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Simple Summary: Over the past few decades, despite advances in colon cancer surgery, the pro-
gnosis of late colon cancer patients with liver metastasis remains poor. Currently, its incidence ranks
second in men and third in women. Fortunately, accumulating evidence has unraveled that zinc
finger proteins (ZFPs) will shed light on the treatment of colon cancer. As the largest transcription
family in the human genome, ZFPs are a class of transcription factors that can bind Zn2+, self-fold to
form “finger” domains and regulate the expression of target genes. In this article, we elucidate the
specific molecular mechanisms of ZFPs that are well-suited to orchestrate pathophysiological changes
in colon cancer development, which may lay a credible foundation for further precision oncology.

Abstract: According to the global cancer burden data for 2020 issued by the World Health Organi-
zation (WHO), colorectal cancer has risen to be the third-most frequent cancer globally after breast
and lung cancer. Despite advances in surgical treatment and chemoradiotherapy for colon cancer,
individuals with extensive liver metastases still have depressing prognoses. Numerous studies
suggest ZFPs are crucial to the development of colon cancer. The ZFP family is encoded by more
than 2% of the human genome sequence and is the largest transcriptional family, all with finger-like
structural domains that could combine with Zn2+. In this review, we summarize the functions,
molecular mechanisms and recent advances of ZFPs in colon cancer. We also discuss how these
proteins control the development and progression of colon cancer by regulating cell proliferation,
EMT, invasion and metastasis, inflammation, apoptosis, the cell cycle, drug resistance, cancer stem
cells and DNA methylation. Additionally, several investigations have demonstrated that Myeloid
zinc finger 1 (MZF1) has dual functions in colon cancer, which may both promote cancer proliferation
and inhibit cancer progression through apoptosis. Generally, a comprehensive understanding of
the action mechanisms of ZFPs in colon cancer will not only shed light on the discovery of new
diagnostic and prognosis indicators but will also facilitate the design of novel targeted therapies.

Keywords: zinc finger proteins (ZFPs); colon cancer; proliferation; biological function;
anticancer therapy

1. Introduction

As one of the most common gastrointestinal malignancies worldwide, colon cancer is
a tumor derived from colonic mucosal epithelium or glands. It is a widely heterogeneous
disease, closely related to environmental and genetic factors [1]. Around the world, both
its incidence and fatality rates have continued to climb, with approximately 1,096,000 new
diagnosed cases of colon cancer in 2018, according to the GLOBOCAN 2018 database
published by the International Center for Research on Cancer (IARC) [2].

At present, the treatment methods of colon cancer are still mainly surgical treatment
and chemoradiotherapy, but their therapeutic effects are not ideal enough, which is mainly
related to the pathological stage and invasiveness of colon cancer. For stage I colon cancer
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confined to the mucosal layer, the treatment is generally effective, with a patient 5-year
survival rate approaching 90%, but there is a 1.2–4.9% risk of recurrence. For stage II colon
cancer that is located in the colon wall but has not spread to the nearby lymph nodes,
the 5-year survival rate is 65–87% [3]. For stage III colon cancer with locally advanced
disease that has spread to the nearby lymph nodes but no distant metastasis, the 5-year
survival rate is 53–90% after positive and comprehensive treatment, such as surgery and
chemotherapy [3]. However, for stage IV colon cancer with local recurrence or distant
metastasis, the prognosis is poor, and the 5-year survival rate of patients can rapidly
decline to 12% [3]. Given the poor prognosis of advanced colon cancer, it is necessary to
explore the molecular mechanisms underlying colorectal cancer initiation, progression and
metastasis; discover the potential biomarkers associated with colorectal cancer and develop
more effective therapies. In recent years, the association of proteins with colon cancer has
attracted much attention from researchers, especially zinc finger proteins (ZFPs).

As an essential class of transcription factors in the human body, ZFPs have been
identified to play crucial roles in several physiological processes through different molecular
mechanisms, such as keratinocyte differentiation, muscle differentiation and the regulation
of cancer stem cells [4]. Meanwhile, the aberrant expression of ZFPs provokes different
pathological processes, such as tumorigenesis and progression, diabetes, skin diseases
and neurodegeneration [5–7]. Especially in tumors, ZFPs have significant effects on cell
proliferation, EMT, invasion and metastasis, inflammation, apoptosis, the cell cycle, drug
resistance, cancer stem cells and DNA methylation in a broad range of cancers, such as
colon, breast, lung and gastric cancers, as well as hepatocellular carcinoma [8] (Figure 1).
In this article, we review the association of ZFPs in colon cancer. Hopefully, our review
will provide directions for the targeted treatment of colon cancer, as well as exploring the
possibility of using ZFPs to build a prognostic model for colon cancer.
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Figure 1. The function of ZFPs in regulating the cellular biological processes of colon cancer. ZFPs
play important roles in the regulation of cell proliferation, epithelial–mesenchymal transition (EMT),
invasion and metastasis, inflammation, cell cycle, cancer stem cells and DNA methylation in colon
cancer cells. (This figure was created with biorender.com).

2. Zinc Finger Proteins

By identifying certain DNA sequences, transcription factors play a role in the regula-
tion of numerous biological processes, including cell differentiation, immunity, apoptosis,
proliferation, autophagy and stem cell maintenance [9]. ZFPs are a superfamily of tran-
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scription factors that comprise at least one zinc finger domain that could bind specific
DNA sequences, hence regulating the DNA expression levels [10]. Moreover, ZFPs can also
interact with RNA, lipids, membranes and proteins through zinc finger domain or certain
structural domains, such as the SCAN domain [11–13]. The zinc finger motif, composed of
30 cysteines and/or histidines, was firstly observed in the African Xenopus oocyte tran-
scription factor IIIA in 1988, named for its capacity to bind zinc ions and create finger-like
structures [14]. Subsequent research has revealed a significant number of proteins with
zinc finger domains, which are acknowledged as the biggest family of specific transcrip-
tion factors encoded by approximately 2% of human genes [15]. The zinc finger domain
maintains the function and stability of the protein structure through autonomous folding
upon engagement with one or more zinc ions [16].

According to the HUGO Gene Nomenclature Committee, the zinc finger protein family
is divided into 30 types [17]. Zinc finger motifs are categorized into eight subclasses based
on the structural particularity adjacent the zinc binding site, namely TAZ2 domain-like,
Cys2His2 (C2H2)-like, Treble clef, Gag knuckle, zinc-binding loops, Zn2/Cys6, Metalloth-
ionein, and TAZ2 domain-like. Among them, the Cys2His2 zinc finger is the most widely
distributed DNA-binding domain of the human transcription factors [18]. In addition to
the variability of the zinc finger structural domains, the diversity of specific structural
domains is also involved in constituting the structural and functional multiplicity of ZFPs.
For instance, SET domains catalyze via the methylation of proteins, and the BTB domain
primarily represses transcription by binding to and attracting corepressors of target gene
transcription [19,20]. In general, the structural diversity of zinc finger proteins determines
their functional complexity.

3. ZFPs and Their Role in Colon Cancer Patient Outcomes

There are many ZFPs that are closely related to the progression and malignancy of
colon cancer, being potential indicators of patient prognosis and survival. For instance,
CIZ1, ZNF217, ZNF281, ZKSCAN3, ZNF692, ZNF750, and ZFP36 proteins are closely
related to the tumor volume, lymph node metastasis status, and TNM stage, and their
expression levels had statistically significant effects on the survival time of patients with
colon adenocarcinoma.

In colon cancer patients, many upregulated ZFPs are closely related to their poor
prognosis, and studies have investigated the specific mechanisms of action among them.
It was identified that the higher the stage, the higher the positive expression rate of the
CIZ1 protein, suggesting that CIZ1 may promote tumor cell infiltration and metastasis [21].
Moreover, ZNF217 is capable of promoting tumor cell invasion and metastasis through
inhibiting E-cadherin expression in tumor cells [22]. The low expression of ZNF281 inhib-
ited cell proliferation, invasion, migration, and metastasis by inhibiting the Wnt/β-catenin
pathway [23]. ZKSCAN3 can transcriptionally activate integrins β4 and VEGF, promoting
the occurrence of CRC [24]. ZNF692 promotes cell proliferation, migration, and invasion
in colon adenocarcinoma (COAD) by downregulating p27kip1 or upregulating cyclin D1,
cyclin-dependent kinase 2 (CDK2), matrix metalloproteinase-9 (MMP-9), and PI3K/Akt
signaling [25]. Nonetheless, several downregulated ZFPs are substantially related to a poor
prognosis in patients with colon cancer. For colon cancer patients, the low expression of
ZNF750 is significantly associated with a poor prognosis [26]. The loss of ZFP36 expression
occurs in the early stages of tumorigenesis, where it plays a suppressive function in the
regulation of multiple cellular pathways. Furthermore, downregulated ZFP36 can advance
the development of colon cancer (CT26 cell line) in mice via elevating the expression of
inflammatory factors IL-23, HuR [27,28], vascular endothelial growth factor (VEGF), cy-
clooxygenase 2 (COX-2) [29], ZEB1, Sox9, and MACC1 [30] or increasing the stability of
vitamin D receptor (VDR) [31] and claudin-1 [32]. Interestingly, only obese patients were
strongly associated with the overall survival (OS) of RPS27, which promotes leptin-induced
CRC through activation of the c-Jun N-terminal kinase (JNK)/c-Jun pathway [33].
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In addition, the liver is the main target organ for the distant metastasis of colon cancer,
which is an important factor affecting its prognosis. About 50% of patients with colorectal
cancer die of colorectal liver metastasis (CALM), of which 25% were accompanied by liver
metastasis when diagnosed, and 25% were found after radical surgery [34]. The median
survival time of patients with unresectable liver metastases was only 6.9 months [35].
Reports have shown that ZNF185 and ZEB1 expression are significantly associated with
liver metastasis and are independent indicators of liver metastasis and prognosis in colon
cancer patients [36,37].

4. Biological Functions of ZFPs in Colon Cancer

Since there is currently no systematic review in this field, highlighting the connec-
tion between ZFPs and colon cancer is an important part of the research. Accumulating
evidence suggests that ZFPs play crucial roles in cell proliferation, EMT, invasion and
metastasis, inflammation, apoptosis, the cell cycle, drug resistance, cancer stem cells, and
DNA methylation during colon carcinogenesis and progression (Figure 1). In the following
section, we will outline the roles of ZFPs in the regulation of these biological processes and
emphasize the involved molecular mechanisms (Table 1).

