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The role and regulation of Maf proteins
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Abstract

The Maf proteins (Mafs) belong to basic leucine zipper transcription factors and are members of the activator pro-
tein-1 (AP-1) superfamily. There are two subgroups of Mafs: large Mafs and small Mafs, which are involved in a wide
range of biological processes, such as the cell cycle, proliferation, oxidative stress, and inflammation. Therefore,
dysregulation of Mafs can affect cell fate and is closely associated with diverse diseases. Accumulating evidence has
established both large and small Mafs as mediators of tumor development. In this review, we first briefly describe the
structure and physiological functions of Mafs. Then we summarize the upstream regulatory mechanisms that con-

trol the expression and activity of Mafs. Furthermore, we discuss recent studies on the critical role of Mafs in cancer
progression, including cancer proliferation, apoptosis, metastasis, tumor/stroma interaction and angiogenesis. We also
review the clinical implications of Mafs, namely their potential possibilities and limitations as biomarkers and thera-
peutic targets in cancer.
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Background

The Mafs belong to basic leucine zipper transcription
factors and are members of the AP-1 superfamily. The
v-Maf was an oncogene that can cause musculoaponeu-
rotic fibrosarcoma in vivo [1] and can transform chicken
embryo fibroblasts in vitro, which was originally found
in the genome of the avian transforming retrovirus AS42
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[2]. The discovery of v-Maf led to the identification of its
cellular counterpart c-Maf and related genes, which com-
prised the Mafs. Mafs are composed of two distinct sub-
groups classified according to their molecular size: large
Mafs (approximately 240-340 amino acids), including
c-Maf, MafB, MafA/L-Maf and neural retina-specific leu-
cine zipper (NRL), and small Mafs (approximately 150—
160 amino acids), including MafG, MafF and MafK [3].
They modulate the expression of a large number of genes,
thereby regulating multiple cellular functions, including
the cell cycle [4], proliferation [5], apoptosis [6], oxidative
stress [7], inflammation [8], autophagy [9], drug resist-
ance [10] and carcinogenesis [11]. The role they play in
human health and illness is, therefore, of utmost impor-
tance. Deficiencies in Mafs function and dysregulation
of Mafs are able to influence cell fate and contribute to
tumor formation. There has been mounting evidence
indicating that all Mafs mediate the initiation and pro-
gression of human cancers [12-14].

In this review, we conclude the molecular mechanisms
regulating Mafs and how Mafs affect cancer develop-
ment and progression. Our discussion also elucidates the
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potential of Mafs to be biomarkers during tumorigenesis.
Finally, we discuss how to target Mafs for cancer therapy
in upcoming research.

Structures and physiological functions of Mafs

The basic region/leucine zipper (bZIP) domains of Mafs
allow them to bind TPA responsive elements (TREs) or
cAMP responsive elements (CREs) [15, 16]. Homodimers
and heterodimers are formed through the leucine zipper
domain, which is necessary to bind DNA. Mafs are char-
acterized by the existence of a domain conserved among
small Mafs and large Mafs called the extended homology
region (EHR) that stabilizes DNA binding [17]. The palin-
dromic sequence (TGCTGACTCAGCA) is a consensus
binding motif for Mafs homodimers, which is also known
as the Maf recognition element (MARE). This motif com-
prises a TGC flanking sequence contacted by the EHR
domain and a TRE or CRE core region that is recognized
by the basic domain. The basic region of Mafs contains a
specific tyrosine residue (Tyr64), which is crucial to the
recognition of GC boxes in MARE [18]. Notably, numer-
ous natural target genes of Mafs possess only half of a
MARE palindromic sequence. Nevertheless, if homodi-
mers of Mafs are flanked by 5’-AT-abundant sequences,
they are able to bind half of the MARE sites as well [19].
It is also possible that some target genes are regulated by
Mafs containing heterodimers, with Mafs binding to half
of each MARE site [12]. Since small Mafs lack a transacti-
vation domain, homodimers within small Mafs or heter-
odimers formed with Cap-n-Collar (CNC) transcription
factors are required to exert transcriptional repression
or transactivation activity [20] (Fig. 1). Large Mafs have
a highly conserved amino terminal domain that is asso-
ciated with transactivation function [21]. The large Mafs
are also able to activate transcription by enlisting the
coactivators p300, CRE binding protein [22], P/CAF [23]
and the TATA binding protein [24].

Mutations causing loss of function in mice implied
that large Mafs participated in tissue specification before
embryonic day E10 [27] and in terminal differentiation
post E10 and during the postnatal period [28]. Loss-of-
function of the small Mafs is related to megakaryocyte
differentiation [29], neuronal homeostasis [30], the regu-
lation of antioxidants [31] and embryo development [32]
(Table 1). Within a different tissue, their roles seem to be
specific [20, 33]. As Mafs perform multiple functions, the
dysregulation of Mafs can cause a host of diseases, such
as cancer.

Upstream regulatory mechanisms of Mafs

Mafs activity is regulated in normal and cancer cells
by multiple modes, including noncoding RNAs (ncR-
NAs), posttranslational modifications (PTMs) and
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protein—protein interactions (Fig. 2). We discuss various
mechanisms for regulating Mafs both physiologically and
pathologically, with a particular emphasis on their regu-
lation during cancer development.

