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Abstract: A newly discovered chromatin remodeler, MORC2, is a Microrchidia (MORC) family
member. MORC?2 acts as a chromatin remodeler by binding to the DNA and changing chromatin
conformation using its ATPase domain. MORC2 is highly expressed in a variety of human cancers. It
controls diverse signaling pathways essential for cancer development through its target genes and
interacting partners. MORC2 promotes cancer cells” growth, invasion, and migration by regulating
the expression of genes involved in these processes. MORC2 is localized primarily in the nucleus
and is also found in the cytoplasm. In the cytoplasm, MORC?2 interacts with adenosine triphosphate
(ATP)-citrate lyase (ACLY) to promote lipogenesis and cholesterogenesis in cancer. In the nucleus,
MORC?2 interacts with the transcription factor c-Myc to control the transcription of genes involved in
glucose metabolism to drive cancer cell migration and invasion. Furthermore, MORC2 recruits on to
the promoters of tumor suppressor genes to repress their transcription and expression to promote
oncogenesis. In addition to its crucial function in oncogenesis, it plays a vital role in DNA repair.
Overall, this review concisely summarizes the current knowledge about MORC2-regulated molecular
pathways involved in cancer.

Keywords: MORC2; chromatin remodeling; transcription of genes; post-translational modifications;
cancer invasion and migration; metabolism

1. Introduction

Chromatin remodelers govern various cellular functions, such as transcription, DNA
replication, and DNA repair mechanisms, by regulating the access to genomic DNA for
the protein complexes that regulate these processes [1-4]. The chromatin remodelers,
typically are ATP-dependent, regulate DNA accessibility to the DNA-binding proteins by
ejecting, altering, or repositioning the nucleosomes [2,5,6]. This ensures cellular identity
determination and normal cell function [2]. The deregulated expression of chromatin
remodelers leads to altered chromatin structure and gene expression, which promotes
cancer and other diseases [1,7-12]. Therefore, knowledge about the effects and significance
of the chromatin remodeling families and complexes is emerging.

One of the emerging chromatin remodeling family members in eukaryotes is Mi-
crorchidia (MORC). MORCs are widely expressed and play an important role in chromatin
remodeling and epigenetic control [13]. For the first time, Watson and others discovered an
insertional mutation (morcTgN (Tyr)1Az) in Morcl in mice, and they demonstrated that
this Morcl mutation is responsible for inhibiting spermatogenesis and germ cell death [14].
While Morc -/- female mice were normal, Morc -/- male mice were found to be infertile
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with diminished testicular mass [14]. This suggests that the MORC gene has specific func-
tions and is essential for male gametogenesis. Five MORC family members were identified
in humans: MORC1, MORC2, MORC3, MORC4, and a divergent SMCHD1 (Structural
Maintenance of Chromosomes Flexible Hinge Domain 21 containing 1) [13]. MORC family
members have different biological activities but a typical domain architecture (CW-type
zinc finger, GHKL-ATPase, and coiled-coil domains) [15]. These family members were
further divided into two subfamilies based on the structure of the ZF-CW domain, where
MORC1 and MORC2 were placed in subfamily-I and MORC3 and MORC4 were placed in
subfamily-IX [16].

The human MORC family members express differentially in various tissues, support-
ing multiple biological functions. For instance, MORC1 expression has been detected in
thymocytes, embryonic stem cells, and reproductive tissues such as the testis and is majorly
involved in spermatogenesis [17,18]. MORC2 protein is expressed ubiquitously [17,18].
Low MORC?2 protein expression levels have been observed in the hematological, immuno-
logical, secretory, and reproductive systems, whereas the liver and kidney have shown
strong MORC2 protein expression [18]. MORC2 was shown to have potential role in gene
transcription, DNA damage repair process, and adipogenic differentiation (18). MORC3
protein localization is restricted to the blood, immunological, secretory, and reproductive
systems. MORCS3 is involved in the transcriptional repression of genes and regulating
calcium and bone homeostasis [18]. Meanwhile, MORC4 expression has been found in the
placenta and testis and is involved in spermatogenesis [17,18].

