Cellular and Molecular Biology

C M B&iz

Journal homepage: www.cellmolbiolorg

Role of DNA Methyltransferases (DNMTSs) in metastasis
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ARTICLE INFO ABSTRACT

The DNA methyltransferase (DNMT) family constitutes a conserved set of DNA-modifying enzymes
which have essential functions in the modulation of epigenetics. The fundamental role of epigenetic
changes in carcinogenesis and metastasis is increasingly being appreciated. DNMTs (DNMTL,
DNMT3A and DNMT3B) have been shown to drive metastasis. Epigenetic machinery is installed at the
target sites for the regulation of a wide variety of genes. Moreover, microRNAs, long non-coding RNAs
and circular RNAs also shape the epigenetic landscape during metastasis. In this review, we have
provided a snapshot of the quintessential role of DNMTs in metastasis. We also summarize how
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Introduction

Tracking the landscape of gene control in single cells
and individual patients have disentangled complex
information and exciting insights about somatic and
inherited mutations in cancer and extrachromosomal
oncogene amplification (1). Moreover, drug
resistance and loss of apoptosis are also central
drivers of carcinogenesis and metastasis (2-7).
Pioneering studies have shown that drug resistance,
loss of apoptosis and cancer metastasis co-operate
and reinforce each other in the invasion niche and
persist upon metastatic evasion.

Increasingly it is being realized that cancer cells
have a highly deregulated DNA-methylation
landscape.

DNMTs catalyze the transfer of methyl groups to
cytosine nucleotides within CpG sequences in the
strands of DNA, resulting in alteration in
conformations. These conformational changes inhibit
the binding of transcriptional factors thus causing the
repression of the expression levels of methylated

gene networks. Characteristically, DNMTs include
DNMT1, which keeps pre-existing methylation
status. Whereas, DNMT3A and DNMT3B led to the
establishment of de novo methylation. The
comprehensive mechanistic insights of epigenetic
regulatory mechanisms in the context of cancers
have been extensively reviewed elsewhere (8-15).

In this mini-review, we take a broad overview of the
epigenetics field, highlighting current topics of
interest ranging from the fundamental role of
DNMTs in metastasis and how different non-coding
RNAs play a central role in epigenetic modifications.

DNMT1

Total DNMTL1 levels remained unchanged in
bone metastatic RCC cells (16). However, there was
an evident increase in the accumulation of DNMT1
in mitochondria. Collectively, these results clearly
indicated that hypermethylation of the mtDNA in
bone metastatic tumor cells is because of the
accumulation of DNMT1 in mitochondria. 5-Aza
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pre-treated bone metastatic RCC cells did not induce
skeleton metastases when injected through the left
cardiac ventricle (16).

Ecotropic viral integration site-1 (EVI1) is a zinc-
finger transcription factor (17). EVI1 has been
shown to transcriptionally downregulate TIMP2
(tissue inhibitor of matrix metalloproteinase-2)
(Fig.1). DNMT1 worked synchronously with EVI1
and epigenetically inactivated TIMP2. Mice injected
with 5-aza-2'-deoxycytidine-treated COLO 205 cells
showed fewer metastatic nodules in the liver, skin
and small lesions behind the lungs. Importantly, the
volume of metastatic skin nodules was considerably
smaller in size in 5-aza-2'-deoxycytidine-treated
groups (17).

RACGAP1 (Rac GTPase Activating Protein 1)
has a highly conserved RhoGAP domain.
Essentially, the RhoGAP domain switches on
GTPase activities of Rho family kinases/proteins
(RHOA/RAC1/CDC42) and converts GTP-bound
proteins into GDP-bound forms (18). ERK1/2
phosphorylation was found to be enhanced greatly in
RACGAP1-overexpressing MCF7 cancer cells.
RACGAP1 overexpression in MCF7 cells caused an
increase in phosphorylation of DRP1-S616 but total
DRP1 levels remained unchanged. PLK1 (Polo-like
kinase-1) phosphorylates a wide variety of
substrates. Phosphorylation of RACGAPL by PLK1
creates docking sites for ECT2. RACGAP1-ECT2
interactions are essential for the activation of the
downstream ERKZ1/2-DRP1 transduction cascade.
PGC-la is involved in the mitochondrial
translocation of DNMT1, which consequently
enhances mitochondrial DNA (mtDNA) methylation.
There was an evident increase in mtDNMT1 in
RacGAP1-expressing-MCF7 cells, whereas
mtDNMT1 levels were reduced in RacGAP1-
silenced- MCF7 cancer cells. Tail vein injections of
RacGAP1-expressing-MCF7 cells and RacGAP1-
expressing-MDA-MB-231 cells led to a notable
increase in the lung colonization of cancer cells (18).
EZH2-recruited DNMT1 mediated hypermethylation
of DNA led to epigenetic inactivation of tumor
suppressor miR-484 (Fig.1) (19). Overexpression of
EZH2 evoked an increase in the levels of
H3K27me3 and occupancies of EZH2 in the miR-
484 upstream region, whereas EZH2 knockdown led
to marked suppression of H3K27 trimethylation and
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binding of EZH2 to the upstream regions of miR-
484. MMP14 (matrix metalloproteinase) and
HNF1A (hepatocyte nuclear factor 1A) are directly
targeted by miR-484 (19).

LINC00922 potently inhibited NKD2 by
attachment of DNMT1, DNMT3A/DNMT3B at the
NKD2 promoter (Fig.1) (20). There was an evident
increase in the pulmonary and liver metastases in
mice inoculated with LINC00922-overexpressing or
NKD2-silenced MCF-7 cancer cells. Importantly,
very few cancer cells showed a tendency to
metastasize to the liver in siRNA-LINC00922-
treated experimental models (20). Findings clearly
indicated that overexpression of LINC00922 or
NKD2 knockdown facilitated the metastasizing
potential of cancer cells in mice whereas,
LINC00922 silencing led to suppression of the
metastatic properties of cancer cells in mice.