Regulation of Mafs at the transcriptional level

Among the small Mafs, MafG is the downstream target
of some transcription factors. A molecular study demon-
strated that the MafG promoter contained AP-1, E-box,
and NF-«B binding sites. The transcription factors p50,
p65, AP-1 family (c-Jun, c-Fos, Fos-B, Fra-1, Fra-2) and
c-myc are recognized as oncogenes due to their capacities
to maintain malignant cell survival and offer signals for
unlimited proliferation [50-52]. These transcription fac-
tors are highly expressed in esophageal cancer, prostate
cancer and gastric cancer [53-55]. p50, p65, several AP-1
proteins (c-Jun, JunD, c-Fos and FosB) and c-myc can
induce the promoter activity of MafG and transcription-
ally activate the expression of MafG by directly binding to
the NF-kB, AP-1 and E-box elements, respectively [56].
In addition to MafG, large Mafs can also be regulated by
transcription factors. Raum et al. discovered a cis-regula-
tory region that was located approximately 8 kb upstream
of the transcription start site in MafA. Pdx1, FoxA2 and
Nkx2.2, all of which are crucial transcriptional regula-
tors, can regulate MafA expression at the transcriptional
level by binding to this cis-regulatory region [57]. In
insulinoma cell lines, MENIN binds to MafA promoter
sequences and transcriptionally regulates MafA protein
and mRNA levels [58]. Kitamura et al. revealed that oxi-
dative stress can control the transcription of MafA via
FoxO1, which was a forkhead transcription factor partici-
pating in oxidative stress responses and metabolism [59].
Oxidative stress is a state of imbalance between reactive
oxygen species (ROS) and antioxidants. Irreversible ROS
damage to nucleic acids, lipids, and proteins may cause
genetic and epigenetic alterations that drive the initiation
of tumorigenesis [60]. Thus, MafA may take part in can-
cer progression based on the regulation of redox signal-
ing, in which the underlying molecular mechanism needs
to be further studied. Electrophoresis mobility shift
experiments and DNase I foot-printing analysis demon-
strated that the 5’-flanking and 5’-noncoding regions of
the rat c-Maf gene harbored at least three Pax6-binding
sites, which robustly activated the c-Maf promoter con-
struct [61]. The FOS, downstream of MEK1 and ERK
kinase, binds to the c-Maf promoter and directly acti-
vates c-Maf expression in human myeloma cells [62].
Huang K et al. demonstrated that MyoD activated the
mouse MafB promoter by co-transfection analysis [63].
Although Mafs have similar structures and promoter
regions (slightly different between large Mafs and small
Mafs) [61], the upstream factors regulating each member
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Fig. 1 Schematic representation of human Mafs structures. The seven members of Mafs are shown with their sizes and domain arrangement [20,
25, 26]. Large Mafs contain a transactivation domain, an extended homology region, a basic domain, and a leucine zipper, while small Mafs lack a
transactivation domain. The posttranslational modifications of Mafs in human cancer are indicated on the first line of amino acid codes below the
bar, while the second row indicates highly conserved PTM sites in mouse. The red amino acid represents phosphorylation sites, the green indicates
sumoylation sites and the yellow implies ubiquitylation sites

of Mafs expression are different. Under such intricate and
finely detailed regulation, each member specifically par-
ticipates in diverse signaling pathways to precisely modu-
late tissue development or influence cancer progression.

ncRNAs regulate Mafs at the posttranscriptional level

ncRNAs are unable to be translated into proteins, but
can regulate gene expression at both the transcriptional
and posttranscriptional levels in many cellular processes
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Table 1 The physiological functions of Mafs
Subgroup Mafs Organ and/or cell type Biological effect Downstream Cooperative factors Reference
Large Mafs c-Maf Lens fiber cell Lens formation and dif- Crystalline genes, cyclin D1~ Prox-1, Pax6, CREB, SOX1, [34,35]
ferentiation SOX2
LSECs, Foetal liver mac- embryological develop- F4/80 MEIS2, GATA4 [36,37]
rophages ment of liver cells, LSECs
specialization, immune
tolerance
Kidney, proximal tubule functional differentiation GPx3 Unknown [37]
cells, podocytes
Tcell T cell activation and dif- -4, IL-10 NFAT, CARMAT, IKK [38]
ferentiation
Pancreatic endocrine cells  a-cell differentiation, gluca-  Glucagon genes Pax6 [39]
gon biosynthesis
Endochondral bone Chondrocyte differentiation  Col2al SOX9 [40]
MafA  Pancreatic B-cells Insulin transcription and Insulin genes PDX1, Neurog3 [41]
secretion
MafB  Hindbrain Segment formation in the Hoxa3, Hoxb3 KROX20 [27]
hindbrain
Myeloid progenitors Macrophage differentiation  Unknown Unknown [42]
Kidney, podocytes Formation of podocytes Unknown Unknown [42]
NRL  Retina Differentiation of rod pho-  Rho CRX [43]
toreceptors
Small Mafs  MafG  Hematopoietic system Megakaryocyte differentia-  Bach2, Notch1 MafK [44, 45]
tion, platelet release
Nervous system Neurodevelopment Unknown Unknown [44]
Lens fiber cells Lens formation Aldh3al, Crygf, Hspb1, Pcbd1  MafK [46]
Embryo Embryo development Unknown Maff, MafK [32]
MafK  Hematopoietic system megakaryocyte differentia-  Unknown MafG [47]
tion
Nervous system Neurodevelopment Unknown MafG [48]
MafF  Hematopoietic system Regulating oxidative stress  Unknown MafG [49]

LSECs Liver sinusoidal endothelial cells, Rho Rhodopsin, Col2a1 Collagen type Il a1

[64—66]. There are several major types of ncRNAs: small
RNAs including miRNAs [67], circular RNAs (circR-
NAs) [68] and long noncoding RNAs (IncRNAs) [69]
et al. Recently, it was documented that ncRNAs regulated
tumor growth through targeting transcription factors,
including Mafs (Table 2).

miRNA consists of 18-25 nucleotides and regulates
the translation of mRNAs that perform multiple bio-
logical functions, such as cell proliferation, differentia-
tion, and homeostasis maintenance [80-83]. They bind
to the mRNA 3’-untranslated region (3’'UTR) to inhibit
translation via forming an RNA-induced silencing com-
plex (RISC) with other cofactors [84—87]. miR-4660 and
miR-7 that directly contact the 3’ untranslated region
of MafG mRNA suppress osteosarcoma cell growth
and chemosensitivity to cisplatin in non-small-cell lung
cancer (NSCLC) respectively [70, 72]. Moreover, c-Maf
is a target of miR-1290 and miR-155 in laryngeal squa-
mous cell carcinoma and plexiform neurofibromas. miR-
1290 and miR-155 reduce both the mRNA level and

protein expression of c-Maf by directly interacting with
the 3’'UTR of c-Maf [75, 76]. In addition, miR-223 exerts
a suppressive effect on nasopharyngeal carcinoma via
targeting MafB and reducing MafB expression [77].
CircRNAs are circular RNA molecules with a con-
tinuous and covalent closed loop, thus increasing their
stability compared to linear RNA molecules [88]. Cir-
cRNAs are defined as miRNA sponges to control target
gene expression [89-92]. In recent studies, it was dem-
onstrated that circRNAs regulate the expression of Mafs.
For instance, enforced expression of circ-ITCH inhibited
the proliferation and induced apoptosis of hepatocellu-
lar carcinoma cells via upregulating MafF expression by
acting as a miR-224-5p sponge [78]. However, circular
RNA cia-MAF recruited the TIP60 complex to the MafF
promoter region and, as a result, contributed to MafF
expression. Loss of cia-MAF blocked the interaction
between the TIP60 complex and the MafF promoter and
resulted in impaired liver tumorigenesis, self-renewal
and metastatic abilities [79]. The different functions of
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Fig. 2 The regulatory network of Mafs in cancer. There are several different mechanisms involved in the regulation of large Mafs (a) and small Mafs
(b) in tumor cells, including transcriptional regulation, noncoding RNAs, posttranslational modifications and protein—protein interactions. Large