MORC family members are highly dysregulated in various clinical conditions, includ-
ing cancers, neurological illnesses, and metabolic bone diseases [18]. Among the MORC
family members, MORC2 has a unique position due to its overexpression or deregulated
expression in a wide range of human cancers and its function in the transcriptional reg-
ulation of genes involved in oncogenesis, DNA damage response, promoting cancer cell
invasion, migration, cancer metabolism, metastasis, and chemoresistance (Figure 1). In this
review, we emphasize the current developments in our knowledge of MORC2’s role as a
transcriptional regulator, its post-translational modifications (PTMs), and its functions in
regulating hallmarks of cancer.
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Figure 1. Timeline of major advances in MORC2-mediated transcriptional processes and MORC2
post-translational modifications. Shao et al. discovered that MORC2 has transcriptional repressor
activity, which reduces the expression of CAIX, and is the first transcriptional target gene of MORC2 [19].
Li et al. identified that, in response to DNA damage, p21-activated kinase 1 (PAK1) phosphorylates
MORC2 at serine 739, which helps to promote chromatin remodeling in order to recruit DNA repair
proteins to the site of DNA damage [20]. Zhang et al. found that the chromatin-associated enzyme poly
(ADP-ribose) polymerase 1 (PARP1) interacts with and PARylates MORC2 at E516/K517 to activate its
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ATPase and chromatin remodeling function in response to DNA damage [21]. Liu et al. identified that
the acetyltransferase NAT10 acetylates MORC2 at lysine 767 (K767Ac) in response to DNA-damaging
chemotherapeutic drugs and ionizing radiation [22]. Guddeti et al. identified that MORC?2 interacts
with a transcriptional factor c-Myc and gets recruited onto LDHA promoter in order to drive its
transcription [23]. Liu et al. discovered that transforming growth factor-f1 (TGF-f1) stimulates
MORC2 O-GlcNacylation at threonine 556 (T556) by an enzyme O-GlcNAc transferase (OGT) to
promote breast cancer cell migration and invasion [24]. Zhang et al. reported that small ubiquitin-like
modifier 1 (SUMO1) and SUMO 2/3,SUMOylates MORC?2 at lysine 767 to promote DNA repair [25].

2. MORC2 Domain Organization and Structure

The human MORC2 gene is at position q12.2 on the reverse strand of chromosome
22. So far, two functional protein coding MORC2 isoforms have been identified. MORC2
isoform-1 and 2 contain 1032 and 970 amino acids (a.a.), respectively. The transcript variant
that codes for 970 a.a. isoform 2 (Uniprot ID: Q9Y6X9-2) has an additional exon, which
results in the use of an in-frame downstream start codon, compared to the transcript
variant 1 that codes for 1032 a.a. isoform (Uniprot ID: Q9Y6X9-1). This difference results
in a shorter N-terminus compared to isoform-1. Although both MORC2 isoforms have
different numbers of amino acids, their ATPase domain remains functionally active. The
basic structure of MORC?2 consists of a GHKL-ATPase (gyrase; heat shock protein, HSP
90; histidine kinase; DNA mismatch repair, Mut L) domain, zinc finger (ZF)-CW domain,
coiled-coil domains, proline-rich domain (PRD), and chromo-like domain (CLD) (Figure 2).

GHKL-ATPase and S5: ATPase module PRD: Proline-rich domain

CCD: Coiled-coil domain

ZF: Zinger finger

CLD: Chromo-like domain

Figure 2. MORC?2 protein structure and domain organization. MORC2 contains GHKL domain
(1-278 a.a), S5 domain (323-469 a.a.), ZF-CW (ZF) domain (490-544 a.a.), PRD (601-734 a.a.), CLD
(790-854 a.a.), and five CCDs (CCD1 (282-362 a.a.): CCD2 (547-584 a.a.); CCD3 (741-761 a.a.); CCD4
(966-1016 a.a.), and CCD5 (1024-1032 a.a.)). ATPase domain (1-469 a.a.) includes both GHKL and S5.