ARID2 (AT-Rich Interaction Domain 2)
efficiently inhibited migration and invasion of HCC
cells (21). ARID2 recruited DNMT1 to SNAIL
promoter and epigenetically inactivated its
expression. 6-thioguanine and 5-azacitidine mediated
inhibition of DNMT1 caused an increase in levels of
SNAIL in ARID2-overexpressing MHCC97-H and
PVTT cancer cells. Importantly, intrahepatic
metastasis mouse models are useful in the analysis of
the role of oncogenes and tumor suppressors in HCC
metastasis. Lung seeding was evidently reduced in
mice injected with ARID2-expressing MHCC97-H
cancer cells. Whereas, there was a notable increase
in metastatic seeding in mice injected with ARID2-
silenced-PLC/PRF/5 cancer cells. Hepatic deletion
of ARID2 significantly increased pulmonary
metastases in N-nitrosodiethylamine-induced HCC
rodent model (21).

DNA demethylation led to the recruitment of
CTCF (CCCTC-binding factor) to MEG3-DMR
(maternally expressed gene 3 differentially
methylated region), which acted as a cis-regulatory
element for 14932 miRNA expression (22).
Importantly, miRNA-655-3p and miRNA-554a are
constitutively overexpressed in COLO320-DM
cancer cells. Intrasplenically injected COLO320-DM
cells did not cause liver metastasis in experimental
mice. Ectopic expression of 14932 miRNAs
miRNA-127-5p, miRNA-369-3p, miRNA-544a or
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MiRNA-655-3p in HCT116-L2T cells caused a
reduction in liver metastasis (22).

Figure 1. (A) DNMT1 worked synchronously with EVI1
and epigenetically inactivated TIMP2. Inhibition of
TIMP2 promoted metastasis. (B) EZH2-recruited DNMT1
and epigenetically inactivated tumor suppressor miR-484.
(C) LINCO00922 potently inhibited NKD2 by attachment
of DNMT1, DNMT3A/DNMT3B at the NKD2 promoter.
Inhibition of NKD2 promoted liver and pulmonary
metastasis.

DNMT3A

In a recent study, MeDIP-seq and hMeDIP-seq
analyses were conducted for the detection of the
genes modulated by dynamic DNA methylation (23).
Promoter hypomethylation led to upregulation of
CD147 and promoted cancer progression. KLF6
works in an orchestrated manner with MeCP2 and
DNMT3A to form a multi-protein complex for the
repression of CD147 expression in normal tissues.
Demethylation of DNA is catalyzed by TDG
(thymine DNA glycosylase) and Tet (ten-eleven
translocation). TGFP induced active demethylation
led to the removal of KLF6/MeCP2/DNMT3A.
Moreover, TGFB promoted the binding of SP1, ten-
eleven translocation-1, TDG as well as SMAD2/3
transcriptional machinery to the promoter region of
CD147 (Fig.2). CRISPR RNA-guided Cas9 nuclease
target sites use small base-pairing guide RNAs and
cause cleavage of DNA fragments in a sequence-
specific manner. Interestingly, the research team
designed dCas9-SunTag-DNMAT3A-sgCD147
specific methylation systems for the recruitment of
DNMT3A to promoter regions and subsequent
remodeling of DNA methylation. The injection of
NSCLC cells into the airways of the mice led to the
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development of orthotopic lung cancer models. NCI-
H460 cells severely triggered osteolytic bone lesions
as well as significant bone destructions within femur
bones of control mice. Whereas, targeted
methylation of CD147 revealed a marked reduction
in tumor lesions and bone damage. Targeted
methylation (epigenetic inactivation) of CD147 in
cancer cells led to considerable suppression of
metastases signals in the limbs. Moreover, mice with
targeted methylation of CD147 demonstrated a
notable reduction in bone metastases and reduced
osteolytic areas as compared to the control group of
rodent models (23).

Sohlh2 is a family member of basic-loop-helix
bHLH  protein  transcription  factors  (24).
Overexpression of Sohlh2 downregulated the
expression of DNMT3a and consequently
upregulated Klotho in renal cell carcinoma cells
(Fig.2). Overexpression of Sohlh2 inhibited RCC
tumor growth in xenografted mice. Sohlh2
overexpression markedly reduced the number of
hepatic and pulmonary metastatic lesions (24).

miR-133a-3p directly targeted MAML1 (25).
MAMLL1 upregulated DNMT3A levels. Furthermore,
MAML1 increased epigenetic inactivation of
miRNA-133a-3p through DNMT3A in MDA-MB-
231 and MCF-7 cancer cells (Fig.2). Metastasis was
assessed by bioluminescent imaging in animal
models injected with MAML1-overexpressing-
cancer cells. Fluorescent intensity levels of the liver
and lungs were considerably weaker in mice injected
with miRNA-133a-3p-overexpressing cancer cells as
compared to the mice injected with MAMLI1-
overexpressing-cancer cells. Metastatic lesions
derived from MAML1-overexpressing- MDA-MB-
231 cancer cells were bigger in size. Essentially,
these larger lesions were noticed in the livers and
lungs, whereas smaller masses were found to be
disseminated in livers and lungs of mice injected
with miR-133a-3p overexpressing cancer cells (25).
MYC promoted the binding of DNMT3A to the
miRNA-200b promoter, resulting in proximal CpG
island hypermethylation and consequent epigenetic
inactivation of miR-200b  (26). DNMT3A
knockdown led to an increase in miR-200b
expression via promoter demethylation. Enforced
expression of miR-200b markedly inhibited the
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migratory and invasive properties of MDA-MB-231
cancer cells (26).

LINC00470 promoted the binding of MYC and
DNMT3A to the promoter region of PTEN and
epigenetically inactivated it (27). Importantly, lung
metastatic nodules were significantly reduced in
mice injected with LINC00470-silenced endometrial
cancer cells (27).