Table 1. Representative ZFPs and the related signaling pathways in colon cancer.

ZFPs Aliases Expression Biological Functions Targets References

ZNF143 pHZ-1, SBF, STAF ↓ EMT, invasion and
metastasis ZEB1, CDH1 [38]

ZNF146 OZF ↑ - - [39]

ZNF398 KIAA1339, P51, P71,
p52-ZER6 ↑ Tumorigenesis, cell

proliferation and cell cycle p53 [40]

KLF4 EZF, GKLF ↓ Cell proliferation Bmi1 [41–43]

ZFP91 PZF, ZNF757, HPF7,
HTF10 ↑

Tumorigenesis, cell
proliferation and
inflammation

NF-κB/p65, HIF-1α,
IL-1β [44–48]

MAZ Pur-1, ZF87, Zif87,
ZNF801 ↑ Inflammation HIF-2a, Tnfa, Cxcl1,

STAT3 [49]

ZNF185 SCELL ↑ Cell proliferation and liver
metastasis - [36,37]

PATZ1
dJ400N23, MAZR,
PATZ, RIAZ, ZSG
ZBTB19, ZNF278,

↑
Potential proto-oncogene,
cell proliferation and cell
cycle

MAPK/ERK pathway [50]

Twist - ↑ Cancer stem cell and EMT,
invasion and metastasis

Fibronectin, Vimentin,
Snail, E-cadherin,
N-cadherin,

[51,52]

Slug - ↑ Cell cycle Mdm2, P53, P21 [53]

ZEB1
AREB6, Zfhep, BZP,
FECD6, NIL-2-A, ZEB,
TCF8, Zfhx1a, PPCD3

↑
liver metastasis, DNA
methylation, EMT,
invasion and metastasis

CTBP, BRG1, uPA,
PAI-1
E-cadherin, HDAC1,
DNMT1

[30,32,36,38,54–56]

Snail SNAI1 ↑ -
E-cadherin, G9a, LSD1,
HDACs, SUV39H1
inhibitor, PRC2

[57–60]

ZEB2 KIAA0569, SIP-1, SIP1,
ZFHX1B ↑ EMT, invasion and

metastasis CTBP, E-cadherin [54,60]

ZEB2-AS1 ↑
Cell proliferation,
apoptosis, EMT, invasion
and metastasis

β-Catenin [61]

CIZ1 LSFR1, ZNF356 ↑ EMT, invasion and
metastasis - [21]
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Table 1. Cont.

ZFPs Aliases Expression Biological Functions Targets References

ZFX ZNF92 ↑
Cell proliferation, cancer
stem cell, EMT, invasion
and metastasis

MAPK/ERK,
PI3K/Akt, STAT3
pathway

[8,62,63]

RPS27 MPS-1, MPS1, S27 ↑ EMT, invasion and
metastasis

JNK/c-Jun signaling
pathway [33]

ZNF511 MGC30006, ZFP511 ↑ - - [39]

ZNF217 ZABC1 ↑
Oncogene, liver
metastasis, EMT, invasion
and metastasis

E-cadherin [22]

ZNF70 Cos17, MGC48959 ↑ Inflammation
NLRP3, IL-1β,
inflammasome,
STAT3

[64]

ZFP36 G0S24, NUP475,
RNF162A, TIS11, TTP ↓ Cell proliferation, EMT,

invasion and metastasis

IL-23, VDR, COX-2,
VEGF, SOX9, MACC1,
N-cadherin, ZEB1,
Vimentin, E-cadherin,
ZO-1

[30,31]

KLF12 AP-2rep, AP2REP,
HSPC122 ↑ Tumorigenesis and cell

proliferation - [16]

KLF6-SV2 ZFP9 ↓ Cell proliferation and cell
cycle Bax, p21 [18]

MZF1
MZF1A, MZF1B,
ZFP98, ZSCAN6,
ZNF42,

↑
Cell proliferation,
apoptosis, EMT, invasion
and metastasis

Axl, p55PIK, DR5,
FADD Caspases [17]

ZKSCAN3 ZF47, ZFP47, ZNF306,
ZNF309, ZSCAN35 ↑ EMT, invasion and

metastasis Integrin β4 and VEGF [19]

ZNF692 AREBP, FLJ20531 ↑ Cell proliferation, EMT,
invasion and metastasis

CDK2, cyclin D1,
Mmp-9, p27Kip1 [20]

ZNF750 FLJ13841 ↑
Cell proliferation, cell
apoptosis, EMT, invasion
and metastasis

CYTOR [65]

ZNF545 ZFP82, KIAA1948,
MGC45380 ↓ Apoptosis KAP1 [66]

ZNF281 ZBP-99 ↑ EMT, invasion and
metastasis

IL-8, IL-1β, IL-17,
IL-23,SNAIL, α-SMA
Slug, TIMP-1,
Vimentin, fibronectin,
α-SMA

[4]

↓ indicates that the protein is down-regulated in colon cancer cell lines. ↑ indicates that the protein is up-regulated
in colon cancer cell lines.

4.1. ZFPs Regulate Cell Proliferation

Normally, cell proliferation maintains normal cell numbers through a finely coordi-
nated network of external growth factors and intracellular gene regulation [67,68]. However,
uncontrolled or sustained cell proliferation is a typical hallmark of cancer, in which cancer
cells can evade strict surveillance and promote cancer progression [69]. Limiting the pro-
liferation of cancer cells is a direction for cancer therapy; therefore, it is crucial to identify
more molecular targets related to cancer cell proliferation [70]. According to previous
studies, multiple ZFPs have regulatory effects on cell proliferation in colon cancer.

Several ZFPs have been discovered to be upregulated in colon cancer and have a pro-
liferative effect. ZNF398 (Krüppel C2H2 type) is a heterodimer from the zinc finger protein
ZER6, which contains a Krüppel-associated box (KRAB) domain at the N-terminal end [40].
It was found that ZNF398 was highly expressed in colon cancer, while ZNF398 knock-
down resulted in constrained cell proliferation. Further studies revealed that p52-ZER6
strengthens the MDM2/p53 complex by attaching to p53 via the KRAB (tKRAB) structural
domain. Then, the increased ubiquitination and degradation of p53 induces dysregulation
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of the cell cycle and eventually results in unchecked cell growth [71]. In addition, Ma et al.
found that ZFP91 (C2H2-type) was upregulated in human colon cancer cells and positively
linked with hypoxia-inducible factor-1 (HIF-1) expression [44]. As a widely recognized
cancer therapeutic target, HIF-1 upregulation is known to have a significant role in cell
survival, tumor metastasis, and poor prognosis [72]. In terms of the mechanism, ZFP91
functions as a driver gene to activate NF-κB/p65, which results in the upregulation of HIF-
1α expression, ultimately leading to the excessive proliferation of colon cancer cells [47].
Moreover, Myeloid zinc finger 1 (MZF1) is a ZFP from the Krüppel family containing a
SCAN domain and was found to be aberrantly expressed in several cancers [73]. It was
found that, in colon cancer cells, MZF1 promotes proliferation by binding to the promoter
of the receptor tyrosine kinase (Axl) and activating the promoter, thereby increasing the
expression level of Axl [74]. Xing et al. discovered that ZNF692 (Krüppel C2H2 type) is
enhanced in colon adenocarcinoma (COAD) and encourages the G1/S phase transition,
which, in turn, boosts tumor cell proliferation [25]. Additionally, ZFP185 (LIM type) is
regarded as an independent predictor of liver metastasis and prognosis in patients with
colon cancer and has been linked to the control of cell proliferation and differentiation [75].
Furukawa et al. discovered that PATZ1 (Krüppel C2H2 type) increases colon cancer cell
proliferation via activating the ERK/MAPK pathway and is increased in colon cancer cells.
The scientists also speculate that PATZ1 may be a potential proto-oncogene for colon cancer,
although the precise mode of action has yet to be investigated [76].

The Krüppel-like factors (KLF) family is a class of ZFPs containing 17 members,
and earlier research has indicated that the KLF family is essential for the development
and prognosis of a few malignancies [77]. The downregulation of KLF4 was related to a
poor prognosis in renal cell carcinoma, for instance [42]. A recent study found that the
increased expression of some KLF family members was associated with worse overall
survival in patients with colon cancer, such as KLF17, KLF14, KLF2, and KLF15. In
contrast, some ZFPs from the KLF family are aberrantly expressed in colon cancer and
have proliferation inhibitory effects, such as KLF5, KLF4, KLF6, and KLF3 [43]. In detail,
KLF4 was observed to be expressed at enhanced levels in the skin and intestine. Yu et al.
showed that the overexpression of KLF4 suppresses colon cancer cell proliferation via
directly inhibiting B lymphoma Mo MLV insertion region 1 (Bmi1), a polyclonal group
(PcG) protein that participates in the regulation of colon cancer cell proliferation [41].
Additionally, KLF6-SV2, an SV2 variant of one of the KLF6 selective splice isoforms, was
discovered to be considerably inhibiting the proliferation of the colon cancer (SW480 and
SW620 cell lines) [78]. Overall, the role and mechanisms of other KLF family members in
colorectal cancer have not been elucidated fully yet.

4.2. ZFPs Regulate EMT and Promote Invasion and Metastasis

A crucial step in the early stages of tumor invasion and metastasis creation is the
epithelial–mesenchymal transition (EMT), a biological process in which epithelial cells
lose cell polarity, gain a greater capacity for invasion and migration, and destroy the
extracellular matrix. Studies have demonstrated that a substantial number of ZFPs can
facilitate this process by controlling the EMT. Predominantly, EMT is recognized by the
decreased expression of cell adhesion molecules such as E-cadherin. Usually, the expression
of the E-cadherin (CDH1) gene is tightly regulated. Furthermore, it is revealed that the
zinc finger transcription factors ZNF143, Twist, Snail family, ZEB1, and ZEB2, as molecular
switches of EMT, participate in its regulation.