The GHKL-ATPase domain is necessary for MORC?2 to function as an ATPase, and
as a result of this function, MORC2 regulates chromatin remodeling in response to DNA
damage [20]. The transcription activation suppressor (TASOR), M-phase phosphoprotein 8
(MPP8), and periphilin are components of the Human Silencing Hub (HUSH) complex [26].
Periphilin binds to RNA and directs HUSH to its target loci, where HUSH recruits the
Su(var)3-9, enhancer of zeste and trithorax (SET) domain bifurcated histone lysine methyl-
transferase 1 (SETDB1), MORC?2, and nuclear exosome-targeting (NEXT) complex. SETDB1
deposits histone 3 lysine 9 trimethylation (H3K9me3). MPP8 recognizes H3K9me3 and
allows the HUSH complex to bind at the locus to repress the gene transcription. It has
been demonstrated that MORC2's ATPase domain is necessary for the functions of the
HUSH complex [26]. The ZF-CW domain is a reader domain with a comparatively short
motif of 50-60 amino acids. This domain contains four conserved cysteines (C) and two
conserved tryptophan (W) residues, which can bind to zinc to form finger-like projections,
enabling them to interact with the target genes that participate in processes such as the
recognition of methylated histones, chromatin remodeling [27], epigenetic control, and
embryonic development [28]. However, functionally, the MORC2 ZF-CW domain is not
well characterized. The coiled-coil domain plays a significant role in nucleic acid binding,
protein stability, assembly, and protein—protein interactions [29-33]. The MORC2 protein
includes five coiled-coil domains in total, allowing MORC?2 to dimerize. The dimerization
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of MORC2 is a critical event in the initiation of DNA repair signaling in response to DNA
damage [30]. Although MORC2 has several coiled-coil domains, each domain interacts
with different partners for a specific function. The coiled-coil domain 1 of MORC2 interacts
with chromatin by binding to DNA, whereas the C-terminal coiled-coil domains aid in
dimerization, which is important for its contributing functions, such as DNA-damage repair
and cell survival [30,34]. In addition to the common MORC protein domains, MORC?2 has
a PRD (proline-rich domain) and a CLD (chromo-like domain) [13]. The PRD domain of
MORC2 interacts with a cadherin-associated protein, catenin delta 1 (CTNND1), to promote
tumor invasion and metastasis [35]. The MORC2-CLD function is still unknown. Addi-
tionally, the MORC?2 protein also has one putative bipartite and two putative monopartite
Nuclear Localization Signals (NLSs), which lie between 657 and 781 a.a., and a further
Nuclear Export Signal (NES), which lies between 481 and 657 a.a. Both the NLSs and NES
facilitate MORC?2 to become localized in the nucleus and cytoplasm, respectively. Wang
et al. experimentally showed that most of the MORC2 protein is located in the nucleus
rather than in the cytoplasm and concluded that this might be due to the fact that NLSs
are more prevalent than NESs [36]. External cues, such as stress, growth factors, cytokines,
etc., regulate the localization of MORC?2 [17,18,20,35]. However, the shuttling of MORC2
between intracellular spaces is still an unventured question to solve.

3. MORC2 Is a Transcriptional Regulator

In response to upstream signaling molecules such as growth factors, cytokines, metabo-
lites and radiation, chromatin remodelers, and chromatin modifiers regulate the expression
of target genes implicated in cancer progression and metastasis. Due to its ATPase activity,
MORC?2 changes the conformation of the chromatin in an energy-dependent manner [34].
Additionally, MORC?2 associates with transcription factors or histone deacetylases (HDACsS)
to coordinate the expression of target genes implicated in metabolism and cancer pro-
gression (Figure 3). As shown below, it acts as an activator or a repressor to control the
transcription of target genes involved in cancer.