IRX1, a tumor suppressor has been reported to be
frequently downregulated in gastric cancer (28).
PRMT5 (protein arginine methyltransferase 5)
worked  synchronously with DNMT3A and
epigenetically inactivated IRX1. Abdominal nodular
amounts were markedly reduced in mice injected
with PRMT5-silenced-NCI-N87 cancer cells. Mice
injected with PRMT5-silenced-NCI-N87 cancer cells
showed fewer peritoneal nodules. Likewise, there
was a significant reduction in pulmonary metastasis
in experimental mice injected with PRMT5-silenced-
NCI-N87 cancer cells (28).

DNA  methyltransferase  3A  isoform b
(DNMT3AD) plays a central role in metastasis (29).
DNMT3Ab mediated epigenetic repression of E-
cadherin via DNA hypermethylation. There was a
marked increase in the levels of H3K9me2 and
H3K27me3. Whereas, DNMT3Ab depletion
efficiently restored E-cadherin expression and
reversed TGFp-induced EMT by a reduction in the
levels of DNA methylation, H3K9me2 and
H3K27me3 at the promoter region of E-cadherin.
Metastasis experiments provided evidence of
reduced metastatic spread in mice injected with
DNMT3Ab knockdown cancer cells (29).

DNMT3B

MAEL (maelstrom), an oncogene has been shown
to promote metastasis (30). MAEL overexpression
enhanced metastatic spread of urothelial carcinoma
of the bladder (UCB). MAEL overexpression in
UCB cells substantially enhanced the enrichment of
HDAC1, HDAC2 and DNMT3B on the promoter of
MTSS1 and epigenetically inactivated MTSSL.
Additionally, miRNA-186 is a negative regulator of
MAEL and miR-186 downregulation is an
alternative  underlying cause for MAEL
overexpression in UCBs. There was a marked
increase in the metastatic tumor nodules on the
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surface of the lungs in mice injected with MAEL
overexpressing-5637- cancer cells (30).

There was a reduction in H3K9ac levels and a
simultaneous increase in H3K27me3 occupancy at
MAML2 (31). Stilbenoids prevented the binding of
OCT1 to the enhancer region of MAML2. DNMT3B
loading at MAML2 enhancer was found to be
enhanced by stilbenoids (31).

wf miR-1332-3p
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Flgu re 2. (A) TGFp induced active demethylation led to
the removal of KLF6/MeCP2/DNMT3A. Moreover,
TGFp promoted the binding of SP1, TET1, TDG as well
as SMAD?2/3 transcriptional machinery to the promoter
region of CD147. Promoter hypomethylation led to
upregulation of CD147 and promoted cancer progression.
(B) Sohlh2 downregulated DNMT3A and promoted the
expression of Klotho. (C) MAML1 increased epigenetic
inactivation of miRNA-133a-3p through DNMT3A

Forkhead box C1 (FOXC1) upregulated the
expression of DNMT3B to induce DNA
hypermethylation of promoter of CTH (cystathionine
y-lyase) (32). FOXC1 is transcriptionally
upregulated by ELK1. ERK1/2 inhibitors effectively
reduced the binding of ELK1 to the promoter region
of FOXC1. DNMT3B silencing eliminated HCC
metastases with Huh7-FOXC1 cells which prolonged
the overall survival rate of tumor-bearing mice.
Contrarily, DNMT3B overexpression rescued the
inhibition of HCC metastases in mice injected with
FOXC1-silenced-MHCC97H cancer cells (32).
SLC34A2 interacted directly with Cortactin and
these interactions significantly increased the
recruitment of ARP2/3 and N-WASP, consequently
providing the trigger for the invadopodia formation
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and degradation of the matrix (33). Overexpression
of SLC34A2 caused an increase in p-PI3K, p-AKT
and phosphorylation of FOX03a at Serine-253 and
blocked its nuclear accumulation. SLC34A2
overexpression led to the exit of FOXO3a from the
nucleus to the cytoplasm in TPC-1 cells but this
process was abolished by AKT inhibitors. In contrast
to an increase in the number of pulmonary metastatic
nodules in  mice injected with SLC34A2-
overexpressing cancer cells, suppression of Cortactin
considerably blocked lung metastasis and improved
overall survival rates of experimental mice. Tail-vein
injections of SLC34A2-knockdown BCPAP cancer
cells clearly suggested that SLC34A2 inhibition
potently reduced pulmonary metastasis lesions (33).
DNMT3B epigenetically repressed tumor suppressor
miR-432-5p (34). There was a marked reduction in
metastasis in lung tissues and liver tissues in mice
injected with DNMT3B-silenced LoVo or HCT116
cancer cells (34).

DNMT3B also transcriptionally downregulated
miR-451a in bladder cancer cells (35). miR-451a has
been shown to target and negatively regulate
EPHA2. EPHA?2 activates PI3K/AKT cascade, thus
driving carcinogenesis and metastasis of bladder
cancer cells (35).

Regulation of DNMTs by non-coding RNAs

Noncoding RNAs do not encode proteins but
produce noncoding transcripts that modulate gene
expression and protein functions. microRNAs
(miRNAs) (36-45), long non-coding RNAs
(LncRNAs) (46-50) and circular RNAs (51-55) have
gained appreciation because of their central role in
carcinogenesis and metastasis.

Interestingly, the past few years have witnessed
guantum leaps forward in our knowledge about
underlying molecular mechanisms of microRNA-
induced gene silencing and how IncRNAs and
circular RNAs interfere with miRNA-mediated
targeting of DNMTs. Here, we review the recent
advancements in the identification of interplay
between IncRNAs/circular  RNAs and miRNA
targets and the emerging paradigms of how IncRNAs
and circular RNAs shape the dynamics of
epigenetics.
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Long non-coding RNAs

The detection of RNA-chromatin association in a
genome-wide manner combined with chromatin
conformation capture technologies have unraveled
complicated long non-coding RNA-mediated control
of chromatin  architecture and  epigenetic
modifications of target genes.