Mafs and small Mafs can influence tumor fate by regulating diverse downstream targets
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Table 2 ncRNAs targeting Mafs in cancer
Cancer types ncRNAs Mafs Functions of the interaction Reference
Osteosarcoma miR-4660 MafG  Inhibits Osteosarcoma cell growth [70]
Lung adenocarcinoma INCRNA MAFG-AST  MafG  Suppresses the proliferation and induce apoptosis of lung adenocarcinoma cells  [71]
miR-7 MafG  Restores resistance to cisplatin [72]
Prostate cancer INcRNA EIF3J-AS1 MafG  Promotes proliferation and metastatic ability of prostate cancer cells [73]
Oral cancer LINC00284 MafG  Promotes cell proliferation and migration of oral squamous cell carcinoma [74]
Laryngocarcinoma miR-1290 c-Maf Suppresses apoptosis of laryngeal squamous cell carcinoma cells [75]
Neurofibroma miR-155 c-Maf  Promotes tumor growth in plexiform neurofibroma [76]
Multiple myeloma INcCRNA ANGPTL1-3  c-Maf Increases bortezomib sensitivity of multiple myeloma cells [10]
Nasopharyngeal carcinoma miR-223 MafB  Inhibits cell proliferation and migration of nasopharyngeal carcinoma [77]
Liver cancer circ-ITCH MafF  Inhibits the proliferation and induces cell apoptosis of hepatocellular carcinoma  [78]
cia-MAF MafF  Impairs tumorigenesis, self-renewal and metastatic capacities in liver cancer [79]

MafF in liver cancer might result from a complicated reg-
ulatory network of circRNAs.

LncRNAs refer to noncoding RNAs greater than 200
nucleotides in length [69]. An increasing number of
studies have shown that certain IncRNAs participate
in cancer progression through sponging miRNAs [93].
The Mafs expression can be modulated by IncRNAs as
well. The IncRNAs MAFG-AS], IncRNA EIF3]J-AS1 and
LINCO00284 upregulate MafG to promote proliferation
and metastasis and inhibit apoptosis by sponging miR-
744-5p and miR-211-3p in lung adenocarcinoma, pros-
tate cancer and oral squamous cell carcinoma [71, 73,
74]. Likewise, IncRNA ANGPTLI1-3 decreases the bort-
ezomib sensitivity of multiple myeloma cells through
retaining miR-30a—-3p and restraining its binding to
c-Maf [10]. In conclusion, it appears that tumor cells
activate or inhibit Mafs through various ncRNA-based
mechanisms to sustain malignancy. The ncRNAs are
very stable in biological fluid due to their localization
in exosomes [94]. Detecting ncRNAs may be a conveni-
ent and indirect approach to evaluate the expression and
activity of Mafs. Thus, deep understanding of the rela-
tionship between ncRNAs and Mafs is crucial for devel-
oping Mafs-based strategies.

The PTMs contribute to the regulation of Mafs
Posttranslational modifications (PTMs) are known for
their key roles in modulating the functions of proteins,
which influence their degradation, transcriptional activ-
ity, protein—protein interactions and subcellular loca-
tion [95]. The Mafs were documented to undergo several
PTMs, such as phosphorylation and ubiquitylation, that
altered their function to affect their target gene expres-
sion 23, 96].

In vivo, the primary MafA kinase is glycogen synthase
kinase 3 (GSK3), which unceasingly phosphorylates

MafA on serine (S)49, threonine (T)53, threonine
(T)57, and serine (S)61, implying that a priming kinase
unknown to us phosphorylates serine (S)65 [23, 97]. Sim-
ilar phosphorylation sites are present in c-Maf and MafB
and both proteins are also phosphorylated by GSK3 [23],
providing that these phosphorylation sites are highly
conserved in large Maf proteins. In the case of MafA,
GSK3-mediated phosphorylation pairs two antergic pro-
cesses: its degradation by ubiquitylation and increased
transactivation activity by boosting recruitment of the
coactivator P/CAF [23, 97]. The role of MafA in cell dif-
ferentiation as well as oncogenesis can be controlled by
phosphorylation [23]. Furthermore, MafB and c-Maf can
be ubiquitinated and subsequently degraded in proteas-
omes by the ubiquitin-conjugating enzyme UBE20O, the
ubiquitin ligase HERC4 and NEDD4, while stabilized by
the deubiquitinating enzymes USP5, USP7 and Otubl
[11, 98-102]. It is possible that the process of ubiquityla-
tion contributes to the abort of transcriptional responses
or, in some circumstances, may function to prevent inap-
propriate Mafs expression.

Sumoylation is common in the regulation of Mafs.
The sumoylation of MafB on lysine (K)32 and lysine
(K)297 causes the repression of its transactivation activi-
ties and its ability to terminate the cell cycle and to pro-
mote colorectal cancer tumorigenesis [103]. MafA is
also posttranslationally modified by SUMO proteins at a
conserved lysine residue in the amino-terminal transac-
tivation domain, which negatively regulates its transcrip-
tional and oncogenic activities [104]. c-Maf colocalizes
with two SUMO ligases in the nucleus, which sumoylate
c-Maf at lysine 33 and attenuate its transcriptional activ-
ity [105]. In addition, sumoylation modulates the func-
tions of small Mafs by altering their interaction with other
proteins. For instance, SUMO-1-mediated sumoylation
is required for MafG/Nrf2 heterodimer formation and
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antioxidant response element binding, which can protect
hepatocytes from oxidative stress injury and liver can-
cer development [106]. Depending on posttranslational
modifications, Mafs functions will synergize or compete
with one another. Thus, further studies on the PTMs of
Mafs are necessary to gain a deeper understanding of
Mafs molecular functions and regulatory mechanisms.

The role of protein—protein interactions in modulating
Mafs activity

Interactions between proteins can alter the activity of
Mafs. Known as transcription factors, Mafs stimulate or
inhibit target gene expression by interacting with vari-
ous proteins. This means that Mafs activity depends on
the expression of coregulators and general transcription
factors in a specific cell type. Yang et al. revealed that
MafG, c-Maf, c-Myc and MATal interacted with one
another directly in cholangiocarcinoma (CCA). The pro-
moter regions of these genes have E-boxes that are bound
by MAT«l in normal liver and switched to c-Myc, c-Maf
and MafG in CCA cells. The E-box positively regulates
c-Myc, c-Maf and MafG [107]. Furthermore, Hox pro-
teins, including Hoxd12, MHox, Prx1, Phox1 and Pmx1,
can interact with Mafs (c-Maf, MafB, MafK, MafF, and
MafG) through the homeodomain of Hox proteins and
the bZIP domain of Mafs. The co-expression of Hox
proteins inhibited the transactivation and transform-
ing activity of Mafs, which implied that the interaction
of a set of Hox proteins with Mafs may disturb not only
their oncogenicity but also their physiological roles [108].
In addition, HTLV-1 basic leucine-zipper (bZIP) fac-
tor (HBZ), which is closely associated with adult T-cell
leukemia, interacts and heterodimerizes with MafB via
each bZIP domain. HBZ abrogates the Maf recognition
element (MARE) binding activity of MafB and reduces
steady-state MafB levels [109]. Therefore, interactive
partners also play an indispensable role in the target gene
expression of large Mafs in the presence of the transacti-
vation domain.