In colon cancer patients, ZNF143 downregulation was observed. Further research
found that ZNF143 knockdown can increase the expression of transcriptional ZEB1, thus
inhibiting the transcriptional expression of E-cadherin and promoting EMT transforma-
tion [38]. However, the upregulation of many other ZFPs was found in colon cancer patients,
promoting EMT, invasion, and metastasis through multiple pathways. The upregulation of
Twist in colon cancer (SW480, HCT116, and HT29 cell lines) not only results in the high
transcriptional expression of vimentin, N-cadherin, and fibronectin but also decreases the
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expression of E-cadherin, which could promote EMT and enhance the metastatic ability
of tumor cells [52,79]. Additionally, it is worth mentioning that the relationship between
the Snail family and E-cadherin in colon cancer is a certain controversy. Snail is a major
inducer of the EMT process in colon cancer. It can bind to the E-box DNA sequence of
the E-cadherin promoter and recruit G9a [58], lysi-specific demethylase 1 (LSD1) [59],
histone deacetylases (HDACs) [57], Polycomb inhibitory complex 2 (PRC2) [80,81], and
hybrid 3–9 homolog 1 (SUV39H1) inhibitors, resulting in various histone modifications and
inhibiting E-cadherin transcription. However, Kroepil F et al. showed that, in whole colon
tumors, there was no significant correlation between Snail and E-cadherin expression and
E-cadherin deletion or even downregulation [82]. In addition, the ZEB family of the zinc
finger transcription factors is also one of the main inducers of EMT, especially ZEB1 and
ZEB2, which can directly or indirectly limit the expression of adhesion proteins such as
E-cadherin and a series of polar proteins at the transcriptional level. They mainly mediate
transcriptional repression by raising the corepressor C-terminal-binding protein (CTBP)
to the E-box [83]. Meanwhile, they could also inhibit the transcription of E-cadherin and
induce EMT through other multiple pathways. For instance, they are capable of recruiting
the switch/sucrose nonfermentable (SWI/SNF) chromatin remodeling protein BRG [54],
interacting with the transcriptional coactivator p300/CBP-related factor (PCAF) to pro-
mote Smad signal transduction [84], or forming a protein complex with human telomerase
reverse transcriptase (hTERT) to bind to the E2 box conserved in the promoter region of
the CDH1 gene [55]. Moreover, ZEB1 can promote colon cancer invasion by regulating
the molecules involved in matrix remodeling, such as uPA and plasminogen activator
inhibitor-1 (PAI-1) [32]. Intriguingly, the ZEB family is regulated by upstream Snail factors
at the transcriptional and post-transcriptional levels; meanwhile, Twist can directly enhance
the Snail expression [60].

4.3. ZFPs Regulate Inflammation

In recent years, studies have shown that inflammatory bowel disease (IBD) is one of
the important mechanisms and high-risk factors for the development and progression of
colorectal cancer (CRC) [85]. The underlying mechanism may provide cancer cells, the
surrounding cellular stroma, and inflammatory cells to participate in a well-orchestrated
inflammatory tumor microenvironment (TME). Multiple studies have shown that ZFPs,
such as ZNF281, ZFP91, ZNF70, and MAZ, can affect the immune response process and
promote cancer progression.

In colon cancer patients, serval ZFPs are upregulated and contribute to the develop-
ment of disease through inflammatory physiological processes. High expression of ZNF281
could increase the expression of inflammatory cytokines (IL-8, IL-1β, IL-17, and IL-23)
gene expression, which promotes the inflammation-induced elevation of extracellular col-
lagen levels and morphological changes [46]. What is more, ZFP91 can not only activate
HIF-1α through NF-κB/p65 [44] but also positively regulate the production of inflam-
matory cytokine IL-1β in macrophages by activating the MAPKs and atypical caspase-8
inflammasome [45,48], which advances the proliferation and tumorigenesis of colon cancer.
Previous studies have illustrated that ZNF70, as a target between macrophages and colon
cancer cells, promotes the secretion of IL-1β by macrophages by regulating the activation
of NLRP3 inflammasome and STAT3 in macrophages (THP-1) and then boosts the prolif-
eration of colorectal cancer cells (HCT116 cell line) [64]. In addition, the AAV-mediated
silencing of ZNF70 in the AOM/DSS model inhibited IL-1β secretion in the mouse serum
and tumor growth in the CRC model of colitis. In addition, MAZ plays a crucial role in the
transcription of inflammatory target genes, such as tumor necrosis factor α (TNF-α) and
neutrophil chemokine Cxcl1, directly through activating the hypoxia-induced transcription
factor (HIF-2a) in the progression of colitis hypoxia [49,86]. In turn, STAT3 phosphoryla-
tion is dependent on HIF-2A-independent activation. Furthermore, abnormalities in the
signaling pathway with STAT3 have been found in both ulcerative colitis and Crohn’s
disease, suggesting an important role in the progression of ulcerative colitis [87]. Evidence
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provides a certain clue and theoretical basis for the development of inflammation-related
colon cancer-targeted drugs with the advantages of strong targeting, fine mapping, and
few side effects.

4.4. ZFPs Regulate Apoptosis

Apoptosis is an evolutionarily conserved programmed cell death process that does
not cause inflammatory responses, which is essential for animal development and tissue
homeostasis. Researchers have demonstrated that some ZFPs are vital in colon cancer
progressions, such as ZNF545, KLF6-SV2, ZEB2-AS1, BORIS, and ZNF750.

ZNF545 and KLF6-SV2 were significantly downregulated in colon cancer patients. As
a novel tumor suppressor, ZNF545 can induce tumor cell apoptosis and inhibit ribosomal
protein translation and target gene transcription [88]. Wang et al. found that the overex-
pression of ZNF545 in CRC cells induced growth arrest and apoptosis. The underlying
mechanism may be that ZNF545 bind to the minimal rDNA promoter by its two zinc finger
clusters, where it interacts with KAP1 to assemble a transcriptional repressor complex [66].
Moreover, KLF6-SV2 can also act as a tumor suppressor by effectively blocking colorectal
cancer cell proliferation, arresting the cell cycle, and inducing apoptosis, which may be
associated with the enhanced expression of p21 and Bax [78]. Additionally, several ZFPs are
significantly upregulated in colon cancer patients. In colon cancer cells (DLD1 and SW620),
ZEB2-AS1 not only induced β-catenin expression, the activation of downstream target gene
transcription, promotion of proliferation, migration, and invasive ability but also inhibited
apoptosis [89]. Furthermore, BORIS, a novel oncogene, is an 11-zinc finger (ZF) protein [61].
In the physiological state, it is not found or detected at very low levels in human tissues or
cells, but it is activated and expressed in cancer due to hypomethylation of its promoter. The
silencing of BORIS can induce apoptosis in tumor cell lines. Nguyen, P. et al. discovered
that BORIS readily binds to unmethylated DNA-binding sites but preferentially binds to pa-
ternally H19 differentially methylated regions [90]. Sun, L. et al.’s experiments showed that
this may be due to BORIS acting together with DNA methyltransferases 1 and 3b (DNMT1
and dnmt3d) to regulate promoter histone methylation and activate the expression of the
multifunctional protein BAG-1, which can interact with several target molecules, thus
regulate apoptosis, proliferation, transcription, metastasis, and motility [91]. In addition,
Xia et al. proved that a high expression of ZNF750 promoted proliferation, motility, and
invasion; inhibited apoptosis in human colon cancer cell lines (SW620, HCT116, Caco2, and
SW480); and the underlying mechanism was that ZNF750 could positively regulate the
expression of long noncoding RNA CYTOR, enhance the tumorigenicity of colon cancer
cells, and affect the response to tumor drug treatment [92].

4.5. ZFPs Regulate Cell Cycle

The strict control of the cell cycle is required for normal cell proliferation, in which
cells undergo the doubling of chromosomes and other cellular material before dividing
into two daughter cells surrounded by membranes, a process also known as mitosis [93].
Under regular conditions, the cell cycle is tightly regulated by CDKs (cell cycle protein-
dependent kinases) and cell cycle proteins, and CKIs (cell cycle protein-dependent kinase
inhibitors) inhibit the actions of CDKs. In addition, the tumor suppressor genes p53
and RB are also involved in the control of the cell cycle [94]. In cancer cells, cell cycle
dysregulation induces uncontrolled proliferation, which promotes tumor development
and metastasis [95]. Several studies have shown that numerous ZFPs are involved in the
regulation of the cell cycle in colon cancer (Figure 2).
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various zinc finger proteins involved in cell cycle processes, such as ZFP91, ZFP278, ZFP692, Slug,
KLF6-SV2, and P52-ZER6. The underlying mechanisms involve cyclin D, cyclin E, E2F, p21, p53, Bax,
and MDM2. The underlying mechanism affects multiple molecules, such as cyclin D, cyclin E, E2F,
p21, p53, Bax, and MDM2, eventually inducing cell progression or inhibiting cell proliferation in
colon cancer. These ZFPs have great potential as novel therapeutic targets for colon cancer. (This
figure was created with biorender.com).

KLF6-SV2, also known as ZFP9, was discovered to be expressed at decreased levels
in colon cancer. In the KLF6-SV2 overexpression model constructed by the researchers,
a suppressed cell cycle and cell proliferation were observed. Additionally, it was shown
that KLF6-SV2 may limit the cell cycle of cancer cells by enhancing the expression levels of
Bax and p21 [78]. In colon cancer tissues, ZNF398 was overexpressed, and the silencing of
ZNF398 resulted in G0–G1 phase obstruction. Huang et al. found that ZNF398 promotes
p53 ubiquitination through the binding of the KRAB structural domain with p53, which
reinforces the MDM2/p53 complex [71]. Furthermore, it was demonstrated that ZFP91
promotes colon cancer cell proliferation by activating HIF-1α via NF-κB/p65 and leading
to a significant increase in the proportion of cells in the S phase [44]. By triggering the phos-
phatidylinositol 3-kinase (PI3K)/AKT serine/threonine kinase (AKT) signaling cascade,
ZNF692 (Krüppel C2H2 type) overexpression promotes the G1/S phase transition while
controlling the production of p27Kip1, cyclin D1, matrix metalloproteinase-9 (MMP-9),
and cyclin-dependent kinase 2 (CDK2) [25]. PATZ1 knockdown dramatically triggered cell
cycle arrest by lowering cell cycle protein D1/E1 and raising the p21 expression levels, in
addition to its involvement in supporting colon cancer cell proliferation [50]. Additionally,
Kim et al. demonstrated that Slug increased p53 ubiquitination/degradation in colon
cancer cells and suppressed the function of p53 and p21 by increasing the expression level
of Mdm2 [53].