LncRNA PVTL1 interacted with DNMT1 and
epigenetically inactivated BNIP3 (56). LncRNA
PVT1 knockdown inhibited the proliferation
potential of gastric cancer cells. Methionine
deficiency led to significant downregulation of
INcRNA PVT1. Methionine deficient diet-induced
suppression of the tumor mass in mice inoculated
with MKN45 cells. Levels of IncRNA PVTL in the
tumor tissues were noted to be significantly
downregulated in the mice fed with methionine-free
diets (56).

Following the activation of the Hippo pathway,
MST1/2 is phosphorylated and sequentially activates
LATS1/2 (57). LATS1/2-mediated phosphorylation
of YAP/TAZ prevented nuclear accumulation of
YAP/TAZ. DLG3 activated the Hippo signaling
pathway. DLG3 interacted with MST2 and regulated
LATS1-mediated inhibition of nuclear accumulation
of YAP. MIAT, an oncogenic IncRNA worked
synchronously with DNMT1, DNMT3A and
DNMT3B and repressed the expression of DLGS3.
MIAT knockdown considerably reduced the weights
and volumes of tumor xenografts in experimental
mice, while MIAT overexpression led to an increase
in tumor development in xenografted mice (57).

GIHCG worked synchronously with EZH2 and
DNMT1 and epigenetically inactivated miR-
200b/a/429 Dby increasing the trimethylation of
H3K27 and DNA methylation levels (58). Different
clones of SMMC7721 cancer cells were intra-
splenically injected into nude mice for analysis of
liver metastasis. GIHCG overexpression caused an
increase in the liver metastases burden, which was
abolished by ectopic expression of miR-200b/a/429.
Moreover, different clones of SMMC7721 cancer
cells were directly injected into the tail veins of
experimental mice. Findings indicated that GIHCG
overexpression induced an increase in pulmonary
metastasis burden, but an ectopic expression of
miR200b/a/429 led to marked suppression of
pulmonary metastasis (58).
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SP1 transcriptionally upregulated SPRY4-IT1
(59). Importantly, SPRY4-IT1 antagonized miR-
101-3p-mediated targeting of EZH2. EZH2 along
with LSD1 (lysine-specific demethylase 1) or
DNMT1 were recruited by SPRY4-IT1 and
regulated the expression of LATS2 and KLF2.
SPRY4-IT1 directed the attachment of EZH2 and
DNMT1 to the KLF2 promoter region and
inactivated it. Moreover, SPRY4-1T1 also triggered
the accumulation of LSD1 and EZH2 to LATS2
promoter regions and inhibited its transcription.
Tumorigenesis was notably suppressed in mice
xenografted with SPRY4-IT1-silenced-HUCCT1
cancer cells (59).

Design and development of pharmacologically
efficient molecules which can bind IncRNAs with
higher specificity and affinity depends on the
characterization of specific RNA motifs with
structural complexities. Importantly, sophisticated
information is thus far only available for fewer
IncRNAs, suggesting that INcRNAs have the ability
to undergo folding into different modular domains
for various molecular interactions. Moreover,
synthetic molecules that mimic the binding and
structural features of INCRNAs act as decoys. These
decoys compete with IncRNAs for binding with
epigenetic-modifying machinery and thus blocking
its functions.

Circular RNAs
DNMT1

circ_0040809 blocked miR-515-5p-mediated
inhibition of DNMTL1. circ_0040809 silencing
inhibited proliferation and migration of colorectal
cancer cells (60).
Circ-DNMTL interfered with miR-485-3p-induced
targeting of ZEB1. There was an evident reduction in
the tumor growth in mice inoculated with circ-
DNMT1-silenced-MDA-MB-231 cancer cells (61).

DNMT3A

circ0093740 enhanced  carcinogenesis  and
metastasis by blockade of miR-136/145-mediated
targeting of DNMT3A in Wilms tumor (62).
circ0093740 suppression inhibited the metastatic
capacity of G401 and SKNEP1 Wilms tumor cells in
lung metastasis experiments (62).
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Likewise, circ_0084615 antagonized miR-599-
mediated inhibition of DNMT3A in colorectal
cancer cells (63). Tail wvein injections of
circ_0084615-silenced HCT116 cancer cells led to a
marked reduction in pulmonary metastasis (63).
circlQCH sequestered miR-145 and promoted breast
cancer progression by upregulation of DNMT3A
(64). Inhibition of circlQCH led to notable
suppression in the number of pulmonary metastatic
nodules (64).

Concluding remarks

Overcoming acquired or inherent resistance to
standard therapies is principally imperative given
that patients have a disease-free or progression-free
survival. Multi-pronged approach/multi-targeted
therapy has shown promise in improving the clinical
outcome of these agents significantly, as evaluated in
phase | and phase Il of clinical trials exploring
DNMT inhibitors or HDAC in combination with
chemotherapeutic  drugs or  small-molecule
inhibitors.

Acknowledgments
None

Conflict interest
The authors declare no conflict of interest.

References

1. Chang HY. Personal regulome navigation of
cancer. Nat Rev Cancer. 2021
Oct;21(10):609-610. doi: 10.1038/s41568-
021-00381-x.

2. Xu B, Guo M, Ma L, Faroogi AA, Wang L,
Qiao G, Liu M, Zuo L, Ye H, Lin X, Cao S.
Merel5, a novel polypeptide from Meretrix
meretrix,  inhibits  proliferation  and
metastasis of human non-small cell lung
cancer cells through regulating the
PI3K/AKt/mTOR signaling pathway.
Neoplasma. 2021 Nov;68(6):1181-1189. doi:
10.4149/neo_2021 210509N628.

3. Wang HR, Tang JY, Wang YY, Farooqi AA,
Yen CY, Yuan SF, Huang HW, Chang HW.
Manoalide Preferentially Provides
Antiproliferation of Oral Cancer Cells by
Oxidative Stress-Mediated Apoptosis and

231



10.

11.