Mafs modulate a number of physiological processes
and exhibit a characteristic manner in which transcrip-
tion factors integrate signaling in response to envi-
ronment incentive. As with other oncoproteins, their
dysregulation can contribute to tumorigenesis.

Importance of Mafs in cancer development

The strictly regulated activity and expression of Mafs cre-
ate a dynamic, balanced transcriptional network that is
essential for optimal cell function and tissue formation
[13, 110]. Thus, dysregulation of Mafs has a direct impact
on proliferation, differentiation, apoptosis, migration
and invasion, which is closely tied to tumor formation,
progression, metastasis, angiogenesis, tumor/stroma
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interaction and drug resistance (Table 3, Fig. 2, and 3). It
will be possible to develop better therapies and diagnos-
tic approaches for cancer with a deeper understanding of
Mafs function in cancer development.

Implications of Mafs in cancer proliferation and apoptosis
In both physiological and pathological circumstances,
oncogenes can regulate cell proliferation. Mafs not only
participate in the process of cell proliferation but are also
responsible for blocking the progression of the cell cycle
during development. For example, Mafs are able to boost
the expression of the cyclin-dependent kinase inhibitor
p27 [96, 129].

Cancer is characterized by constant proliferative capac-
ity and resistance to apoptosis of malignant cells. Ini-
tially, the dominant contributions to the understanding
of how Mafs regulate cancer proliferation and initiation
originated from studies on multiple myeloma (MM).
Seven frequently occurring primary translocations are
commonly believed to initiate oncogenic processes of
MM, in which the immunoglobulin heavy chain (IgH)
locus is involved [130, 131]. Among these translocations,
three concern large Mafs [132]. It was first discovered
in 1990 that a recurrent t (14;16) (q32.3; q23) transloca-
tion caused overexpression of c-Maf due to juxtaposition
with enhancers of the IgH locus [133]. A similar trans-
location involving MafB [134, 135] and MafA [132] was
described shortly afterwards in recent years. Transloca-
tions affecting large Mafs were seen in approximately
9% of MM cases, with c-Maf translocations accounting
for 6%, MafB for 3%, and MafA for less than 1% [132],
which were tied to various losses on chromosome 13
[136]. Translocations of MafB occurred most frequently
at the beginning of MM development, while the preva-
lence of c-Maf translocations was more common as the
disease progresses [111, 132, 136, 137]. It is an appropri-
ate explanation of this observation that MafB has weak
transforming activity in cell culture [138, 139], and there
is a possibility that the pathological outcomes of various
large Mafs translocations are not identical. Paradoxically,
it has been found that the proliferation of both primary
fibroblast cultures [139] and MM cell lines [115] can be
induced by oncogenic Mafs. Cyclin D2 is involved in
controlling the cell cycle entry and proliferation stage.
The c-Maf subtype of MM exhibits high proliferative
markers and is tightly linked to cyclin D2, a gene target
of c-Maf [111, 115]. In angioimmunoblastic T-cell lym-
phomas that express c-Maf and in T-cell lymphomas of
transgenic mice with overexpressed c-Maf in the lym-
phoid compartment, deregulated cyclin D2 expres-
sion has been shown as well [140, 141]. The oncogenic
role of large Mafs in inducing cell proliferation has also
been verified in other cancers, including prostate, lung,
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Table 3 Functional roles of Mafs pathway in cancer
Subgroup Mafs Cancer types Key roles Reference
Large Mafs c-Maf Multiple myeloma (MM) c-Maf subgroup of MM is characterized by high proliferative index and is associated with [111]
cyclin D2 overexpression
Stabilized by USP7 and USP5 and exerts anti-apoptosis effect on myeloma cells [11,112]
Influences MM invasion process through regulating CXCL12 and ARK5 [113,114]
Increases the interaction between tumor cells and stroma by increasing the expression of [115]
integrin 37 in MM
Induces VEGF expression and promotes marrow neo-angiogenesis [116]
Lung cancer Berbamine inhibited the migration and invasion abilities of non-small-cell lung cancer cells ~ [5]
by downregulating c-Maf
Facilitates tumor-associated macrophages polarization and promotes angiogenesis in [1171
NSCLC
Breast cancer Promotes breast cancer bone metastasis and may act as a biomarker of bone relapse [118]
MafA MM Stabilized by deubiquitinating enzyme USP7 and suppresses myeloma cell apoptosis [11]
MafB  Colorectal cancer Promotes colorectal cancer cell proliferation via regulating cell cycle and is correlated with [103]
advanced TNM stage
Liver cancer Promotes HCC proliferation through enhancing Cyclin D1 [119]
Osteosarcoma Drives cancer stemness in osteosarcoma. High MafB expression is strongly correlated with [120]
poor prognosis
Ovarian cancer Promotes the proliferation and invasion of ovarian cancer cells and reduces olaparib/cispl- [121]
atin sensitivity
NRL  Medulloblastoma Protects cells from apoptosis and mediates cell cycle progression [122]
Small Mafs  MafG  Colorectal cancer Differentially expressed between highly metastatic colorectal cancer and nonmetastatic [123]
colorectal cancer
Enhances proliferation by heterodimerizing with Bach1 and recruiting CHD8 and DNMT3B [124]
Liver cancer Promotes proliferation through heterodimerizing with Nrf2 or interacting with c-Myc and [56,125]
c-Maf
Lung cancer Accelerates cell proliferation and inhibits cell apoptosis in lung adenocarcinoma [71]
MafK  Breast cancer Induces EMT and promotes tumor invasion in vivo [126]
MafF  Liver cancer Drives liver tumor-initiating cells metastasis and antagonizes the retinoid-mediated sup- [79,127]
pression of HCC invasion
Breast cancer Promotes tumor invasion through heterodimerizing with Bach1 and activating IL11/STAT3 [128]

pathway

colorectal, nasopharyngeal, oral and liver cancer as well
as plexiform neurofibroma and glioma [5, 56, 103]. For
example, knockdown of MafB attenuated colorectal can-
cer cell proliferation via arresting the cell cycle at GO/G1
phase in vitro [103]. Moreover, cyclin D1, another impor-
tant regulator of cell cycle progression, is identified as a
direct target gene of MafB in hepatocellular carcinoma.
Enforced overexpression of MafB promotes hepatocellu-
lar carcinoma proliferation by enhancing cyclin D1 [119].
Similar observations have been made in ovarian cancer
[121] and osteosarcoma [120]. It is previously reckoned
that NRL has not been implicated in human cancer, and it
is solely viewed as a terminal differentiation factor of rod
photoreceptors [33]. However, Garancher A et al. dem-
onstrated that NRL could bind to the promoter region
of cyclin D2 and mediate cell cycle progression through
controlling cyclin D2 expression [122]. Cyclin—-CDK
complexes are also likely to be regulated by large Mafs
in primary fibroblast cultures, causing the acceleration

of the cell proliferation rate. However, it does not appear
that these proteins were directly involved with cyclin D2
[139]. Diverse mechanisms of disruption of the cell cycle
are a feature of Mafs-mediated transformation.