4.6. ZFPs Regulate Drug Resistance

As a dilemma in colon cancer treatment, most patients experience drug resistance and
result in poor treatment outcomes. There are multiple processes that lead to the develop-
ment of drug resistance and are classified as cellular and noncellular [96]. Identifying the
molecules involved in the contribution to drug resistance would assist in reversing drug
resistance and improving the treatment outcomes. Interestingly, studies have shown that
zinc finger proteins are involved in the development of drug resistance in colon cancer.
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In the research carried out by Deng et al., the result of the MTT assay showed that
human colon cancer cell lines (SW480 and HCT116) with upregulated Twist levels showed a
decreased sensitivity to oxaliplatin. Additionally, the overexpression of Twist also induced
a higher mRNA level of ABCB1, which is a chemoresistance-related gene, and encoded
transmembrane protein P-gp (P-glycoprotein) [51]. Furthermore, it is interesting to note
that drug-resistant lung cancer cells were observed to exhibit cancer stem-like traits and an
EMT phenotype, indicating that drug resistance caused by Twist in colon cancer may be
linked to its role in cancer stem cells and EMT. Further research is needed to determine the
exact mechanism, though [97].

4.7. ZFPs Regulate Cancer Stem Cell

Cancer stem cells (CSCs) are a subpopulation of tumor cells that undergo Hedgehog
and Notch signaling and are responsible for tumor self-renewal, maintenance, and growth.
Several studies have revealed that tumor stem cells aid in the spread of cancer and in-
crease its resistance to standard cancer treatments such as chemotherapy and radiation.
Accordingly, CSCs hold great potential as therapeutic targets [98]. ZFX is a zinc finger
transcription factor implicated in the malignant development of hepatocellular carcinoma
by modulating the expression of CSC markers such as Nanog and SOX-2 [62]. Additionally,
ZFX has been closely linked to the prognosis of patients with colorectal cancer, and Yan
et al. hypothesized that ZFX may enhance CRC cells via generating stem cells. However,
the exact mechanism remains more investigated [63]. In addition to increasing metastasis,
there is evidence that a high expression of Twist in colon cancer cells confers tumor stem
cell-like features to cancer cells [51]. These ZFPs involved in the control of tumor stem cells
are anticipated to be potential colon cancer therapeutic targets.

4.8. ZFPs Regulate DNA Methylation

DNA methylation, one of the epigenetic processes that regulate gene expression,
modifies the genetic expression without affecting the DNA sequence. Significantly, the
development of cancer is accompanied by substantial intracellular DNA methylation
alterations, and DNA methylation in cancer has various roles that contribute to the trans-
formation of healthy gene expression regulation into a disease pattern [99]. A rising corpus
of research demonstrates the considerable potential of DNA methylation alterations for
the development of cancer diagnostic tests with significant therapeutic relevance [100].
Lindner et al. revealed that ZEB1 impacts the expression of chromatin-modifying enzymes
in colon cancer. Mechanistically, ZEB1 might attract histone tyrosine kinase HDAC1 or
methyltransferase DNMT1 to the E calmodulin promoter, inhibiting their transcription and
preserving their hypermethylated state, respectively [56].

5. MZF1: A Double-Edged Sword in Colon Cancer

Typically, ZFPs tend to exert only one of these two effects, anticancer or oncogenic.
However, in the past few years, there have been several studies suggesting that one ZFP
may have dual roles in colon cancer (Figure 3). Myeloid zinc finger protein 1 (MZF1), which
belongs to the scan-ZF family of transcription factors [101], is located in the chromosome
19q13.43 region. As a transcription factor, MZF1 binds to target DNA promoters such as
padi1 and cdh2 to enhance the expression of downstream-dependent genes, while this
domain can also mediate protein–protein interactions [102].
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mediating FTO ubiquitination, FTO promotes the expression of the MZF1 protein by re-
moving the m6A mRNA modification of MZF1, and the MZF1 protein activates the 
MZF1/C-MYC axis to advance cell proliferation and inhibit cell apoptosis [104]. 

Figure 3. In colon cancer, MZF1 plays dual and opposite roles in different signaling pathways: (a)
MZF1 transcriptionally activates the downstream target gene Axl and stimulates various signaling
pathways, such as PI3K, FAK, Grb2/Ras, MEK/ERK, advancing cell proliferation, EMT transforma-
tion, invasion, and metastasis in colon cancer. (b) MZF1 transcriptionally activates the downstream
target gene p55PIK; stimulates diverse signaling pathways such as PI3K/Akt and PI3K/RAC; and
activates a series of downstream target genes such as CDC2, ALDH, BCL2, TWIST, SNAIL, and SLUG,
promoting cell proliferation, EMT transformation, invasion, and metastasis in colon cancer. (c) MZF1
transcriptionally triggers the downstream target gene c-myc and multiple downstream target genes,
such as MINA53, ID2, BCL2, and PTMA, promoting proliferation in colon cancer. (d) Sulfide sulindac
sulfide induces the upregulation of MZF1. MZF1 promotes the expression of DR5 that interacts with
FADD to activate caspases, promoting cell apoptosis and eventually inhibiting metastasis in colon
cancer. (This figure was created with biorender.com).

MZF1 was first detected in humans by studies of hematopoietic cell development of
the myeloid lineage. As the research continues to deepen, the development of other types
of solid tumor cancer, such as colon cancer, is gradually recognized to be associated with
MZMF1. Mudduluru et al. [74] first demonstrated that MZF1 overexpression in colorectal
(RKO and SW480 cell lines) cancer cells can induce tumor cell proliferation, migration, and
invasion by binding to the receptor tyrosine kinase (Axl) promoter gene, transactivating
promoter activity and enhancing Axl mRNA and protein expression in a dose-dependent
manner. A few years later, Deng et al. [103] concluded that, in colorectal (LoVo and SW480
cell lines) cancer cells, the transcription factor MZF1 potentiates their tumorigenic capacity
by transcriptionally activating the p55PIK protein, a regulatory subunit of IA-PI3K, which,
in turn, activates the PI3K/Akt pathway. Furthermore, a recent study confirmed that
downregulated GSK3β in CRC cells can promote the expression of FTO by mediating
FTO ubiquitination, FTO promotes the expression of the MZF1 protein by removing the
m6A mRNA modification of MZF1, and the MZF1 protein activates the MZF1/C-MYC
axis to advance cell proliferation and inhibit cell apoptosis [104]. Nevertheless, there are
also relevant studies proposing that sulindac sulfide sensitizes cancer cells to trail-induced
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apoptosis by upregulating MZF1, inducing the expression of death receptor 5 (DR5) in
tumor necrosis factor-related apoptosis inducing ligand (TRAIL), which interacts with
adaptor proteins (e.g., FADD) and activates caspases to promote apoptosis in colon cancer
cells [105]. In conclusion, MZF1 has both carcinogenic and tumor-suppressive effects on
colon cancer. A deep understanding of its dual role can assist to develop a variety of
therapies to target colon cancer. Additionally, this novel finding provides a cautionary
note for the relevant drug development, especially the possible side effects of single-acting
anticancer drugs.

6. Conclusions

As a large family of transcription factors, ZFPs are widely involved in various physi-
ological and pathobiological processes in the human body. Colon cancer remains one of
the most common malignant cancers worldwide, and there are still many unanswered
questions in terms of early diagnosis and postoperative treatment. In recent decades, the
properties of ZFPs to regulate transcription and control gene expression in colon cancer
have been widely demonstrated, with more functional studies on ZFPs [18]. This arti-
cle reviews the ZFPs structure, molecular mechanisms, functions, and the latest research
progress in colon cancer. However, in the current state of the research, there are still many
ZFPs whose mechanisms of action in colon cancer are not fully understood, and more mech-
anisms need to be further studied, such as ZNF146, ZNF511, ZNF346, ZNF638, ZNF700,
and ZNF768 [39].

There are various types of zinc finger motifs, such as TAZ2 domain-like, Cys2His2
(C2H2)-like, zinc-binding loops, and Zn2/cys6, among which C2H2 zinc finger is the most
widely distributed DNA-binding region. Within the C2H2 motif, ZFPs contain, in addition
to zinc finger motifs, common domains such as the KRAB, set, and scan domains, which
can function in binding to DNA, RNA, or proteins. Secondly, the expression of ZFPs can be
upregulated or downregulated in cancer patients, which suggests that ZFPs may function
as tumor suppressors or oncogenes simultaneously (Table 1). They can affect colon cancer
development through a variety of biological processes, such as cell proliferation, EMT and
liver metastasis, inflammation, the cell cycle, cancer stem cells, and DNA methylation.
Moreover, in colon cancer, some ZFP functions seem to have a dual, opposing role to MZF1.
Through multiple signaling pathways, MZF1 can both promote cancer multiplication and
inhibit cancer progression through apoptosis (Figure 3). Therefore, due to the different roles
of ZFPs in colon cancer, it is possible to invent specific inhibitors or agonists of ZFPs that
interfere with the expression of their target genes, possibly providing new ideas for their
research in colon cancer. In conclusion, ZFPs play an important role in the tumorigenic
process of colon cancer, and their targeted agents need to be further explored.
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Abbreviations

MZF1 Myeloid zinc finger 1
Axl AXL receptor tyrosine kinase
SP1 sp1 transcription factor
Gas6 growth arrest specific 6
PI3K Phosphatidylinositol-3-kinase
NF-κB Nuclear factor kappa light chain enhancer of activated B cells
RAC Rac family small GTPase
SRC SRC proto-oncogene, non-receptor tyrosine kinase
FAK Focal adhesion kinase
EMT Epithelial-to-mesenchymal transition
GRB2 Growth Factor Receptor-bound Protein 2
SOS SOS Ras/Rac guanine nucleotide exchange factor
GDP Guanosine 5′-diphosphate
GTP Guanosine 5′-triphosphate
Raf Rheumatoid Arthritis Factor
MEK MAPK/ERK kinase
ERK extracellular signal-regulated kinase
p55PIK p55 Phosphatidylinositol kinases
GF growth factor
RTK receptor Tyrosine Kinase
PIP2 Phosphatidylinositol 4,5-bisphosphate
PIP3 Phosphatidylinositol-3,4,5-triphosphate
AKT Alpha-serine/Threonine Kinase
GSK3B glycogen synthase kinase 3 beta
BCD beta-cyclodextrin
mTOR Mechanistic target of rapamycin kinase
RAC Rac family small GTPase 1
c-myc cellular MYC proto-oncogene
MINA53 MYC-induced nuclear antigen
ID2 Inhibitor of DNA binding 2
BCL2 BCL2 Apoptosis Regulator
PTMA Prothymosin alpha
FTO fat mass and obesity-associated protein
DR5 death receptor 5
TRAIL TNF-Related Apoptosis-Inducing Ligand
FADD Fas-associated via death domain
CDK1 Cyclin-dependent kinase 1
CDK2 Cyclin-dependent kinase
CDK4/6 Cyclin-dependent kinase 4/6
E2F E2F transcription factor
Rb Retinoblastoma Protein
Bax BCL2-associated X, apoptosis regulator
ATM ATM serine/threonine kinase
MDM2 MDM2 proto-oncogene
ZFP91 Zinc finger protein 91, atypical E3 ubiquitin ligase
ZFP278 Zinc finger protein 278
ZFP691 Zinc finger protein 691
Slug Zinc finger protein SNAI2
KLF6-SV2 Krüppel-like factor 6- SV2 variant
P52-ZER6 p52 isoforms-zinc-finger estrogen receptor interaction clone 6
KAP1 KRAB-associated protein-1
CYTOR Cytoskeleton Regulator RNA