A Target genes B Target genes
HDAC!/
MORC? | HDACHSIRTI/ MORC2/
EZH2/ *’ CAIX modified MORC2 LDHA
DNMT3A NDRG1 | >
SNAIL
ArgBP2
| NE2 CTGF
Promoter KIBRA Promoter
Transcriptional repressor complex Transcriptional activator complex

Figure 3. MORC2 is a transcriptional regulator. (A) MORC2 acts as a transcriptional re-
pressor of target genes (p21, CAIX, NDRG1, ArgBP2, NF2, and KIBRA) by interacting with
HDACs/SIRT1/EZH2/DNMT3A. (B) Either MORC2 or modified MORC?2 acts as a transcriptional
activator of target genes (LDHA, SNAIL, and CTGF) via interacting with transcriptional factors or
might be interacting with the chromatin.

3.1. MORC?2 Acts as a Transcription Repressor

MORC2 contributes to target gene transcription because of the CW zinc finger motif.
Shao et al. identified carbonic anhydrase IX (CAIX) as the target gene of MORC2 using
DNA microarray hybridization and northern and western blot analyses [19]. CAIX was
the first target gene of MORC2 to be discovered [19]. In various human cancers, including
those of the cervix, breast, head and neck, lung, and brain, overexpression of CAIX has been
noted [37]. CAIX promotes tumorigenesis and invasion upon CAIX overexpression [38].
Furthermore, the overexpression of CAIX is also associated with poor prognoses [39].
According to Shao et al.’s research [19], MORC2 and HDAC4 are recruited to the CAIX pro-
moter, repressing CAIX gene transcription. Based on these observations, it was concluded
that MORC2 binds to the CAIX promoter first, then recruits HDAC4, which decreases the
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histone H3 acetylation status of the CAIX promoter, causing the chromatin to close and
suppressing CAIX expression [19]. From 2010 onwards, several studies provided insights
on MORC?2 transcriptional repressor functions, where MORC2 decreased the expression of
p21Waf/Cipl (p21), arg-binding protein 2 (ArgBP2), N-myc Downstream-Regulated Gene
1 (NDRG1), neurofibromatosis 2 (NF2), and kidney- and brain-expressed protein (KIBRA)
(Figure 3). The CDK inhibitor p21 is a crucial regulator of cell survival and proliferation [40].
Zhang et al. [41] and Ou, Kepeng et al. [42] found that MORC2 expression is inversely
correlated with p21 expression in individuals with gastric and colorectal cancers, respec-
tively. Zhang et al. also discovered that MORC2 and HDAC1 are recruited onto the p21
promoter to repress its expression in a p53-independent manner. The MORC2-mediated
p21 repression enhances cell cycle progression, resulting in alterations in the cell cycle, as
seen by a decreased percentage of G1 phase cells and an increased percentage of S and
G2/M phase cells. Further, they also discovered that MORC2 enhances gastric cancer cell
proliferation by controlling cell cycle progression via p21 suppression [41]. Kepeng et al.
analyzed the RNA sequence and clinical data from colorectal cancer (CRC) patients in the
TCGA data base, and they identified elevated MORC2 levels. By performing CCK8 and
colony formation assays under the conditions of MORC2 knockdown, they found that
MORC2 has a role in CRC proliferation. They observed a positive correlation between the
expression levels of p53 and p21 along with the proinflammatory cytokines IL-6 and IL-8
responsible for cellular senescence via decreasing the expression of HDAC4. Based on these
findings, they concluded that increased MORC2 plays a key role in CRC tumorigenesis
by controlling cellular senescence [42]. ArgBP2 controls the reorganization of the actin
cytoskeleton [43]. Tong et al. [44] discovered low expression levels of ArgBP2 mRNA in
gastric cancer tumor samples. They identified that ArgBP2 overexpression inhibits the
proliferation, invasion, and migration of gastric cancer cells. They identified ArgBP2 as a
target gene of MORC2. They demonstrated that MORC2 enhances the enhancer of zeste
homolog 2 (EZH2), a polycomb repressive complex 2 (PRC2) subunit recruitment onto the
ArgBP2 promoter, which promotes tri-methylation of H3K27 and thereby represses ArgBP2
transcription. Due to this, there is low-level expression of ArgBP2 in gastric cancer cells,
which is responsible for gastric cancer cell proliferation [44]. Alternatively, MORC2 also
represses ArgBP2 transcription by enhancing the recruitment of heat shock factor protein 1
(HSF1) and PRC2 onto the ArgBP2 promoter [45]. NDRGL is a metastasis suppressor and
prognostic colorectal cancer (CRC) biomarker. Liu et al. [46] identified that MORC2 down-
regulates NDRG1 expression in CRC cells and observed a negative correlation between
MORC2 and NDRGI1 in CRC patients. They found that MORC2 interacts with sirtuinl
(SIRT1) and gets recruited onto the NDRG1 promoter to repress the transcription and ex-
pression of NDRG1. Furthermore, the increased expression levels of MORC2 and decreased
expression of NDRGI are associated with lymph node metastasis in CRC samples [46]. In
addition, Wang et al. [47] reported that MORC?2, along with DNA methyltransferase 3A
(DNMT3A), represses NF2 and KIBRA expression by recruiting onto their promoters to
facilitate tumorigenesis and cancer stemness in hepatocellular carcinoma.