In addition to cell cycle progression, large Mafs-
induced cell proliferation also results from anti-apop-
totic activity. Cancer cells are able to acquire resistance
to apoptosis and a higher survival rate by constitutively
activating the expression of large Mafs through diverse
mechanisms, including large Mafs translocation; disrup-
tion of large Mafs ubiquitylation by upregulating the deu-
biquitinating enzyme Otubl, ubiquitin-specific protease
USP5 or USP7; Ras kinase cascade mediated induction
of large Mafs [11, 62, 112, 142]. Moreover, cancer cells
induce c-Maf expression in response to chemotherapeu-
tic exposure, rendering them intrinsically resistant to
apoptosis [143]. NRL directly protects cancer cells from
apoptosis by transcriptionally inducing BCL-XL expres-
sion [122]. Thus, NRL activation might explain the high
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BCL-XL levels that occur in the absence of transloca-
tions, amplifications, or other known epigenetic changes
in the BCL-XL loci [144]. p53 is a well-known tumor sup-
pressor gene, and the accumulation of p53 can cause can-
cer cell apoptosis [145]. p53 negatively regulates c-Maf
expression through indirectly enabling the induction
of miRNAs [146]. Notably, the c-Maf activates MARE-
mediated p53 expression, suggesting a negative feedback
regulatory mechanism between c-Maf and p53 [147]. In
addition to inhibiting the degradation of c-Maf in pro-
teosomes, USP7 can stabilize MDM2, a ubiquitin ligase
of p53, reducing p53 expression and promoting cancer
cell survival [148]. Accordingly, the upstream regulation
of oncoproteins or tumor suppressors determines their
expression level and cancer cell fate. However, a recent
study discovers that large Mafs might have a positive
effect on apoptosis. Loss or mis-localization of c-Maf
nuclear expression is observed in laryngeal squamous cell
carcinoma and genes involved in the regulation of apop-
tosis harbor the c-Maf binding motif in their promoter
region, which implies that c-Maf acts as a tumor sup-
pressor by regulating apoptosis [75]. Hence, in order to
determine whether Mafs act as suppressor or oncogenes,
further research is needed in a wider variety of cancer

types to optimize the use of Mafs-based therapeutics in
specific types of cancers.

Since lacking transactivation domain, small Mafs par-
ticipate in tumor progression through forming heterodi-
mers with the CNC family proteins p45 (large nuclear
factor erythroid 2 (NF-E2) subunit), Nrfl (NF-E2-related
factor 1), Nrf2, and Nrf3, as well as Bachl and Bach2
[149]. The Keapl/Nrf2/small Mafs pathway is a major
sensor for the cellular response to stress [150]. Under
normal conditions, Nrf2 is sequestered by the Cul3-
Keapl complex in the cytoplasm and targeted for ubiqui-
tination and proteasomal degradation. Upon exposure to
oxidative stresses and electrophilicity, keapl-Nrf2 com-
plex activity is disrupted, leading to the translocation of
Nrf2 to the nucleus and activation of target genes by small
Mafs/Nrf2 heterodimers. The heterodimers bind to the
antioxidant response element (ARE) located in the regu-
latory region of these target genes and confer advantages
with respect to stress resistance and cell proliferation
in tumor cells [151]. Oncogenic proteins that promote
proliferation, including KRASG12D, BRAFV619E, and
MYC, also induce the transcription of Nrf2 and activate
the small Mafs/Nrf2 antioxidant program in pancreatic
cancer [152]. The B-Raf protooncogene variant BRAF
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(V600E) upregulates MafG, which heterodimerizes with
Bachl and recruits both chromodomain helicase DNA-
binding protein 8 (CHDS, a chromatin remodeling fac-
tor) and the DNA methyltransferase DNMT3B, leading
to transcriptional silencing of tumor suppressor genes
and cancer proliferation [124]. In addition, small Mafs
form a complex with methionine adenosyl transferase al
(MATal), c-Myc and c-Maf to regulate tumor growth in
CCA independent of CNC family proteins [107]. MATal
takes part in the synthesis of the biological methyl donor
SAMe, which blocks the effect of mitogens on ERK and
AKT signaling in several cancers [153]. It is an emerging
area in small Mafs research that will reveal the interplay
of the cellular detoxification program and PI3K-AKT
signaling pathway.

Implications of Mafs in cancer invasion and metastasis
Metastasis refers to a complicated multistage pathologi-
cal process that significantly contributes to cancer mor-
bidity and mortality, in which a number of distinct steps
are involved, including the destruction of the basement
membrane, undergoing epithelial-to-mesenchymal tran-
sition (EMT), remodeling of the extracellular matrix
(ECM) in the stroma, overcoming anoikis, and invading
and reinitiating of malignant cells at the secondary sites
[154]. As malignant cells invade and metastasize, they
colonize secondary locations that are far from the pri-
mary tumor.

c-Maf is one of the large Mafs that is most closely asso-
ciated with tumor invasion and metastasis. c-Maf is dif-
ferentially expressed in circulating tumor cells originating
from the bone-only metastasis group and the extraskel-
etal metastasis group [155]. Pharmacological inhibition
of c-Maf suppresses the migration and invasion abilities
of non-small-cell lung cancer cells through unknown
mechanisms [5]. Conversely, 16q23 gain or c-Maf over-
expression promotes breast cancer bone metastasis, a
process that may be mediated by downregulation of the
c-Maf target gene PTHrP, a crucial predictor for bone
relapse in advanced breast tumors [118, 156]. To clear
a path for migration, cancer cells secrete extracellular
matrix remodeling enzymes, such as matrix metallopro-
teinase 13 (MMP13), which also liberate growth factors
and cytokines trapped in the ECM [157]. c-Maf activa-
tion enhances MMP13 promoter activity via binding the
AP-1 element and has been identified as an important
transcriptional regulator of MMP13 [158]. An impor-
tant hallmark in the c-Maf subtype of MM is the fre-
quent occurrence of genes that trigger invasive process,
like ARKS and CXCL12 [113, 114, 159]. ARKS encodes a
serine(S)/threonine(T) kinase that belongs to the AMP-
activated protein kinase family and is also activated
downstream of Akt. Previous studies have demonstrated
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that ARK5 participates in the process of invasion and
metastasis [160], and the phenotype of increased inva-
siveness has been observed in MM cell lines overexpress-
ing ARK5 [114]. The expression of ARKS5, dysregulated
in ARK5-driven T-cell lymphomas in transgenic mice
as well as AITLs in humans, correlates well with Maf-
transforming activity [140]. Furthermore, in primary
fibroblasts, GSK3-mediated phosphorylation of c-Maf
deregulates the expression of genes linked with extra-
cellular matrix remodeling and cell invasiveness [23].
Another study indicates that c-Maf has anti-metastatic
properties. Migratory and circulating metastatic cells
have to overcome anoikis, the cell death process initi-
ated when a cell loses contact with the ECM for a pro-
longed period of time [161]. The effect of c-Maf on
anoikis dictates this opposite phenotype. c-Maf reduces
the anchorage-independent growth and metastasis abil-
ity of malignant peripheral nerve sheath tumor (MPNST)
through targeting DEPTOR, a negative regulator of the
AKT/mTOR pathway [162].