Cancers 2022, 14, 5242 14 of 17

References
1. Hu, J.L.; Wang, W.; Lan, X.L.; Zeng, Z.C.; Liang, Y.S.; Yan, Y.R.; Song, F.Y.; Wang, F.F.; Zhu, X.H.; Liao, W.J.; et al. CAFs secreted

exosomes promote metastasis and chemotherapy resistance by enhancing cell stemness and epithelial-mesenchymal transition in
colorectal cancer. Mol. Cancer 2019, 18, 91. [CrossRef] [PubMed]

2. Rawla, P.; Sunkara, T.; Barsouk, A. Epidemiology of colorectal cancer: Incidence, mortality, survival, and risk factors. Prz.
Gastroenterol. 2019, 14, 89–103. [CrossRef] [PubMed]

3. Kaufman, P. Colon Cancer: What Do the Stages Mean? Available online: https://www.everydayhealth.com/colon-cancer/
stages-what-they-mean-survival/ (accessed on 21 October 2022).

4. Hedayat-Evrigh, N.; Khalkhali-Evrigh, R.; Bakhtiarizadeh, M.R. Genome-Wide Identification and Analysis of Variants in Domestic
and Wild Bactrian Camels Using Whole-Genome Sequencing Data. Int. J. Genom. 2020, 2020, 2430846. [CrossRef] [PubMed]

5. Romano, R.A.; Li, H.; Tummala, R.; Maul, R.; Sinha, S. Identification of Basonuclin2, a DNA-binding zinc-finger protein expressed
in germ tissues and skin keratinocytes. Genomics 2004, 83, 821–833. [CrossRef] [PubMed]

6. Doran, B.; Gherbesi, N.; Hendricks, G.; Flavell, R.A.; Davis, R.J.; Gangwani, L. Deficiency of the zinc finger protein ZPR1 causes
neurodegeneration. Proc. Natl. Acad. Sci. USA 2006, 103, 7471–7475. [CrossRef] [PubMed]

7. Kang, H.S.; ZeRuth, G.; Lichti-Kaiser, K.; Vasanth, S.; Yin, Z.; Kim, Y.S.; Jetten, A.M. Gli-similar (Glis) Krüppel-like zinc finger
proteins: Insights into their physiological functions and critical roles in neonatal diabetes and cystic renal disease. Histol.
Histopathol. 2010, 25, 1481–1496. [CrossRef] [PubMed]

8. Rhie, S.K.; Yao, L.; Luo, Z.; Witt, H.; Schreiner, S.; Guo, Y.; Perez, A.A.; Farnham, P.J. ZFX acts as a transcriptional activator in
multiple types of human tumors by binding downstream of transcription start sites at the majority of CpG island promoters.
Genome Res. 2018, 28, 310–320. [CrossRef]

9. Wang, Y.; Zhou, Y.; Graves, D.T. FOXO transcription factors: Their clinical significance and regulation. BioMed Res. Int. 2014, 2014,
925350. [CrossRef]

10. Beerli, R.R.; Barbas, C.F., 3rd. Engineering polydactyl zinc-finger transcription factors. Nat. Biotechnol. 2002, 20, 135–141.
[CrossRef]

11. Brayer, K.J.; Kulshreshtha, S.; Segal, D.J. The protein-binding potential of C2H2 zinc finger domains. Cell Biochem. Biophys. 2008,
51, 9–19. [CrossRef]

12. Font, J.; Mackay, J.P. Beyond DNA: Zinc finger domains as RNA-binding modules. Methods Mol. Biol. 2010, 649, 479–491.
[CrossRef]

13. Huang, M.; Chen, Y.; Han, D.; Lei, Z.; Chu, X. Role of the zinc finger and SCAN domain-containing transcription factors in cancer.
Am. J. Cancer Res. 2019, 9, 816–836.

14. Vrana, K.E.; Churchill, M.E.; Tullius, T.D.; Brown, D.D. Mapping functional regions of transcription factor TFIIIA. Mol. Cell Biol.
1988, 8, 1684–1696. [CrossRef]

15. An, G.; Feng, L.; Hou, L.; Li, X.; Bai, J.; He, L.; Gu, S.; Zhao, X. A bioinformatics analysis of zinc finger protein family reveals
potential oncogenic biomarkers in breast cancer. Gene 2022, 828, 146471. [CrossRef]

16. Bragantini, B.; Tiotiu, D.; Rothé, B.; Saliou, J.M.; Marty, H.; Cianférani, S.; Charpentier, B.; Quinternet, M.; Manival, X. Functional
and Structural Insights of the Zinc-Finger HIT protein family members Involved in Box C/D snoRNP Biogenesis. J. Mol. Biol.
2016, 428, 2488–2506. [CrossRef]

17. Cassandri, M.; Smirnov, A.; Novelli, F.; Pitolli, C.; Agostini, M.; Malewicz, M.; Melino, G.; Raschellà, G. Zinc-finger proteins in
health and disease. Cell Death Discov. 2017, 3, 17071. [CrossRef]

18. Jen, J.; Wang, Y.C. Zinc finger proteins in cancer progression. J. Biomed. Sci. 2016, 23, 53. [CrossRef]
19. Li, X.; Peng, H.; Schultz, D.C.; Lopez-Guisa, J.M.; Rauscher, F.J., 3rd; Marmorstein, R. Structure-function studies of the BTB/POZ

transcriptional repression domain from the promyelocytic leukemia zinc finger oncoprotein. Cancer Res. 1999, 59, 5275–5282.
20. Del Rizzo, P.A.; Trievel, R.C. Substrate and product specificities of SET domain methyltransferases. Epigenetics 2011, 6, 1059–1067.

[CrossRef]
21. Wang, D.Q.; Wang, K.; Yan, D.W.; Liu, J.; Wang, B.; Li, M.X.; Wang, X.W.; Liu, J.; Peng, Z.H.; Li, G.X.; et al. Ciz1 is a novel predictor

of survival in human colon cancer. Exp. Biol. Med. (Maywood) 2014, 239, 862–870. [CrossRef]
22. Zhang, Z.C.; Zheng, L.Q.; Pan, L.J.; Guo, J.X.; Yang, G.S. ZNF217 is overexpressed and enhances cell migration and invasion in

colorectal carcinoma. Asian Pac. J. Cancer Prev. 2015, 16, 2459–2463. [CrossRef] [PubMed]
23. Qin, C.J.; Bu, P.L.; Zhang, Q.; Chen, J.T.; Li, Q.Y.; Liu, J.T.; Dong, H.C.; Ren, X.Q. ZNF281 Regulates Cell Proliferation, Migration

and Invasion in Colorectal Cancer through Wnt/β-Catenin Signaling. Cell Physiol. Biochem. 2019, 52, 1503–1516. [CrossRef]
[PubMed]

24. Yang, L.; Zhang, L.; Wu, Q.; Boyd, D.D. Unbiased screening for transcriptional targets of ZKSCAN3 identifies integrin beta 4 and
vascular endothelial growth factor as downstream targets. J. Biol. Chem. 2008, 283, 35295–35304. [CrossRef] [PubMed]

25. Xing, Y.; Ren, S.; Ai, L.; Sun, W.; Zhao, Z.; Jiang, F.; Zhu, Y.; Piao, D. ZNF692 promotes colon adenocarcinoma cell growth and
metastasis by activating the PI3K/AKT pathway. Int. J. Oncol. 2019, 54, 1691–1703. [CrossRef] [PubMed]

26. Otsuka, R.; Akutsu, Y.; Sakata, H.; Hanari, N.; Murakami, K.; Kano, M.; Toyozumi, T.; Takahashi, M.; Matsumoto, Y.; Sekino,
N.; et al. ZNF750 Expression Is a Potential Prognostic Biomarker in Esophageal Squamous Cell Carcinoma. Oncology 2018, 94,
142–148. [CrossRef]

http://doi.org/10.1186/s12943-019-1019-x
http://www.ncbi.nlm.nih.gov/pubmed/31064356
http://doi.org/10.5114/pg.2018.81072
http://www.ncbi.nlm.nih.gov/pubmed/31616522
https://www.everydayhealth.com/colon-cancer/stages-what-they-mean-survival/
https://www.everydayhealth.com/colon-cancer/stages-what-they-mean-survival/
http://doi.org/10.1155/2020/2430846
http://www.ncbi.nlm.nih.gov/pubmed/32724789
http://doi.org/10.1016/j.ygeno.2003.11.009
http://www.ncbi.nlm.nih.gov/pubmed/15081112
http://doi.org/10.1073/pnas.0602057103
http://www.ncbi.nlm.nih.gov/pubmed/16648254
http://doi.org/10.14670/hh-25.1481
http://www.ncbi.nlm.nih.gov/pubmed/20865670
http://doi.org/10.1101/gr.228809.117
http://doi.org/10.1155/2014/925350
http://doi.org/10.1038/nbt0202-135
http://doi.org/10.1007/s12013-008-9007-6
http://doi.org/10.1007/978-1-60761-753-2_29
http://doi.org/10.1128/mcb.8.4.1684-1696.1988
http://doi.org/10.1016/j.gene.2022.146471
http://doi.org/10.1016/j.jmb.2016.04.028
http://doi.org/10.1038/cddiscovery.2017.71
http://doi.org/10.1186/s12929-016-0269-9
http://doi.org/10.4161/epi.6.9.16069
http://doi.org/10.1177/1535370213520113
http://doi.org/10.7314/APJCP.2015.16.6.2459
http://www.ncbi.nlm.nih.gov/pubmed/25824781
http://doi.org/10.33594/000000104
http://www.ncbi.nlm.nih.gov/pubmed/31112017
http://doi.org/10.1074/jbc.M806965200
http://www.ncbi.nlm.nih.gov/pubmed/18940803
http://doi.org/10.3892/ijo.2019.4733
http://www.ncbi.nlm.nih.gov/pubmed/30816443
http://doi.org/10.1159/000484932


Cancers 2022, 14, 5242 15 of 17

27. Lee, H.H.; Yang, S.S.; Vo, M.T.; Cho, W.J.; Lee, B.J.; Leem, S.H.; Lee, S.H.; Cha, H.J.; Park, J.W. Tristetraprolin down-regulates IL-23
expression in colon cancer cells. Mol. Cells 2013, 36, 571–576. [CrossRef]

28. Panneerselvam, J.; Madka, V.; Rai, R.; Morris, K.T.; Houchen, C.W.; Chandrakesan, P.; Rao, C.V. Inflammatory Mediators and Gut
Microbial Toxins Drive Colon Tumorigenesis by IL-23 Dependent Mechanism. Cancers 2021, 13, 5159. [CrossRef]

29. Cha, H.J.; Lee, H.H.; Chae, S.W.; Cho, W.J.; Kim, Y.M.; Choi, H.J.; Choi, D.H.; Jung, S.W.; Min, Y.J.; Lee, B.J.; et al. Tristetraprolin
downregulates the expression of both VEGF and COX-2 in human colon cancer. Hepatogastroenterology 2011, 58, 790–795.