3.2. MORC?2 Acts as a Transcription Activator

Based on the signal, MORC2 protein, in association with transcription factors or
coactivator complexes, regulate/or activate the target gene’s transcription in a promoter
context-dependent manner. So far, MORC2 has been found to act as a transcriptional
coactivator for activating the transcription of the genes lactate dehydrogenase A (LDHA),
Connective Tissue Growth Factor (CTGF), and Snail Family Transcriptional Repressor 1
(SNAIL) [23,24]. LDHA is the key enzyme involved in this process, where it converts
pyruvate to lactate even in the presence of oxygen in cancer cells. Guddeti et al. [23]
demonstrated that MORC2 is a glucose-inducible gene and a transcriptional target gene
of c-Myc. Cancer cells treated with a high glucose concentration induce the expression
of MORC2, which interacts with c-Myc and gets recruited onto the LDHA promoter to
increase the transcription of LDHA. Additionally, they demonstrated that the MORC2—c-
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Myc-LDHA signaling axis contributes to the migration of breast cancer cells [23]. This was
the first study to describe MORC2’s role as a transcription activator in breast cancer cells in
association with the transcription factor c-Myc.

Further, Liu et al. [24] discovered that the Transforming Growth Factor $1 (TGF-
1) target genes CTGF and SNAIL, are also transcriptionally activated by MORC2 (O-
GlcNAcylated MORC2). TGF-f1 signaling aids in the progression of breast cancer by
controlling the transcription of the genes SNAIL and CTGEF, which have a proven role in
tumor metastasis [48,49]. SNAIL is a potent inducer of breast cancer invasion and metastasis
and a master regulator of TGF-f31-driven epithelial-mesenchymal transitions [50,51]. The
migratory, invasive, metastatic, and angiogenic processes in human breast cancer cells are
all significantly influenced by CTGF [52,53]. Liu et al. identified that O-GlcNActransferase
(OGT) interacts with MORC2 and promotes the O-GlcNAcylation of MORC2. They found
that glucose induces MORC2 O-GlcNAcylation in a dose-dependent manner in MCF-7 and
T47D cells treated with glucose. Further, they tried to understand the role of TGF-f31 on
MORC2 O-GlcNAcylation, as the growth factor influences the O-GlyNAcylation of proteins.
They found that TGF-31 induces the O-GlcNAcylation of MORC?2 via increasing the
stability of glutamine-fructose-6-phosphate aminotransferase (GFAT), which is needed for
the synthesis of OGT. In addition, they noticed that O-GlcNAcylated MORC2 regulates the
expression of SNAIL and CTGF by recruiting onto the promoters of SNAIL (—151 to —476)
and CTGF (-1035 to -1235 and -1534 to -1925). Additionally, the knockdown of GFAT, SNAIL,
or CTGF compromised the ability of TGF-f1-induced MORC2 O-GlcNAcylation-mediated
breast cancer cell migration and invasion. They recognized that breast cancer patients
with high-level expressions of MORC2, OGT, SNAIL, and CTGF had poor prognosis [24].
Overall, these findings establish that MORC2 regulates the TGF-31 target genes SNAIL
and CTGF transcriptionally [24].