Three small Mafs have also been implicated in regu-
lating cancer metastasis. During EMT, epithelial cells
lose expression of the adhesion protein E-cadherin in
favor of N-cadherin. In cancer cell lines, MafK pro-
motes EMT by downregulating E-cadherin expression
through targeting transmembrane glycoprotein non-
metastatic B (GPNMB), which is a potent inducer of
EMT [126, 163]. Dysregulation of MafG has been iden-
tified by proteomic profiling in highly metastatic cancer
cells relative to nonmetastatic cancer cells [123]. Liver
tumor-initiating cells (TICs), which have the ability to
self-renew, differentiate, and produce new tumors, are
involved in liver tumorigenesis and metastasis [164].
Circular RNA cia-MAF overexpression drives liver
TIC metastasis by recruiting the TIP60 complex to the
MAFF promoter and promoting MAFF expression [79].
CNC proteins, especially Bachl, are indispensable part-
ners for small Mafs to influence the process of cancer
metastasis and invasion. The master regulatory role of
Bachl in cancer metastasis has been well discussed in
many excellent reviews [165-167]. Bachl is stabilized
by antioxidants, and this effect is driven by reduced lev-
els of ROS and free heme [168]. Heterodimers of small
Mafs and Nrf2 stimulate cancer metastasis by inducing
HO-1, the enzyme catabolizing heme, leading to ele-
vated antioxidants and Bachl stabilization [169]. On the
other hand, small Mafs directly dimerize with Bachl to
transcriptionally activate MMP1, another ECM remod-
eling enzyme, and IL11, a cytokine involved in osteol-
ysis-mediated bone metastasis, resulting in an increase
in bone metastasis [128, 165]. Small Mafs/Nrf2 and
small Mafs/Bachl can compete for MARE/ARE bind-
ing. Therefore, the activation of distinct downstream
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genes is highly dependent on the quantity and abun-
dance of small Mafs binding partners.

Implications of Mafs in the interaction between the tumor
and the stroma
As a crucial component of the tumor microenviron-
ment, the most striking characteristics of the tumor
stroma are its ability to actively promote cancer growth,
angiogenesis, invasion and migration, immune escape,
and resistance to cancer treatment [170, 171]. The func-
tion of stromal cells and their interplay with cancer cells
within the tumor environment are controlled by the
expression and secretion of many pivotal signaling mol-
ecules, including growth factors [172-174], chemokines
[175-177], cytokines [178—181], and proteolytic enzymes
[182-184]. During tumor development, the intimate
tumor/stroma interaction influences the tumor micro-
environment and determines the fate of malignant cells.
The exploration of the underlying mechanisms governing
this complex and dynamic interaction plays a key role in
cancer diagnosis and therapy.

c-Maf enhances the tumor cell-stroma interaction
during oncogenesis [115, 185] through stimulating the
expression of integrin 7 [115], which is a c-Maf tran-
scriptional target [186]. Integrin B7 works along with
the heterodimeric partner integrin aE to facilitate the
attachment of cancer cells to bone marrow stromal cells,
the surface of which expresses the integrin-binding pro-
tein E-cadherin. As a result of the interaction between
cancer cells and stromal cells, the expression of vascular
endothelial growth factor (VEGF) is enforced, helping to
modulate a tumor-adapted microenvironment [115]. The
expression of integrin 8 [23] is also dysregulated in large
Maf-transformed cells, suggesting that Mafs might con-
tribute to oncogenesis by disrupting the integrin signal-
ing pathway. Intriguingly, the properties of large Mafs to
mediate cell-cell interactions may be essential for their
critical physiological roles as well. Defective cell-to-cell
interactions in specific organs are observed by knock-
ing out different large Mafs [41, 187]. In MafA-knock-
out mice, the pancreatic islets exhibit an unorganized
architecture, which is featured with inappropriate inter-
mixing of diverse cell types [41]. The traffic-jam, the D.
melanogaster ortholog of the large Maf gene, is exclu-
sively expressed in somatic gonadal cells directly adja-
cent to germline cells. The traffic jam dysfunction leads
to improper intermingling of somatic cells with germ
cells, resulting in defective differentiation of germ cells.
The dysregulation of adhesion molecules, such as DE-
cadherin, the E-cadherin ortholog from D. melanogaster,
is implicated in this pathological process [187]. However,
evidence that Mafs regulate the interaction between the
stroma and tumor in other types of cancer has not been

Page 11 of 20

found and needs to be further explored. Therefore, under
both physiological and pathological processes, c-Maf and
MafA are crucial mediators of stroma/tumor interac-
tions. These discoveries on Mafs and their target genes
give rise to broad interest, as they identify a category of
oncogenes that facilitate mutual interplay between the
tumor and stroma, instead of enabling tumors to provide
self-proliferative signals.