30. Montorsi, L.; Guizzetti, F.; Alecci, C.; Caporali, A.; Martello, A.; Atene, C.G.; Parenti, S.; Pizzini, S.; Zanovello, P.; Bortoluzzi, S.;
et al. Loss of ZFP36 expression in colorectal cancer correlates to wnt/ ß-catenin activity and enhances epithelial-to-mesenchymal
transition through upregulation of ZEB1, SOX9 and MACC1. Oncotarget 2016, 7, 59144–59157. [CrossRef]

31. Wang, X.; Ge, X.; Liao, W.; Cao, Y.; Li, R.; Zhang, F.; Zhao, B.; Du, J. ZFP36 promotes VDR mRNA degradation to facilitate cell
death in oral and colonic epithelial cells. Cell Commun. Signal. 2021, 19, 85. [CrossRef]

32. Sánchez-Tilló, E.; de Barrios, O.; Siles, L.; Amendola, P.G.; Darling, D.S.; Cuatrecasas, M.; Castells, A.; Postigo, A. ZEB1 Promotes
invasiveness of colorectal carcinoma cells through the opposing regulation of uPA and PAI-1. Clin. Cancer Res. 2013, 19, 1071–1082.
[CrossRef]

33. Cao, D.; Luo, Y.; Qin, S.; Yu, M.; Mu, Y.; Ye, G.; Yang, N.; Cong, Z.; Chen, J.; Qin, J.; et al. Metallopanstimulin-1 (MPS-1) mediates
the promotion effect of leptin on colorectal cancer through activation of JNK/c-Jun signaling pathway. Cell Death Dis. 2019, 10, 655.
[CrossRef]

34. Tinguely, P.; Dal, G.; Bottai, M.; Nilsson, H.; Freedman, J.; Engstrand, J. Microwave ablation versus resection for colorectal cancer
liver metastases—A propensity score analysis from a population-based nationwide registry. Eur. J. Surg. Oncol. 2020, 46, 476–485.
[CrossRef]

35. Wang, F.Y.; Meng, W.; Li, Y.; Li, T.; Qin, C.Y. Comparison of overall survival in patients with unresectable hepatic metastases with
or without transarterial chemoembolization: A Propensity Score Matching Study. Sci. Rep. 2016, 6, 35336. [CrossRef]

36. Zhang, G.J.; Zhou, T.; Tian, H.P.; Liu, Z.L.; Xia, S.S. High expression of ZEB1 correlates with liver metastasis and poor prognosis
in colorectal cancer. Oncol. Lett. 2013, 5, 564–568. [CrossRef]

37. Wei, H.; Li, J.; Xie, M.; Lei, R.; Hu, B. Comprehensive analysis of metastasis-related genes reveals a gene signature predicting the
survival of colon cancer patients. PeerJ 2018, 6, e5433. [CrossRef]

38. Paek, A.R.; Lee, C.H.; You, H.J. A role of zinc-finger protein 143 for cancer cell migration and invasion through ZEB1 and
E-cadherin in colon cancer cells. Mol. Carcinog 2014, 53 (Suppl. 1), E161–E168. [CrossRef]

39. O’Reilly, J.A.; Fitzgerald, J.; Fitzgerald, S.; Kenny, D.; Kay, E.W.; O’Kennedy, R.; Kijanka, G.S. Diagnostic potential of zinc finger
protein-specific autoantibodies and associated linear B-cell epitopes in colorectal cancer. PLoS ONE 2015, 10, e0123469. [CrossRef]

40. Conroy, A.T.; Sharma, M.; Holtz, A.E.; Wu, C.; Sun, Z.; Weigel, R.J. A novel zinc finger transcription factor with two isoforms that
are differentially repressed by estrogen receptor-alpha. J. Biol. Chem. 2002, 277, 9326–9334. [CrossRef]

41. Yu, T.; Chen, X.; Zhang, W.; Colon, D.; Shi, J.; Napier, D.; Rychahou, P.; Lu, W.; Lee, E.Y.; Weiss, H.L.; et al. Regulation of the
potential marker for intestinal cells, Bmi1, by β-catenin and the zinc finger protein KLF4: Implications for colon cancer. J. Biol.
Chem. 2012, 287, 3760–3768. [CrossRef]

42. Chen, W.; Wang, H.; Lu, Y.; Huang, Y.; Xuan, Y.; Li, X.; Guo, T.; Wang, C.; Lai, D.; Wu, S.; et al. GTSE1 promotes tumor growth
and metastasis by attenuating of KLF4 expression in clear cell renal cell carcinoma. Lab. Investig. 2022, 102, 1011–1022. [CrossRef]
[PubMed]

43. Huang, Z.; He, H.; Qiu, F.; Qian, H. Expression and Prognosis Value of the KLF Family Members in Colorectal Cancer. J. Oncol.
2022, 2022, 6571272. [CrossRef] [PubMed]

44. Ma, J.; Mi, C.; Wang, K.S.; Lee, J.J.; Jin, X. Zinc finger protein 91 (ZFP91) activates HIF-1α via NF-κB/p65 to promote proliferation
and tumorigenesis of colon cancer. Oncotarget 2016, 7, 36551–36562. [CrossRef] [PubMed]

45. Mi, C.; Wang, Z.; Li, M.Y.; Zhang, Z.H.; Ma, J.; Jin, X. Zinc finger protein 91 positively regulates the production of IL-1β in
macrophages by activation of MAPKs and non-canonical caspase-8 inflammasome. Br. J. Pharmacol. 2018, 175, 4338–4352.
[CrossRef] [PubMed]

46. Pierdomenico, M.; Palone, F.; Cesi, V.; Vitali, R.; Mancuso, A.B.; Cucchiara, S.; Oliva, S.; Aloi, M.; Stronati, L. Transcription Factor
ZNF281: A Novel Player in Intestinal Inflammation and Fibrosis. Front. Immunol. 2018, 9, 2907. [CrossRef]

47. Paschke, L.; Jopek, K.; Szyszka, M.; Tyczewska, M.; Malendowicz, L.K.; Rucinski, M. ZFP91 zinc finger protein expression pattern
in normal tissues and cancers. Oncol. Lett. 2019, 17, 3599–3606. [CrossRef]

48. Xing, Y.; Wang, J.Y.; Li, M.Y.; Zhang, Z.H.; Jin, H.L.; Zuo, H.X.; Ma, J.; Jin, X. Convallatoxin inhibits IL-1β production by
suppressing zinc finger protein 91 (ZFP91)-mediated pro-IL-1β ubiquitination and caspase-8 inflammasome activity. Br. J.
Pharmacol. 2022, 179, 1887–1907. [CrossRef]

49. Xie, L.; Xue, X.; Taylor, M.; Ramakrishnan, S.K.; Nagaoka, K.; Hao, C.; Gonzalez, F.J.; Shah, Y.M. Hypoxia-inducible factor/MAZ-
dependent induction of caveolin-1 regulates colon permeability through suppression of occludin, leading to hypoxia-induced
inflammation. Mol. Cell Biol. 2014, 34, 3013–3023. [CrossRef]

50. Tian, X.Q.; Guo, F.F.; Sun, D.F.; Wang, Y.C.; Yang, L.; Chen, S.L.; Hong, J.; Fang, J.Y. Downregulation of ZNF278 arrests the cell
cycle and decreases the proliferation of colorectal cancer cells via inhibition of the ERK/MAPK pathway. Oncol. Rep. 2017, 38,
3685–3692. [CrossRef]

http://doi.org/10.1007/s10059-013-0268-6
http://doi.org/10.3390/cancers13205159
http://doi.org/10.18632/oncotarget.10828
http://doi.org/10.1186/s12964-021-00765-4
http://doi.org/10.1158/1078-0432.CCR-12-2675
http://doi.org/10.1038/s41419-019-1911-8
http://doi.org/10.1016/j.ejso.2019.12.002
http://doi.org/10.1038/srep35336
http://doi.org/10.3892/ol.2012.1026
http://doi.org/10.7717/peerj.5433
http://doi.org/10.1002/mc.22083
http://doi.org/10.1371/journal.pone.0123469
http://doi.org/10.1074/jbc.M107702200
http://doi.org/10.1074/jbc.M111.316349
http://doi.org/10.1038/s41374-022-00797-5
http://www.ncbi.nlm.nih.gov/pubmed/35585131
http://doi.org/10.1155/2022/6571272
http://www.ncbi.nlm.nih.gov/pubmed/35345512
http://doi.org/10.18632/oncotarget.9070
http://www.ncbi.nlm.nih.gov/pubmed/27144516
http://doi.org/10.1111/bph.14493
http://www.ncbi.nlm.nih.gov/pubmed/30182366
http://doi.org/10.3389/fimmu.2018.02907
http://doi.org/10.3892/ol.2019.9963
http://doi.org/10.1111/bph.15758
http://doi.org/10.1128/MCB.00324-14
http://doi.org/10.3892/or.2017.6031