4. MORC2 Post-Translational Modifications and Their Significance

Post-translation modification (PTM) plays an important role in regulating distribution
of MORC2 function(s) in DNA damage response and cancer development. The first PTM
discovered on a MORC2 protein was phosphorylation (Figure 4). Since then, diverse
PTMs on MORC2 have been studied spanning the post-ATPase domain region. Upon
genotoxic stress stimulations, MORC2 acts as a substrate for p21 activated kinase 1 (PAK1),
N-acetyltransferase (NAT10), poly (ADP Ribose) polymerase 1 (PARP1), and tripartite motif-
containing 28 (TRIM28) and becomes phosphorylated, acetylated, poly (ADP-ribosyl)ated,
and SUMOylated [20-22,25]. DNA damage triggers MORC2 phosphorylation by PAK1, and
further phosphorylated MORC2 recruits onto DNA damage sites and induces histone H2AX
phosphorylation to facilitate chromatin-remodeling-mediated DNA repair [20]. MORC2,
NAT10, and PARP1 also play a crucial role in genome surveillance as a complex [21,22,54].
NAT10 acetylates MORC?2 at the lysine 767 residue (K767Ac). Acetylated MORC2 promotes
cell survival by reducing the phosphorylation of the 11th threonine residue of the histone
H3 protein (H3T11P), transcriptional repression of CDK1 and Cyclin B1, and subsequent
G2 DNA damage checkpoint activation [22]. MORC?2 acetylation and its role in DNA
damage is further regulated by the PARP1-facilitated nucleoplasm translocation of the
NAT10 enzyme [54]. At DNA damage sites, MORC2 is recruited by the PARP1 enzyme and
gets PARylated [21]. MORC2 PARylation further facilitates the increased accessibility of
damaged chromatin and, in turn, promotes PAR-dependent DNA repair by stabilizing the
PARP1 protein from ubiquitination [21]. The response of DNA damage and MORC2 post-
translational modifications is intriguingly regulated in a time- and damage-dose-dependent
manner. At the late stages of DNA damage, MORC2 is SUMOylated by TRIM28 at K767,
and the SUMOylated MORC?2 activates DNA repair kinases, thereby promoting chromatin
accessibility, DNA repair, and chemoresistance [25]. The MORC2 phosphorylation at Ser739
and acetylation at Lys767 regulate the SUMOylaiton status at Lys767 and exhibit negative
crosstalk upon damage, respectively [25].
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Figure 4. MORC2 post-translational modifications and their functional significance. (A) MORC2
undergoes post-translational modifications such as PARylation (E516, K517), phosphorylation (T582,
T717, T733, S739), SUMOylation (K767), O-GlcNacylation (T556), and acetylation (K767). (B) In
response to DNA damage, MORC2 is either phosphorylated or SUMOylated and recruits onto
chromatin to open, allowing the PARP and DNA repair proteins to bind and repair the double-
stranded breaks. (C) Ionizing radiation and chemotherapy drugs that damage DNA promote MORC2
acetylation. The acetylated MORC2 transcriptionally inhibits the expression of CDK1 and Cyclin Bl
to promote DNA-damage-induced G2 checkpoint activation. (D) O-GlcNAcylated MORC?2 increases
the expression of SNAIL and CTGF and thereby promotes breast cancer cell invasion and migration.
(E) The model depicts MORC2-phosphorylation-dependent stabilization and destabilization events.
Phosphorylation of MORC2 (T717, T733) by paclitaxel (PTX) and vincristine (VCR) activated CDK1
leads to its destruction via CMA pathway. Phosphorylation of MORC2 at T582 by GPER1-activated
PRKACA reduces its ability to interact with CMA machinery components (HSPA8 and LAMP2A)
and thereby increases its stability and oncogenic potential. (F) The expression of the Cyclin D1-CDK4
and Cyclin D3-CDK6 complexes is increased by PAK1-mediated phosphorylation of MORC2 at S677
(5739 in Isoform 1), which facilitates the transition of the gastric cell cycle from G1 to S.