Qureshi et al./ DNA methyltransferases in metastasis, 2022, 68(1): 226-236

DNA Damage. Cancers (Basel). 2019 Sep
4;11(9):1303. doi:
10.3390/cancers11091303.

Wang L, Cheng L, Ma L, Ahmad Faroogi A,
Qiao G, Zhang Y, Ye H, Liu M, Huang J,
Yang X, Lin X, Cao S. Alnustone inhibits
the growth of hepatocellular carcinoma via
ROS- mediated PI3K/Akt/mTOR/p70S6K
axis. Phytother Res. 2022 Jan;36(1):525-
542. doi: 10.1002/ptr.7337.

Tanriover G, Dilmac S, Aytac G, Farooqi
AA, Sindel M. Effects of melatonin and
doxorubicin  on primary tumor and
metastasis in  breast cancer model.
Anticancer Agents Med Chem. 2021 Dec 12.
doi: 10.2174/1871520621666211213094258.
Li X, Xu H, Li C, Qiao G, Faroogi AA,
Gedanken A, Liu X, Lin X. Zinc-Doped
Copper Oxide Nanocomposites Inhibit the
Growth of Pancreatic Cancer by Inducing
Autophagy Through AMPK/mTOR
Pathway. Front Pharmacol. 2019 Apr
2;10:319. doi: 10.3389/fphar.2019.003109.
Qiao G, Xu H, Li C, Li X, Faroogi AA,
Zhao Y, Liu X, Liu M, Stagos D, Lin X.
Granulin A Synergizes with Cisplatin to
Inhibit the Growth of Human Hepatocellular
Carcinoma. Int J Mol Sci. 2018 Oct
7,19(10):3060. doi: 10.3390/ijms19103060.
Dai Z, Ramesh V, Locasale JW. The
evolving metabolic landscape of chromatin
biology and epigenetics. Nat Rev Genet.
2020 Dec;21(12):737-753. doi:
10.1038/541576-020-0270-8.
Garcia-Martinez L, Zhang Y, Nakata Y,
Chan HL, Morey L. Epigenetic mechanisms
in breast cancer therapy and resistance. Nat
Commun. 2021 Mar 19;12(1):1786. doi:
10.1038/s41467-021-22024-3.

Oh ES, Petronis A. Origins of human
disease: the chrono-epigenetic perspective.
Nat Rev Genet. 2021 Aug;22(8):533-546.
doi: 10.1038/s41576-021-00348-6.

Faroogi AA, Fayyaz S, Poltronieri P, Calin
G, Mallardo M. Epigenetic deregulation in
cancer: Enzyme players and non-coding
RNAs. Semin Cancer Biol. 2020 Jul

12.

13.

14.

15.

16.

17.

18.

19.

30:51044-579X(20)30170-X. doi:
10.1016/j.semcancer.2020.07.013.

Faroogi AA, Fuentes-Mattei E, Fayyaz S,
Raj P, Goblirsch M, Poltronieri P, Calin GA.
Interplay between epigenetic abnormalities
and deregulated expression of microRNAS in
cancer. Semin Cancer Biol. 2019 Oct;58:47-
55. doi: 10.1016/j.semcancer.2019.02.003.
Yen CY, Huang HW, Shu CW, Hou MF,
Yuan SS, Wang HR, Chang YT, Farooqi
AA, Tang JY, Chang HW. DNA
methylation,  histone  acetylation and
methylation of epigenetic modifications as a
therapeutic approach for cancers. Cancer
Lett. 2016 Apr 10;373(2):185-92. doi:
10.1016/j.canlet.2016.01.036.

Faroogi AA, Tang JY, Li RN, Ismail M,
Chang YT, Shu CW, Yuan SS, Liu JR,
Mansoor Q, Huang CJ, Chang HW.
Epigenetic mechanisms in cancer: push and
pull between kneaded erasers and fate
writers. Int J Nanomedicine. 2015 Apr
24;10:3183-91. doi: 10.2147/1JN.S82527.
Saleem M, Abbas K, Manan M, ljaz H,
Ahmed B, Ali M, Hanif M, Faroogi AA,
Qadir MI. Review-Epigenetic therapy for
cancer. Pak J Pharm Sci. 2015
May;28(3):1023-32.

Liu Z, Tian J, Peng F, Wang J.
Hypermethylation of mitochondrial DNA
facilitates bone metastasis of renal cell
carcinoma. J Cancer. 2022 Jan 1;13(1):304-
312. doi: 10.7150/jca.62278.

Pradeepa, Suresh V, Singh VK, Nayak KB,
Senapati S, Chakraborty S. EVI1 promotes
metastasis by downregulating TIMP2 in
metastatic colon and breast cancer cells. Int J
Biochem Cell Biol. 2022 Jan;142:106118.
doi: 10.1016/j.biocel.2021.106118.

Ren K, Zhou D, Wang M, Li E, Hou C, Su
Y, Zou Q, Zhou P, Liu X. RACGAP1
modulates ECT2-Dependent mitochondrial
quality control to drive breast cancer
metastasis. Exp Cell Res. 2021 Mar
1;400(1):112493. doi:
10.1016/j.yexcr.2021.112493.

Hu Y, Wu F, Liu Y, Zhao Q, Tang H.
DNMT1 recruited by EZH2-mediated

Cell Mol Biol

232



20.

21.

22.

23.

24,

25.

Qureshi et al./ DNA methyltransferases in metastasis, 2022, 68(1): 226-236

silencing of miR-484 contributes to the
malignancy of cervical cancer cells through
MMP14 and HNF1A. Clin Epigenetics.
2019 Dec 7;11(1):186. doi: 10.1186/s13148-
019-0786-y.

Wang Y, Dong T, Wang P, Li S, Wu G,
Zhou J, Wang Z. LINCO00922 regulates
epithelial-mesenchymal transition, invasive
and migratory capacities in breast cancer
through promoting NKD2 methylation. Cell
Signal. 2021 Jan;77:109808. doi:
10.1016/j.cellsig.2020.109808.