Cancers 2022, 14, 5242 16 of 17

51. Deng, J.J.; Zhang, W.; Xu, X.M.; Zhang, F.; Tao, W.P.; Ye, J.J.; Ge, W. Twist mediates an aggressive phenotype in human colorectal
cancer cells. Int. J. Oncol. 2016, 48, 1117–1124. [CrossRef]

52. Wang, D.; Rai, B.; Qi, F.; Liu, T.; Wang, J.; Wang, X.; Ma, B. Influence of the Twist gene on the invasion and metastasis of colon
cancer. Oncol. Rep. 2018, 39, 31–44. [CrossRef]

53. Kim, J.; Lee, J.; Kim, U.; Park, J.K.; Um, H.D. Slug promotes p53 and p21 protein degradation by inducing Mdm2 expression in
HCT116 colon cancer cells. Oncol. Lett. 2021, 22, 681. [CrossRef]

54. Sánchez-Tilló, E.; Lázaro, A.; Torrent, R.; Cuatrecasas, M.; Vaquero, E.C.; Castells, A.; Engel, P.; Postigo, A. ZEB1 represses
E-cadherin and induces an EMT by recruiting the SWI/SNF chromatin-remodeling protein BRG1. Oncogene 2010, 29, 3490–3500.
[CrossRef]

55. Qin, Y.; Tang, B.; Hu, C.J.; Xiao, Y.F.; Xie, R.; Yong, X.; Wu, Y.Y.; Dong, H.; Yang, S.M. An hTERT/ZEB1 complex directly regulates
E-cadherin to promote epithelial-to-mesenchymal transition (EMT) in colorectal cancer. Oncotarget 2016, 7, 351–361. [CrossRef]

56. Lindner, P.; Paul, S.; Eckstein, M.; Hampel, C.; Muenzner, J.K.; Erlenbach-Wuensch, K.; Ahmed, H.P.; Mahadevan, V.; Brabletz, T.;
Hartmann, A.; et al. EMT transcription factor ZEB1 alters the epigenetic landscape of colorectal cancer cells. Cell Death Dis. 2020,
11, 147. [CrossRef]

57. Peinado, H.; Ballestar, E.; Esteller, M.; Cano, A. Snail mediates E-cadherin repression by the recruitment of the Sin3A/histone
deacetylase 1 (HDAC1)/HDAC2 complex. Mol. Cell Biol. 2004, 24, 306–319. [CrossRef]

58. Dong, C.; Wu, Y.; Yao, J.; Wang, Y.; Yu, Y.; Rychahou, P.G.; Evers, B.M.; Zhou, B.P. G9a interacts with Snail and is critical for
Snail-mediated E-cadherin repression in human breast cancer. J. Clin. Investig. 2012, 122, 1469–1486. [CrossRef]

59. Tong, Z.T.; Cai, M.Y.; Wang, X.G.; Kong, L.L.; Mai, S.J.; Liu, Y.H.; Zhang, H.B.; Liao, Y.J.; Zheng, F.; Zhu, W.; et al. EZH2 supports
nasopharyngeal carcinoma cell aggressiveness by forming a co-repressor complex with HDAC1/HDAC2 and Snail to inhibit
E-cadherin. Oncogene 2012, 31, 583–594. [CrossRef]

60. Wang, Y.; Shi, J.; Chai, K.; Ying, X.; Zhou, B.P. The Role of Snail in EMT and Tumorigenesis. Curr. Cancer Drug Targets 2013, 13,
963–972. [CrossRef]

61. Martin-Kleiner, I. BORIS in human cancers—A review. Eur. J. Cancer 2012, 48, 929–935. [CrossRef]
62. Lai, K.P.; Chen, J.; He, M.; Ching, A.K.; Lau, C.; Lai, P.B.; To, K.F.; Wong, N. Overexpression of ZFX confers self-renewal and

chemoresistance properties in hepatocellular carcinoma. Int. J. Cancer 2014, 135, 1790–1799. [CrossRef] [PubMed]
63. Yan, X.; Yan, L.; Su, Z.; Zhu, Q.; Liu, S.; Jin, Z.; Wang, Y. Zinc-finger protein X-linked is a novel predictor of prognosis in patients

with colorectal cancer. Int. J. Clin. Exp. Pathol. 2014, 7, 3150–3157. [PubMed]
64. Ji, K.; Zhang, M.; Chu, Q.; Gan, Y.; Ren, H.; Zhang, L.; Wang, L.; Li, X.; Wang, W. The Role of p-STAT3 as a Prognostic and

Clinicopathological Marker in Colorectal Cancer: A Systematic Review and Meta-Analysis. PLoS ONE 2016, 11, e0160125.
[CrossRef] [PubMed]

65. Qu, J.; Zhang, X.; Lv, X. Zinc finger protein 750(ZNF750), negatively regulated by miR-17-5p, inhibits proliferation, motility and
invasion of colonic cancer cells. J. Gene Med. 2020, 22, e3195. [CrossRef] [PubMed]

66. Wang, S.; Wong, C.C.; Zhang, Y.; Huang, J.; Li, C.; Zhai, J.; Wang, G.; Wei, H.; Zhang, X.; He, H.H.; et al. ZNF545 loss promotes
ribosome biogenesis and protein translation to initiate colorectal tumorigenesis in mice. Oncogene 2021, 40, 6590–6600. [CrossRef]

67. Hawkins, N.; Garriga, G. Asymmetric cell division: From A to Z. Genes Dev. 1998, 12, 3625–3638. [CrossRef]
68. Wang, X.; Chen, W. Gambogic acid is a novel anti-cancer agent that inhibits cell proliferation, angiogenesis and metastasis.

Anticancer Agents Med. Chem. 2012, 12, 994–1000. [CrossRef]
69. López-Sáez, J.F.; de la Torre, C.; Pincheira, J.; Giménez-Martín, G. Cell proliferation and cancer. Histol. Histopathol. 1998, 13,

1197–1214. [CrossRef]
70. Koury, J.; Lucero, M.; Cato, C.; Chang, L.; Geiger, J.; Henry, D.; Hernandez, J.; Hung, F.; Kaur, P.; Teskey, G.; et al. Immunotherapies:

Exploiting the Immune System for Cancer Treatment. J. Immunol. Res. 2018, 2018, 9585614. [CrossRef]
71. Huang, C.; Wu, S.; Li, W.; Herkilini, A.; Miyagishi, M.; Zhao, H.; Kasim, V. Zinc-finger protein p52-ZER6 accelerates colorec-

tal cancer cell proliferation and tumour progression through promoting p53 ubiquitination. EBioMedicine 2019, 48, 248–263.
[CrossRef]

72. Semenza, G.L. Targeting HIF-1 for cancer therapy. Nat. Rev. Cancer 2003, 3, 721–732. [CrossRef]
73. Eguchi, T.; Prince, T.; Wegiel, B.; Calderwood, S.K. Role and Regulation of Myeloid Zinc Finger Protein 1 in Cancer. J. Cell Biochem.

2015, 116, 2146–2154. [CrossRef]
74. Mudduluru, G.; Vajkoczy, P.; Allgayer, H. Myeloid zinc finger 1 induces migration, invasion, and in vivo metastasis through Axl

gene expression in solid cancer. Mol. Cancer Res. 2010, 8, 159–169. [CrossRef]
75. Furukawa, D.; Chijiwa, T.; Matsuyama, M.; Mukai, M.; Matsuo, E.I.; Nishimura, O.; Kawai, K.; Suemizu, H.; Hiraoka, N.;

Nakagohri, T.; et al. Zinc finger protein 185 is a liver metastasis-associated factor in colon cancer patients. Mol. Clin. Oncol. 2014,
2, 709–713. [CrossRef]

76. Tian, X.; Sun, D.; Zhang, Y.; Zhao, S.; Xiong, H.; Fang, J. Zinc finger protein 278, a potential oncogene in human colorectal cancer.
Acta Biochim. Biophys. Sin. 2008, 40, 289–296. [CrossRef]

77. Safe, S.; Abdelrahim, M. Sp transcription factor family and its role in cancer. Eur. J. Cancer 2005, 41, 2438–2448. [CrossRef]
78. Zhang, B.; Guo, D.D.; Zheng, J.Y.; Wu, Y.A. Expression of KLF6-SV2 in colorectal cancer and its impact on proliferation and

apoptosis. Eur. J. Cancer Prev. 2018, 27, 20–26. [CrossRef]
79. Vu, T.; Datta, P.K. Regulation of EMT in Colorectal Cancer: A Culprit in Metastasis. Cancers 2017, 9, 171. [CrossRef]

http://doi.org/10.3892/ijo.2016.3342
http://doi.org/10.3892/or.2017.6076
http://doi.org/10.3892/ol.2021.12942
http://doi.org/10.1038/onc.2010.102
http://doi.org/10.18632/oncotarget.5968
http://doi.org/10.1038/s41419-020-2340-4
http://doi.org/10.1128/MCB.24.1.306-319.2004
http://doi.org/10.1172/JCI57349
http://doi.org/10.1038/onc.2011.254
http://doi.org/10.2174/15680096113136660102
http://doi.org/10.1016/j.ejca.2011.09.009
http://doi.org/10.1002/ijc.28819
http://www.ncbi.nlm.nih.gov/pubmed/24585547
http://www.ncbi.nlm.nih.gov/pubmed/25031734
http://doi.org/10.1371/journal.pone.0160125
http://www.ncbi.nlm.nih.gov/pubmed/27504822
http://doi.org/10.1002/jgm.3195
http://www.ncbi.nlm.nih.gov/pubmed/32246873
http://doi.org/10.1038/s41388-021-01938-8
http://doi.org/10.1101/gad.12.23.3625
http://doi.org/10.2174/187152012802650066
http://doi.org/10.14670/hh-13.1197
http://doi.org/10.1155/2018/9585614
http://doi.org/10.1016/j.ebiom.2019.08.070
http://doi.org/10.1038/nrc1187
http://doi.org/10.1002/jcb.25203
http://doi.org/10.1158/1541-7786.MCR-09-0326
http://doi.org/10.3892/mco.2014.298
http://doi.org/10.1111/j.1745-7270.2008.00405.x
http://doi.org/10.1016/j.ejca.2005.08.006
http://doi.org/10.1097/CEJ.0000000000000410
http://doi.org/10.3390/cancers9120171