In addition to the role of MORC2 in DNA repair and response, MORC2 also plays
a quintessential role in regulating cancer cell proliferation, such as (i) PAK1-mediated
MORC?2 phosphorylation, which is required to promote gastric cancer cell proliferation
by facilitating G1-S transitions and (ii) O-GlcNAcylated MORC2, which is induced by
TGF-31 treatment, recruits TGF-f31 target genes (CTGF and SNAIL) and plays a requisite
role in their transcriptional activation by an unknown mechanism, promoting breast cancer
invasion and migration [24]. E2- and ESR1-targeting drugs mediate breast cancer prolifera-
tion by preventing MORC2 lysosomal degradation via chaperon-mediated autophagy [55].
An estrogenic receptor (GPER1) activates protein kinase cAMP-activated catalytic subunit
alpha (PRKACA), which in turn phosphorylates MORC2 at Thr582 [55]. Phosphorylation
reduces interactions with CMA machinery molecules (HSPA8 and LAMP2A), enhancing
its stability and oncogenic activity [55]. Hu et al. identified that the microtubule-targeting
drugs paclitaxel (PTX) and vincristine (VCR) promote CDK1-mediated MORC2 phosphory-
lation (1717 and T733), which causes MORC2 degradation through a chaperone-mediated
pathway. Upon treatment with PTX and VCR, MORC2 degradation helps in prolonged



Biomolecules 2023, 13, 1527

8of 12

mitotic arrest and the death of cancer cells [56]. The dynamic states of post-translationally
modified MORC2 play a key role in mediating its protein turnover, resistance to DNA-
damaging agents, cell survival, checkpoint activation, and genome integrity by chromatin
remodeling and recruiting repair machinery.

5. MORC2 Role in Cancer

Nearly all the human cells and tissues were found to express the MORC?2 protein [17,18].
MORC?2 expression is very high in cancer cells compared to normal cells [18]. Several
cancers, including breast, lung, liver, prostate, stomach, colon, ovarian, pancreatic, and
endometrial, have dysregulated MORC2 expression [57,58]. This increased expression
of MORC?2 is linked to cancer cell proliferation, metabolism, invasion, migration, and
metastasis and confers chemotherapy resistance [15,23-25,35,42,46,55,57-64]. Furthermore,
increased MORC2 expression levels were linked to poor prognosis and unfavorable clin-
ical outcomes in non-small cell lung and breast cancer [58]. Notably, MORC2 interacts
with many proteins to control the expression of its downstream targets, which promote
the hallmarks of cancer or directly modulate the hallmarks of cancer by regulating the
transcription of its target genes [15,57].

MORC?2 is overexpressed in colorectal cancer, and by controlling cellular senescence,
it promotes tumorigenesis [42]. Saroha et al.’s [62] study revealed that MORC2 regulates
[-catenin expression and function by modulating the phosphorylation of AKT. They no-
ticed reduced proliferation and migration of MORC2-overexpressing breast cancer cells
upon (-catenin inhibition. They concluded from these findings that MORC2 regulates
(-catenin signaling to support breast cancer cell proliferation and migration [62]. By control-
ling the PTEN/PI3K/AKT signaling pathway, MORC2 promotes glioma cell proliferation,
migration, invasion, and epithelial-mesenchymal transition (EMT) [60]. Additionally,
Wang et al. demonstrated that PAK1-mediated phosphorylation of MORC2 promotes the
growth and development of gastric cancer [65]. Wang et al. also discovered that MORC?2, in
collaboration with DNA methyltransferase 3A (DNMT3A), regulates the expression of NF2
and KIBRA to support carcinogenesis and cancer stemness in hepatocellular carcinoma [47].
Further, MORC?2 interacts with EZH2 or HSF1 to control the expression of ArgBP2, which
promotes the proliferation, invasion, and migration of cancer cells [44,45]. Furthermore,
MORC2-SIRT1 complex suppresses NDRG1 expression to encourage metastasis in colorec-
tal cancer [46]. Liao et al. showed that MORC?2 interacts with catenin delta 1 (CTNND1)
to promote invasion and metastasis in breast cancer [35]. Zhang et al. found that the
mutant MORC2 (M276]) stimulates the splicing-based switch of CD44 from the epithelial
isoform to the mesenchymal isoform in association with hnRNPM (heterogeneous nuclear
ribonucleoprotein M), and this resulted in epithelial to mesenchymal transition [66].

