alytically-inactive Cas13 (dCas13) and LwaCas13a aided
RNA interference provides a flexible platform for studying
RNA editing and/or targeting in mammalian cells [148].
The CRISPR libraries designed for ncRNA loss-of-func-
tion or gain-of-function help in identification of the role
of non-coding transcripts in cancer. Furthermore, these
libraries permit access to the longer non-coding transcripts
that are not available in cDNA libraries [177]. Recently,
a gene segment was deleted from IncRNA CCAT1 using
CRISPR du-HITT (dual allele homology-independent tar-
geted integration system) and inserted a reporter and a
transcription termination signal to generate CCAT1 knock-
out cell line [178], which can be employed to edit or delete
any IncRNA gene to study its role in EMT.

On the other hand, repression of miRNA expression
by targeting the terminal loop and by using specifically
designed gRNAs that direct Cas9 to cut at a single site of
a miRNA gene resulting in knockdown of the miRNA was
successfully achieved [179, 180]. miRNA gene silencing
was achieved using CRISPR/Cas9 by transfecting vectors
carrying sgRNAs specifically designed to target miR17,
miR200c, and miR141 genes, well known EMT regulatory
miRNAs, in colon cancer cell lines [181]. miR21 is one of
the first mammalian miRNA identified that is strongly con-
served throughout evolution. A number of targets of miR21
such as Bcl2 [182], PTEN [183], RhoB [184], TGFBRII
[185] and tropomyosin [186], have been experimentally
validated. In order to demonstrate the role of miR21 dur-
ing EMT, miR21 expression was disrupted by transducing
SKOV3 and OVCAR3 ovarian cancer cells with four dif-
ferent miR21 gRNA lentiviral CRISPR/Cas9 vectors that
target different regions of the pre-miRNA sequence [187].
This study linked the loss of miR21 to inhibition of EMT,
cell proliferation, migration, invasion and sensitization of
cells to chemotherapy. CRISPR/Cas9 was used to target
hypoxia-inducible miRNAs, miR210-3p and miR210-5p,
which are processed from pre-miRNA210, in renal cell car-
cinoma cell lines [188]. More recently, a cell type-specific
Cas-ON switch based on miRNA-regulated expression of
anti-CRISPR proteins (Acr) was developed [189]. Using this
system, Cas9 activity was only released in hepatocytes or
cardiomyocytes but was repressed in off-target cells [189]. In
particular, using cell-type-specific CRISPR/Cas-ON systems
functions of EMT specific non-coding gene can be effec-
tively retrieved by turning on or off based on cell polarity. In
addition, developing an inducible Cas-ON system to tweak a
specific EMT regulatory non-coding RNA gene in transiting
tumor cells is another strategy to study EMT.
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Conclusion

EMT is a complex process that is involved in diverse cel-
lular functions both physiologically and pathologically.
Numerous genes have roles in the initiation or progression
of this critical process. The CRISPR/Cas technology has
already contributed to enhance our understanding of this
complex process. The use of this technology to knockout,
repress or activate genes will help to identify more EMT-
related genes and the downstream cellular pathways and
functions they regulate. In addition, the ability to effec-
tively modulate EMT and MET will further contribute to
understanding their physiological roles and pathological
consequences. The use of CRISPR/Cas technology shall
facilitate high-throughput screening of gene function in
EMT-related cellular processes.

EMT-related pathways have been the targets of some
clinical trials [252]. CRISPR technology is also an emerg-
ing area in clinical trials, with few studies recently initi-
ated or currently recruiting patients. Most of these studies
will test targeting programmed cell death protein-1 (PD-1)
to overcome cancers, such as Phase I clinical trial of infus-
ing back into patients the PD-1 knockout T cells in the
laboratory by CRISPR/Cas9 for treatment of metastatic
non-small cell lung cancer (NCT02793856). CRISPR/
Cas9 technology has not yet been applied to target EMT-
related genes in clinical studies, however with the increas-
ing use of CRISPR/Cas9 in clinical trials, EMT-related
genes may be a future target of this technology in clinical
investigations. Meanwhile, further preclinical studies need
to be implemented to investigate the potential on- and/or
off-target toxicity of this approach as well as its efficient
targeted delivery.
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