Cancers 2022, 14, 5242 17 of 17

80. Herranz, N.; Pasini, D.; Díaz, V.M.; Francí, C.; Gutierrez, A.; Dave, N.; Escrivà, M.; Hernandez-Muñoz, I.; Di Croce, L.; Helin,
K.; et al. Polycomb complex 2 is required for E-cadherin repression by the Snail1 transcription factor. Mol. Cell Biol. 2008, 28,
4772–4781. [CrossRef]

81. Lin, T.; Ponn, A.; Hu, X.; Law, B.K.; Lu, J. Requirement of the histone demethylase LSD1 in Snai1-mediated transcriptional
repression during epithelial-mesenchymal transition. Oncogene 2010, 29, 4896–4904. [CrossRef]

82. Young, L.E.; Sanduja, S.; Bemis-Standoli, K.; Pena, E.A.; Price, R.L.; Dixon, D.A. The mRNA binding proteins HuR and
tristetraprolin regulate cyclooxygenase 2 expression during colon carcinogenesis. Gastroenterology 2009, 136, 1669–1679. [CrossRef]
[PubMed]

83. Postigo, A.A.; Dean, D.C. ZEB represses transcription through interaction with the corepressor CtBP. Proc. Natl. Acad. Sci. USA
1999, 96, 6683–6688. [CrossRef] [PubMed]

84. Postigo, A.A.; Depp, J.L.; Taylor, J.J.; Kroll, K.L. Regulation of Smad signaling through a differential recruitment of coactivators
and corepressors by ZEB proteins. EMBO J. 2003, 22, 2453–2462. [CrossRef] [PubMed]

85. Nagahashi, M.; Abe, M.; Sakimura, K.; Takabe, K.; Wakai, T. The role of sphingosine-1-phosphate in inflammation and cancer
progression. Cancer Sci. 2018, 109, 3671–3678. [CrossRef] [PubMed]

86. Xue, X.; Ramakrishnan, S.; Anderson, E.; Taylor, M.; Zimmermann, E.M.; Spence, J.R.; Huang, S.; Greenson, J.K.; Shah, Y.M.
Endothelial PAS domain protein 1 activates the inflammatory response in the intestinal epithelium to promote colitis in mice.
Gastroenterology 2013, 145, 831–841. [CrossRef]

87. Triner, D.; Castillo, C.; Hakim, J.B.; Xue, X.; Greenson, J.K.; Nuñez, G.; Chen, G.Y.; Colacino, J.A.; Shah, Y.M. Myc-Associated Zinc
Finger Protein Regulates the Proinflammatory Response in Colitis and Colon Cancer via STAT3 Signaling. Mol. Cell Biol. 2018, 38,
e00386-18. [CrossRef]

88. Cheng, Y.; Liang, P.; Geng, H.; Wang, Z.; Li, L.; Cheng, S.H.; Ying, J.; Su, X.; Ng, K.M.; Ng, M.H.; et al. A novel 19q13 nucleolar
zinc finger protein suppresses tumor cell growth through inhibiting ribosome biogenesis and inducing apoptosis but is frequently
silenced in multiple carcinomas. Mol. Cancer Res. 2012, 10, 925–936. [CrossRef]

89. Guo, X.; Jing, Y.M.; Lou, H.Z.; Lou, Q.A. Effect and mechanism of long non-coding RNA ZEB2-AS1 in the occurrence and
development of colon cancer. Math. Biosci. Eng. 2019, 16, 8109–8120. [CrossRef]

90. Sun, L.; Huang, L.; Nguyen, P.; Bisht, K.S.; Bar-Sela, G.; Ho, A.S.; Bradbury, C.M.; Yu, W.; Cui, H.; Lee, S.; et al. DNA
methyltransferase 1 and 3B activate BAG-1 expression via recruitment of CTCFL/BORIS and modulation of promoter histone
methylation. Cancer Res. 2008, 68, 2726–2735. [CrossRef]

91. Nguyen, P.; Cui, H.; Bisht, K.S.; Sun, L.; Patel, K.; Lee, R.S.; Kugoh, H.; Oshimura, M.; Feinberg, A.P.; Gius, D. CTCFL/BORIS is a
methylation-independent DNA-binding protein that preferentially binds to the paternal H19 differentially methylated region.
Cancer Res. 2008, 68, 5546–5551. [CrossRef]

92. Xia, L.; Lin, H.; Zhou, Y.; Lian, J. ZNF750 facilitates carcinogenesis via promoting the expression of long non-coding RNA CYTOR
and influences pharmacotherapy response in colon adenocarcinoma. J. Zhejiang Univ. Sci. B 2022, 23, 587–596. [CrossRef]

93. Carlton, J.G.; Jones, H.; Eggert, U.S. Membrane and organelle dynamics during cell division. Nat. Rev. Mol. Cell Biol. 2020, 21,
151–166. [CrossRef]

94. Liu, D.X.; Greene, L.A. Neuronal apoptosis at the G1/S cell cycle checkpoint. Cell Tissue Res. 2001, 305, 217–228. [CrossRef]
95. Lu, W.; Zhou, M.; Wang, B.; Liu, X.; Li, B. Roquin1 inhibits the proliferation of breast cancer cells by inducing G1/S cell cycle

arrest via selectively destabilizing the mRNAs of cell cycle-promoting genes. J. Exp. Clin. Cancer Res. 2020, 39, 255. [CrossRef]
96. Hu, T.; Li, Z.; Gao, C.Y.; Cho, C.H. Mechanisms of drug resistance in colon cancer and its therapeutic strategies. World J.

Gastroenterol. 2016, 22, 6876–6889. [CrossRef]
97. Wang, H.; Zhang, G.; Zhang, H.; Zhang, F.; Zhou, B.; Ning, F.; Wang, H.S.; Cai, S.H.; Du, J. Acquisition of epithelial-mesenchymal

transition phenotype and cancer stem cell-like properties in cisplatin-resistant lung cancer cells through AKT/β-catenin/Snail
signaling pathway. Eur. J. Pharmacol. 2014, 723, 156–166. [CrossRef]

98. Jordan, C.T.; Guzman, M.L.; Noble, M. Cancer stem cells. N. Engl. J. Med. 2006, 355, 1253–1261. [CrossRef]
99. Kim, M.S.; Lee, J.; Sidransky, D. DNA methylation markers in colorectal cancer. Cancer Metastasis Rev. 2010, 29, 181–206. [CrossRef]
100. Locke, W.J.; Guanzon, D.; Ma, C.; Liew, Y.J.; Duesing, K.R.; Fung, K.Y.C.; Ross, J.P. DNA Methylation Cancer Biomarkers:

Translation to the Clinic. Front. Genet. 2019, 10, 1150. [CrossRef]
101. Brix, D.M.; Bundgaard Clemmensen, K.K.; Kallunki, T. Zinc Finger Transcription Factor MZF1-A Specific Regulator of Cancer

Invasion. Cells 2020, 9, 223. [CrossRef]
102. Edelstein, L.C.; Collins, T. The SCAN domain family of zinc finger transcription factors. Gene 2005, 359, 1–17. [CrossRef] [PubMed]
103. Deng, Y.; Wang, J.; Wang, G.; Jin, Y.; Luo, X.; Xia, X.; Gong, J.; Hu, J. p55PIK transcriptionally activated by MZF1 promotes

colorectal cancer cell proliferation. BioMed Res. Int. 2013, 2013, 868131. [CrossRef] [PubMed]
104. Zhang, Z.; Gao, Q.; Wang, S. Kinase GSK3β functions as a suppressor in colorectal carcinoma through the FTO-mediated

MZF1/c-Myc axis. J. Cell. Mol. Med. 2021, 25, 2655–2665. [CrossRef] [PubMed]
105. Horinaka, M.; Yoshida, T.; Tomosugi, M.; Yasuda, S.; Sowa, Y.; Sakai, T. Myeloid zinc finger 1 mediates sulindac sulfide-induced

upregulation of death receptor 5 of human colon cancer cells. Sci. Rep. 2014, 4, 6000. [CrossRef]

http://doi.org/10.1128/MCB.00323-08
http://doi.org/10.1038/onc.2010.234
http://doi.org/10.1053/j.gastro.2009.01.010
http://www.ncbi.nlm.nih.gov/pubmed/19208339
http://doi.org/10.1073/pnas.96.12.6683
http://www.ncbi.nlm.nih.gov/pubmed/10359772
http://doi.org/10.1093/emboj/cdg226
http://www.ncbi.nlm.nih.gov/pubmed/12743039
http://doi.org/10.1111/cas.13802
http://www.ncbi.nlm.nih.gov/pubmed/30238699
http://doi.org/10.1053/j.gastro.2013.07.010
http://doi.org/10.1128/MCB.00386-18
http://doi.org/10.1158/1541-7786.MCR-11-0594
http://doi.org/10.3934/mbe.2019408
http://doi.org/10.1158/0008-5472.CAN-07-6654
http://doi.org/10.1158/0008-5472.CAN-08-1005
http://doi.org/10.1631/jzus.B2100939
http://doi.org/10.1038/s41580-019-0208-1
http://doi.org/10.1007/s004410100396
http://doi.org/10.1186/s13046-020-01766-w
http://doi.org/10.3748/wjg.v22.i30.6876
http://doi.org/10.1016/j.ejphar.2013.12.004
http://doi.org/10.1056/NEJMra061808
http://doi.org/10.1007/s10555-010-9207-6
http://doi.org/10.3389/fgene.2019.01150
http://doi.org/10.3390/cells9010223
http://doi.org/10.1016/j.gene.2005.06.022
http://www.ncbi.nlm.nih.gov/pubmed/16139965
http://doi.org/10.1155/2013/868131
http://www.ncbi.nlm.nih.gov/pubmed/23509792
http://doi.org/10.1111/jcmm.16291
http://www.ncbi.nlm.nih.gov/pubmed/33533172
http://doi.org/10.1038/srep06000

	Introduction 
	Zinc Finger Proteins 
	ZFPs and Their Role in Colon Cancer Patient Outcomes 
	Biological Functions of ZFPs in Colon Cancer 
	ZFPs Regulate Cell Proliferation 
	ZFPs Regulate EMT and Promote Invasion and Metastasis 
	ZFPs Regulate Inflammation 
	ZFPs Regulate Apoptosis 
	ZFPs Regulate Cell Cycle 
	ZFPs Regulate Drug Resistance 
	ZFPs Regulate Cancer Stem Cell 
	ZFPs Regulate DNA Methylation 

	MZF1: A Double-Edged Sword in Colon Cancer 
	Conclusions 
	References