Jiang H, Cao HJ, Ma N, Bao WD, Wang JJ,
Chen TW, Zhang EB, Yuan YM, Ni QZ,
Zhang FK, Ding XF, Zheng QW, Wang YK,
Zhu M, Wang X, Feng J, Zhang XL, Cheng
SQ, Ma DJ, Qiu L, Li JJ, Xie D. Chromatin
remodeling factor ARID2 suppresses
hepatocellular carcinoma metastasis via
DNMT1-Snail axis. Proc Natl Acad Sci U S
A. 2020 Mar 3;117(9):4770-4780. doi:
10.1073/pnas.1914937117.

Oshima G, Poli EC, Bolt MJ, Chlenski A,
Forde M, Jutzy JMS, Biyani N, Posner MC,
Pitroda SP, Weichselbaum RR, Khodarev
NN. DNA Methylation Controls Metastasis-
Suppressive  14g32-Encoded  miRNAs.
Cancer Res. 2019 Feb 1;79(3):650-662. doi:
10.1158/0008-5472.CAN-18-0692.

Liao CG, Liang XH, Ke Y, Yao L, Liu M,
Liu ZK, He L, Guo YX, Bian H, Chen ZN,
Kong LM. Active demethylation upregulates
CD147 expression promoting non-small cell
lung cancer invasion and metastasis.
Oncogene. 2022 Feb 7. doi:
10.1038/541388-022-02213-0.

LiuY, Cui W, Zhang R, Zhi S, Liu L, Liu X,
Feng X, Chen Y, Zhang X, Hao J. Sohlh2
Inhibits the Malignant Progression of Renal
Cell Carcinoma by Upregulating Klotho via
DNMT3a. Front Oncol. 2022 Jan
19;11:769493. doi:
10.3389/fonc.2021.769493.

Shi W, Tang T, Li X, Deng S, Li R, Wang
Y, Wang Y, Xia T, Zhang Y, Zen K, Jin L,
Pan Y. Methylation-mediated silencing of
miR-133a-3p promotes breast cancer cell
migration and stemness via miR-133a-

Cell Mol Biol

26.

27.

28.

29.

30.

31.

3p/MAML1/DNMT3A positive feedback
loop. J Exp Clin Cancer Res. 2019 Oct
28;38(1):429. doi: 10.1186/s13046-019-
1400-z.

Pang Y, Liu J, Li X, Xiao G, Wang H, Yang
G, Li Y, Tang SC, Qin S, Du N, Zhang H,
Liu D, Sun X, Ren H. MYC and DNMT3A-
mediated DNA  methylation  represses
microRNA-200b in triple negative breast
cancer. J Cell Mol Med. 2018
Dec;22(12):6262-6274. doi:
10.1111/jcmm.13916.

Yi T, Song Y, Zuo L, Wang S, Miao J.
LINCO00470 Stimulates Methylation of
PTEN to Facilitate the Progression of
Endometrial Cancer by Recruiting DNMT3a
Through MYC. Front Oncol. 2021 Jun
25;11:646217. doi:
10.3389/fonc.2021.646217.

Liu X, Zhang J, Liu L, Jiang Y, Ji J, Yan R,
Zhu Z, Yu Y. Protein arginine
methyltransferase  5-mediated epigenetic
silencing of IRX1 contributes to
tumorigenicity and metastasis of gastric
cancer. Biochim Biophys Acta Mol Basis
Dis. 2018 Sep;1864(9 Pt B):2835-2844. doi:
10.1016/j.bbadis.2018.05.015.

Cui H, Hu Y, Guo D, Zhang A, Gu Y, Zhang
S, Zhao C, Gong P, Shen X, Li Y, Wu H,
Wang L, Zhao Z, Fan H. DNA
methyltransferase 3A isoform b contributes
to repressing E-cadherin through
cooperation of DNA methylation and
H3K27/H3K9 methylation in EMT-related
metastasis of gastric cancer. Oncogene. 2018
Aug;37(32):4358-4371. doi:
10.1038/541388-018-0285-1.

Li XD, Zhang JX, Jiang LJ, Wang FW, Liu
LL, Liao YJ, Jin XH, Chen WH, Chen X,
Guo SJ, Zhou FJ, Zeng YX, Guan XY, Liu
ZW, Xie D. Overexpression of maelstrom
promotes bladder urothelial carcinoma cell
aggressiveness by epigenetically
downregulating MTSS1 through DNMT3B.
Oncogene. 2016 Dec 8;35(49):6281-6292.
doi: 10.1038/0nc.2016.165.

Lubecka K, Kurzava L, Flower K, Buvala H,
Zhang H, Teegarden D, Camarillo I,

233



32.

33.

34.

35.

36.

Qureshi et al./ DNA methyltransferases in metastasis, 2022, 68(1): 226-236

Suderman M, Kuang S, Andrisani O,
Flanagan JM, Stefanska B. Stilbenoids
remodel the DNA methylation patterns in
breast cancer cells and inhibit oncogenic
NOTCH signaling through epigenetic
regulation of MAML2 transcriptional
activity. Carcinogenesis. 2016 Jul;37(7):656-
68. doi: 10.1093/carcin/bgw048.

Lin Z, Huang W, He Q, Li D, Wang Z, Feng
Y, Liu D, Zhang T, Wang Y, Xie M, Ji X,
Sun M, Tian D, Xia L. FOXC1 promotes
HCC proliferation and metastasis by
Upregulating DNMT3B to induce DNA
Hypermethylation of CTH promoter. J Exp
Clin Cancer Res. 2021 Feb 1;40(1):50. doi:
10.1186/513046-021-01829-6.

He J, Zhou M, Li X, Gu S, Cao Y, Xing T,
Chen W, Chu C, Gu F, Zhou J, Jin Y, Ma J,
Ma D, Zou Q. SLC34A2 simultaneously

promotes papillary thyroid carcinoma
growth and invasion through distinct
mechanisms. Oncogene. 2020
Mar;39(13):2658-2675. doi:

10.1038/s41388-020-1181-z.