Implications of Mafs in cancer angiogenesis

The growth of solid tumors is restrained by the availabil-
ity of oxygen and nutrients. The hypoxic microenviron-
ment of tumors activates the transcription factor HIF-1a,
which initiates a signaling cascade that activates the tran-
scription of growth factors (such as the VEGF family),
cytokines and ECM remodelers to form the vasculature
[188]. Constant and aberrant angiogenesis is indispen-
sable for malignant processes, such as tumor growth
and metastatic spread, which are key players in tumo-
rigenesis [189]. In MM, c-Maf induces VEGF expression
that is produced both by myeloma and marrow stroma
cells, which promotes bone marrow neo-angiogenesis
[116]. Tumor-associated macrophages (TAMs) reside
in hypoxic area of tumors and serve as angiogenesis-
promoting cells by producing pro-angiogenic factors
and MMPs [190]. c-Maf is an essential controller of
TAM polarization and recruitment. And c-Maf induces
VEGFA expression in TAMs, which is a member of the
VEGF family and regulates angiogenic sprouting [117].
The cell surface peptidase CD13/APN is expressed by
activated endothelial cells in tumor vessels in response
to angiogenic growth factors. CD13 inhibition reduces
angiogenesis and halts tumor growth in vivo [191]. c-Maf
occupies a crucial regulatory region of the CD13 proxi-
mal promoter and substantially activates the transcrip-
tion of CD13 [192]. Therefore, c-Maf not only influences
tumor cells but also affects various cell types in tumor
microenvironment to expedite the process of vascu-
logenesis. Three small Mafs (MafK, MafF, and MafG)
have also been identified as master regulators central to
VEGFA signaling, and these small Mafs are upregulated
by VEGFA, implying the significant role of small Mafs in
angiogenesis [193]. Moreover, the small Mafs/Nrf2 het-
erodimer target gene quinone oxidoreductase-1(NQOI)
encodes a protein that directly interacts with HIF-1a and
prevents its degradation, which consequently promotes
the expression of the VEGF family and angiopoietin
[194, 195]. The small Mafs/Nrf2 might also be an indirect
modulator of HIF-1a, since the function of prolyl hydrox-
ylase domain-containing proteins (PHDs) is affected by
ROS levels, which are the enzymes that sense oxygen
tension and hydroxylate proline residues in HIF-1a and
target it for proteasomal degradation [196]. In addition,
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HIF-1a induces small Mafs transcription through direct
binding [128], providing continuous angiogenic signaling
for tumors. Hence, c-Maf and small Mafs/Nrf2 regulate
multiple steps of angiogenesis, including hypoxia stress,
HIF-1a stability, VEGF expression level, and activation
of vascular endothelial cells. By suppressing the temporal
and spatial expression of these Mafs, we may be able to
control the formation of the vascular network in cancer.

In summary, Mafs generally function as oncoproteins
in most types of cancer due to their roles in promoting
proliferation, metastasis, interaction between tumor and
stroma, angiogenesis, and inhibiting apoptosis. How-
ever, c-Maf and MafF have dual effects on cancer, which
may depend on varying upstream regulations and their
diversity of function. Moreover, only a few studies exist
regarding the role of NRL in cancer. Despite a few steps
that have been taken in exploring the function and mech-
anism of NRL in cancer proliferation and apoptosis, more
research is necessary to fully understand the link between
NRL and cancer.

The clinical applications and limitations of Mafs
Mafs as a biomarker in cancer?

The lack of early symptoms in some types of cancers
makes it difficult to diagnose cancer patients until an
advanced stage [197-199]. Therefore, it is necessary
to identify specific and sensitive biomarkers that can
be used to effectively detect cancers at early stage and
select cancer patients for individualized therapy. A
number of recent studies have demonstrated that Mafs
were key regulators in the pathogenesis of different
types of malignant tumors [12, 107, 127]. In addition,
Mafs show differential expression in a large number of
human cancer tissues [56, 200, 201], offering hope for
their latent use as indicators in predicting the diagnosis
and prognosis of diverse cancers. For example, by ana-
lyzing the c-Maf expression level of tumor specimens
from 123 multiple myeloma patients, c-Maf was iden-
tified as an independent unfavorable prognostic factor
for overall survival [202]. Detection of MAFB repre-
sents a promising prognostic biomarker that stratifies
a subset of patients with the shortest overall survival in
osteosarcoma and HCC [120, 127]. MafF is also recog-
nized as a potential biomarker in HCC and thyroid pap-
illary carcinoma patients [127, 203]. On the contrary,
the enhanced expression of MafF works as a better
prognostic indicator in bladder cancer [204]. Moreo-
ver, enforced MafK expression is related to poor prog-
nosis in triple-negative breast cancer patients [126].
Nevertheless, in developing Mafs as biomarkers for
the diagnosis and prognosis of different types of can-
cers, several challenges need to be overcome. Firstly, it
is not entirely clear how the expression levels of Mafs
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correlate with the progression of tumors, which needs
to be further clarified. Secondly, the technical limita-
tions of Mafs expression analysis and intra-tumoral
heterogeneity may cause the discrepancies in the reli-
able biomarker role of Mafs. The last but not the least,
the latent values of Mafs as biomarkers for cancer have
only been confirmed in studies with modest sample
sizes. Therefore, more convenient and accurate tech-
nologies should be explored to individually normalize
and analyze Mafs expression. It is also crucial to deeply
understand the relationships between Mafs expression
and molecular tumoral heterogeneity. The utility of
Mafs in stratification of patients into appropriate risk
categories requires confirmation through more large-
scale population-based studies.

Mafs as a therapeutic target in cancer?

Enhanced expression of Mafs contributes to the pro-
liferation, metastasis, tumor/stroma interaction and
angiogenesis of different types of cancer [79, 116, 119,
121]. Some studies have revealed that Mafs overex-
pression conferred resistance to chemotherapeutic
drugs such as bortezomib and cisplatin in various can-
cers [72, 143, 205]. Therefore, Mafs can act as efficient
and potential therapeutic targets for cancer. Potential
strategies including targeting Mafs regulators such as
enzymes involved in posttranslational modifications
and several Mafs-related signaling pathways as well as
utilization of natural compound and PROTAC tech-
nology, can be applied to manipulate the expression of
Mafs for cancer therapy (Fig. 4). Since MEK can upreg-
ulate c-Maf expression through the FOS transcription
factor, targeting the MEK/ERK pathway by treatment
with two typical MEK inhibitors U0126 and AZD6244
and a novel MEK inhibitor AS703026 inhibits MM
proliferation and induces MM cell apoptosis [62, 206].
Given that Mafs are deregulated by posttranslational
modifications, the regulation of Mafs stability is also
a possible therapeutic approach. For instance, MafA,
MafB and c-Maf are phosphorylated by the Ser/Thr
kinase GSK3 in human MM cell lines. Lithium chloride
(LiCl), a GSK3 inhibitor, targets these phosphorylation
sites and specifically decreases the malignancy of Maf-
expressing MM cell lines [207]. A subgroup of patients
with MM who appear to have overexpressed large Mafs
might benefit from lithium chloride treatment, which
is already used to treat diabetes and neurodegenerative
disorders in humans [208]. Similarly, glucocorticoids
and P5091-mediated ubiquitylation and degrada-
tion of c-Maf specifically inhibit the proliferation rate
of MM cell lines that overexpress c-Maf and decrease
the expression of c-Maf transcriptional targets includ-
ing integrin B7 and cyclin D2 [11, 209]. However, these
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chemicals for cancer therapy have only been confirmed
in vitro, and further animal experiments and clinical
trials are necessary for a thorough understanding of
their therapeutic effects. In addition to Mafs regula-
tor related drugs, B-glucans, a newly discovered natu-
ral compound targeting c-Maf, delays tumor growth
by transforming M2-like macrophages into an M1-like
phenotype that corresponds with downregulated c-Maf
levels in non-small cell lung cancer. A clinical trial of
B-glucans was initiated in NSCLC patients. Although
no information on outcome was yet available, a notable
reduction in c-Maf mRNA expression was identified in
circulating CD14dimCD16 + myeloid cells [210, 211].
Since small molecule inhibitors targeting Mafs are lack-
ing, screening or synthesizing more specific chemo-
therapeutic drugs that target Mafs are able to offer a
novel and useful therapeutic strategy for cancer ther-
apy in the future. Furthermore, the absence of specific
inhibitors that target Maf transcription factors may be
due to the lack of structurally stable small molecule
binding pockets and metastable regulatory sites as well
as clear regulatory mechanisms, making Mafs undrug-
gable proteins [212]. Proteolysis targeting chimeras
(PROTACs) are used to degrade targeted proteins
through the ubiquitin—proteasome system, a natural
intracellular protein degradation system. The action of
PROTAC:S is not dependent on ligand binding pockets.
Molecular glue, an important component of PROTAC,
can target any region of the protein to perform its func-
tion [213]. Hence, the application of PROTACSs in Mafs
degradation is full of opportunities in the treatment of
diverse tumors.