The Warburg effect is a process whereby rapidly growing cancer cells consume large
amounts of glucose and metabolize it by aerobic glycolysis [67-69]. It was discovered that
MORC2 alters the metabolism of cancer cells by regulating glucose metabolism and lipo-
genesis [23,70,71]. The expression of MORC2 is induced with high glucose concentration
in cancer cells. MORC2 then interacts with the transcription factor c-Myc and is recruited
to the LDHA promoter to control the expression of LDHA, which is responsible for the
migration of breast cancer cells [23]. Additionally, Guddeti et al. demonstrated that the
MORC2-c-Myc-MAX complex regulates the expression of glycolytic enzymes and, thereby,
breast cancer cell proliferation and migration [70]. Furthermore, Sanchez-Solana et al.
reported that MORC?2 interacts with adenosine triphosphate (ATP)-citrate lyase (ACLY), an
enzyme that catalyzes the production of acetyl-CoA, which is a key metabolite for lipogene-
sis, cholesterogenesis, and histone acetylation [71]. Su et al. also showed that circDNM30OS
increased MORC2 expression via sponging miR-145-5p, promoting glutamine metabolism
and cholangiocarcinoma (CCA) [72].

Recently, several studies showed that MORC2 contributes to chemoresistance. By examin-
ing the expression levels of apoptosis-related proteins under MORC2 knockdown conditions,
Pan et al. identified the mechanism through which MORC?2 influences chemoresistance.
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The release of mitochondrial cytochrome c into the cytosol and the cleavage of caspase-9,
caspase-3, and PARP were caused by MORC2 knockdown. These findings led them to the
conclusion that MORC2 might be involved in chemoresistance [64]. In response to DNA
damage, the SUMOylation of MORC2 orchestrates chromatin remodeling and DNA repair
and promotes chemoresistance in breast cancer [25]. Yang et al. discovered that the phos-
phorylation of MORC2 in response to estrogen and antiestrogens inhibits CMA-mediated
lysosomal degradation and plays a significant role in estrogen-induced proliferation and
resistance to antiestrogen therapies in breast cancer [55]. The acetylation of MORC2 by
NAT10 regulates cell-cycle check point control and resistance to DNA-damaging chemother-
apy and radiotherapy in breast cancer [22]. Liao et al.’s investigation revealed that high
MORC?2 expression is a sign of worse neoadjuvant chemotherapy efficacy in triple-negative
breast cancer (TNBC) [59].

6. Conclusions

A key member of the MORC chromatin remodeler family of proteins, MORC2 controls
the expression of target genes linked to human cancer and neurological diseases. MORC2
biology has been the subject of significant scholarly investigation for approximately 20 years
since its discovery. It is well known that MORC?2 is involved in the control of several cancer-
related functions. In this review, we outlined several transcriptional regulatory functions
of MORC?2 and post-translational modifications of MORC2 and their relevance to cancer.
Overall, it is widely known that MORC?2 plays a role in the DNA damage response and
DNA repair mechanisms. It is exciting to know that MORC2 plays a crucial role in cancer
metabolism, specifically in lipogenesis and glucose metabolism. Additionally, MORC2-
driven signaling pathways support cell proliferation, invasion, migration, and metastasis.
However, MORC2’s precise physiological activities in normal tissues are still unclear.
The generation of MORC2 knockout mice, especially MORC2 liver knockout mice, is
urgently required to comprehend the functional significance of MORC2 in metabolism and
metastasis, as we and other studies reported that MORC?2 has a role in glucose, glutamine,
and lipid metabolism in cancer. Further, we are also interested in understanding MORC2
regulatory networks to develop MORC2-targeted anticancer therapeutics.
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