Yun Z, Yue M, Kang Z, Zhang P. Reduced
expression of microRNA-432-5p by DNA
methyltransferase 3B leads to development
of colorectal cancer through upregulation of
CCND2. Exp Cell Res. 2022 Jan
1;410(1):112936. doi:
10.1016/j.yexcr.2021.112936.

Liu B, Sun W, Gao W, Li L, Cao Z, Yang X,
Liu J, Guo Y. microRNA-451a promoter
methylation  regulated by DNMT3B
expedites bladder cancer development via
the EPHA2/PI3K/AKT axis. BMC Cancer.
2020 Oct 21;20(1):1019. doi:
10.1186/512885-020-07523-8.

Volinia S, Calin GA, Liu CG, Ambs S,
Cimmino A, Petrocca F, Visone R, lorio M,
Roldo C, Ferracin M, Prueitt RL, Yanaihara
N, Lanza G, Scarpa A, Vecchione A,
Negrini M, Harris CC, Croce CM. A
microRNA expression signature of human
solid tumors defines cancer gene targets.
Proc Natl Acad Sci U S A. 2006 Feb
14;103(7):2257-61.

Cell Mol Biol

37.

38.

39.

40.

41.

42.

43.

44,

Lytle JR, Yario TA, Steitz JA. Target
MRNAs are repressed as efficiently by
microRNA-binding sites in the 5' UTR as in
the 3' UTR. Proc Natl Acad Sci U S A. 2007
Jun 5;104(23):9667-72.

Khraiwesh B, Arif MA, Seumel Gl,
Ossowski S, Weigel D, Reski R, Frank W.
Transcriptional control of gene expression
by  microRNAs. Cell. 2010 Jan
8;140(1):111-22.

Farhan M, Malik A, Ullah MF, Afag S,
Faisal M, Faroogi AA, Biersack B, Schobert
R, Ahmad A. Garcinol Sensitizes NSCLC
Cells to Standard Therapies by Regulating
EMT-Modulating miRNAs. Int J Mol Sci.
2019 Feb 13;20(4):800. doi:
10.3390/ijms20040800.

Wen R, Umeano AC, Essegian DJ,
Sabitaliyevich UY, Wang K, Faroogi AA.
Role of microRNA-410 in molecular
oncology: A double edged sword. J Cell
Biochem. 2018 Nov;119(11):8737-8742.
doi: 10.1002/jch.27251.

Faroogi AA, Qureshi MZ, Coskunpinar E,
Nagvi SK, Yaylim I, Ismail M. MiR-421,
miR-155 and miR-650: emerging trends of
regulation of cancer and apoptosis. Asian
Pac J Cancer Prev. 2014;15(5):1909-12. doi:
10.7314/apjcp.2014.15.5.1909.

Mytsyk Y, Dosenko V, Borys Y, Kucher A,
Gazdikova K, Busselberg D, Caprnda M,
Kruzliak P, Farooqi AA, Lubov M.
MicroRNA-15a expression measured in
urine samples as a potential biomarker of
renal cell carcinoma. Int Urol Nephrol. 2018
May;50(5):851-859. doi: 10.1007/s11255-
018-1841-x.

Fayyaz S, Javed Z, Attar R, Faroogi AA,
Yaylim I, Ahmad A. MicroRNA regulation
of TRAIL mediated signaling in different
cancers: Control of micro steering wheels
during the journey from bench-top to the
bedside. Semin Cancer Biol. 2019
Oct;58:56-64. doi:
10.1016/j.semcancer.2019.01.007.

Fayyaz S, Faroogi AA. miRNA and
TMPRSS2-ERG do not mind their own
business in  prostate  cancer  cells.

234



45,

46.

47.

48.

49.

50.

Qureshi et al./ DNA methyltransferases in metastasis, 2022, 68(1): 226-236

Immunogenetics. 2013 May;65(5):315-32.
doi: 10.1007/s00251-012-0677-2.

Liu PF, Faroogi AA, Peng SY, Yu TJ,
Dahms HU, Lee CH, Tang JY, Wang SC,
Shu CW, Chang HW. Regulatory effects of
noncoding RNAs on the interplay of
oxidative stress and autophagy in cancer
malignancy and therapy. Semin Cancer Biol.
2020 Oct 27:S1044-579X(20)30214-5. doi:
10.1016/j.semcancer.2020.10.009.

Cabili MN, Dunagin MC, McClanahan PD,
Biaesch A, Padovan-Merhar O, Regev A,
Rinn JL, Raj A. Localization and abundance
analysis of human IncRNAs at single-cell
and single-molecule resolution. Genome
Biol. 2015 Jan  29;16(1):20. doi:
10.1186/513059-015-0586-4.

lyer MK, Niknafs YS, Malik R, Singhal U,
Sahu A, Hosono Y, Barrette TR, Prensner
JR, Evans JR, Zhao S, Poliakov A, Cao X,
Dhanasekaran SM, Wu YM, Robinson DR,
Beer DG, Feng FY, lyer HK, Chinnaiyan
AM. The landscape of long noncoding
RNAs in the human transcriptome. Nat
Genet. 2015;47(3):199-208.

Guttman M, Amit |, Garber M, French C,
Lin MF, Feldser D, Huarte M, Zuk O, Carey
BW, Cassady JP, Cabili MN, Jaenisch R,
Mikkelsen TS, Jacks T, Hacohen N,
Bernstein BE, Kellis M, Regev A, Rinn JL,
Lander ES. Chromatin signature reveals over
a thousand highly conserved large non-
coding RNAs in mammals. Nature.
2009;458(7235):223-7.

Chiu HS, Somvanshi S, Patel E, Chen TW,
Singh VP, Zorman B, Patil SL, Pan Y,
Chatterjee  SS; Cancer Genome Atlas
Research Network, Sood AK, Gunaratne
PH, Sumazin P. Pan-Cancer Analysis of
InNcRNA  Regulation ~ Supports  Their
Targeting of Cancer Genes in Each Tumor
Context. Cell Rep. 2018 Apr 3;23(1):297-
312.el12.

Faroogi AA, Legaki E, Gazouli M, Rinaldi
S, Berardi R. MALAT1 as a Versatile
Regulator of Cancer: Overview of the
updates from Predatory role as Competitive
Endogenous RNA to Mechanistic Insights.

Cell Mol Biol

51.

52.

53.

54.

55.

56.

S7.

Curr Cancer Drug Targets. 2020 Jul 30. doi:
10.2174/1568009620999200730183110.

Memczak S, Jens M, Elefsinioti A, Torti F,
Krueger J, Rybak A, Maier L, Mackowiak
SD, Gregersen LH, Munschauer M, Loewer
A, Ziebold U, Landthaler M, Kocks C, le
Noble F, Rajewsky N. Circular RNAs are a
large class of animal RNAs with regulatory

potency. Nature. 2013 Mar
21;495(7441):333-8. doi:
10.1038/nature11928.

Hansen TB, Jensen TI, Clausen BH,

Bramsen JB, Finsen B, Damgaard CK,
Kjems J. Natural RNA circles function as
efficient microRNA sponges. Nature. 2013
Mar 21;495(7441):384-8. doi:
10.1038/nature11993.

Salzman J, Gawad C, Wang PL, Lacayo N,
Brown PO. Circular RNAs are the
predominant  transcript isoform  from
hundreds of human genes in diverse cell
types. PLoS One. 2012;7(2):e30733. doi:
10.1371/journal.pone.0030733.

Faroogi AA, Attar R, Yulaevna IM, Berardi
R. Interaction of long non-coding RNASs and
circular RNAs with microRNAs for the
regulation of immunological responses in
human cancers. Semin Cell Dev Biol. 2021
Jun 3:51084-9521(21)00138-5. doi:
10.1016/j.semcdb.2021.05.029.

Faroogi AA, Naureen H, Attar R. Regulation
of cell signaling pathways by circular RNAs
and microRNAs in different cancers:
Spotlight on Wnt/B-catenin, JAK/STAT,
TGF/SMAD, SHH/GLI, NOTCH and Hippo
pathways. Semin Cell Dev Biol. 2021 Apr
13:51084-9521(21)00075-6. doi:
10.1016/j.semcdb.2021.04.002.

Xin L, LuH, Liu C, Zeng F, Yuan YW, Wu
Y, Wang JL, Wu DZ, Zhou LQ. Methionine
deficiency promoted mitophagy via IncRNA
PVT1-mediated promoter demethylation of
BNIP3 in gastric cancer. Int J Biochem Cell
Biol. 2021 Dec;141:106100. doi:
10.1016/j.biocel.2021.106100.

Li D, Hu X, Yu S, Deng S, Yan M, Sun F,
Song J, Tang L. Silence of INcCRNA MIAT-
mediated inhibition of DLG3 promoter

235



58.

59.

60.

61.

62.

63.

Qureshi et al./ DNA methyltransferases in metastasis, 2022, 68(1): 226-236

methylation  suppresses breast  cancer
progression via the Hippo signaling
pathway. Cell Signal. 2020 Sep;73:109697.
doi: 10.1016/j.cellsig.2020.109697.

Sui CJ, Zhou YM, Shen WF, Dai BH, Lu JJ,
Zhang MF, Yang JM. Long noncoding RNA
GIHCG promotes hepatocellular carcinoma
progression through epigenetically
regulating miR-200b/a/429. J Mol Med
(Berl). 2016 Nov;94(11):1281-1296. doi:
10.1007/s00109-016-1442-z.

Xu'Y, Yao Y, Jiang X, Zhong X, Wang Z,
Li C, Kang P, Leng K, Ji D, Li Z, Huang L,
Qin W, Cui Y. SP1-induced upregulation of
INcCRNA SPRY4-IT1 exerts oncogenic
properties by scaffolding
EZH2/LSD1/DNMT1 and sponging miR-
101-3p in cholangiocarcinoma. J Exp Clin
Cancer Res. 2018 Apr 11;37(1):81. doi:
10.1186/513046-018-0747-X.

Mao G, Zhou B, Xu W, Jiao N, Wu Z, Li J,
Liu Y. Hsa_circ_0040809 regulates
colorectal cancer  development by
upregulating methyltransferase DNMTL1 via
targeting miR-515-5p. J Gene Med. 2021
Dec;23(12):e3388. doi: 10.1002/jgm.3388.
Xie C, Li J, Xu C, Xiong W, Yuan X.
CircRNA DNA methyltransferase 1 silence
inhibits breast cancer development by
regulating micoRNA-485-3p/zinc finger E-
box binding homeobox 1 axis. J Obstet
Gynaecol Res. 2021 Mar;47(3):1068-1081.
doi: 10.1111/jog.14639.

Cao J, Huang Z, Ou S, Wen F, Yang G,
Miao Q, Zhang H, Wang Y, He X, Shan Y,
Liu S, Jiang L. circ0093740 Promotes
Tumor Growth and Metastasis by Sponging
miR-136/145 and Upregulating DNMT3A in
Wilms Tumor. Front Oncol. 2021 Jun
8;11:647352. doi:
10.3389/fonc.2021.647352.

Zhang B, Yang S, Wang J. Circ_0084615 is
an oncogenic circular RNA in colorectal
cancer and promotes DNMT3A expression
via repressing miR-599. Pathol Res Pract.
2021 Aug;224:153494. doi:
10.1016/j.prp.2021.153494.

Cell Mol Biol

64. Li Y, Jiang B, He Z, Zhu H, He R, Fan S,

Wu X, Xie L, He X. circlQCH sponges miR-
145 to promote breast cancer progression by
upregulating DNMT3A expression. Aging
(Albany NY). 2020 Aug 3;12(15):15532-
15545. doi: 10.18632/aging.103746.

236