Although there are potential strategies for develop-
ing Mafs-targeting drugs for multiple cancers, target-
ing Mafs selectively and efficiently is still challenging.
One of the reasons is the insufficiency of structural
information of Mafs and their CNC partners. It is cru-
cial to acquire the three-dimensional structure on Mafs
and identify proper ligand-binding sites for the design
and discovery of optimal drugs directly targeting Mafs.
Another challenge is the lack of identifying molecu-
lar glues that are specific to a certain tissue or a tumor
type in the Mafs-targeting use of PROTACs. More
specific molecular glue will be beneficial to reduce the
on-target toxicity in the clinic. Finally, a more compre-
hensive understanding of the physiological functions
of Mafs and their relationships with a specific disease
is still critical for the development of Mafs-targeted
treatment. Due to the complexity of diverse signaling
pathways converging at Mafs, the context of potential
crosstalk between pathways must be taken into account
in exploring an efficient strategy to directly or indirectly
target Mafs.
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Conclusion and Future perspectives

Mafs used to be rendered key modulators only in mul-
tiple physiological processes including embryonic devel-
opment, tissue formation and insulin secretion. In recent
years, structural and molecular biology as well as bioin-
formatics analyses have provided valuable insights into
their critical regulatory roles in tumorigenesis as they
govern the expression of many genes involved in cell pro-
liferation, apoptosis, angiogenesis, tumor/stroma inter-
actions and drug resistance. The binding affinity of Mafs
as well as the expression and activity of target genes that
are precisely controlled by Mafs become disordered dur-
ing cancer development. Individual proteins or cofactors
interacting with selected Mafs have also been identified
in conjunction with several Mafs target genes. These
advances in Mafs studies have occurred due to the recent
technological advances such as chromatin immunopre-
cipitation technology, so that we can move forward to
resolve some significant questions and explain many puz-
zles. The application of chromatin immunoprecipitation
combined with sequencing not only enables us to iden-
tify the DNA target sites of Mafs on a global scale but
also assists in revealing how promoter discrimination
can be achieved despite the stereotypic binding prefer-
ence to the MARE. However, there are some defects in
the use of chromatin immunoprecipitation. It is difficult
to capture and purify dynamic Mafs-related transcrip-
tional complexes at promoter regions following different
signaling pathways and changeable microenvironments
in vivo. Furthermore, some nonspecific proteins might
be detected due to the crosslinking of formaldehyde.
Therefore, we can foresee that the improvement of exist-
ing methods and explorations of new technology can
offer the biochemical basis for disentangling the intricate
Mafs-dependent crosstalk at promoter sites and help to
develop feasible Mafs-based strategies in cancer therapy.

Abbreviations

3'UTR 3-Untranslated region

AKT AKT serine/threonine kinase

AP-1 Activated protein 1

ARK5 AMPK-related protein kinase 5

ARE Antioxidant response element
BACH BTB domain and CNC homolog

bzIP Basic leucine zipper

CCA Cholangiocarcinoma

CD13/APN Alanyl aminopeptidase, membrane
CDK Cyclin-dependent kinase

CHD8 Chromodomain helicase DNA-binding protein 8
CNC Cap-n-Collar

CREs CAMP responsive elements

Csf-1r Colony-stimulating factor 1 receptor
CXCL12  C-X-C motif chemokine ligand 12
circRNAs  Circular RNAs

c-Myc MYC proto-oncogene

DLBCL Diffuse large B-cell lymphoma
DNMT3B  DNA methyltransferase 3B



Deng et al. Biomarker Research (2023) 11:17

ECM Extracellular matrix

EMT Epithelial to mesenchymal transition

ERK Mitogen-activated protein kinase

FoxA2 Forkhead box A2

GPNMB  Transmembrane glycoprotein non-metastatic B
GSK3 Glycogen synthase kinase 3

HBZ HTLV-1 basic leucine-zipper factor

HCC Hepatocellular carcinoma

HER Extended homology region;

HERC4 HECT and RLD domain containing E3 ubiquitin protein ligase 4
Hox Homeobox protein

1L Interleukin 11

LiCl Lithium chloride

IncRNAs  Long non-coding RNAs

Mafs Maf proteins

MARE Mafs recognition element

MATal Methionine adenosyl transferase 1A

MEK Mitogen-activated protein kinase

MENIN MENT1 protein

MM Multiple myeloma

MMP Matrix metalloproteinase

MyoD Myogenic differentiation 1

MPNST Malignant peripheral nerve sheath tumor
miRNAs  MicroRNAs

ncRNAs Noncoding RNAs

Nkx2.2 NK2 homeobox 2

Nrf2 NFE2 like bZIP transcription factor 2

NRL Neural retina-specific leucine zipper
NSCLC Non-small cell lung cancer

NQO1 Quinone oxidoreductase-1

Otub1 OTU deubiquitinase, ubiquitin aldehyde binding 1

Pax6 Paired box 6

PDGF Platelet-derived growth factor

Pdx1 Pancreatic and duodenal homeobox 1

PHDs Prolyl hydroxylase domain-containing proteins
PROTAC  Proteolysis targeting chimera

PTHrP Parathyroid hormone like hormone

PTMs Post-translational modifications

RISC RNA-induced silencing complex

STAT3 Signal transducer and activator of transcription 3
TAMs Tumor-associated macrophages

TICs Liver tumor-initiating cells

TREs TPA responsive elements

UBE20O Ubiquitin conjugating enzyme E2 O

USP5 Ubiquitin specific peptidase 5

VEGF Vascular endothelial growth factor

Acknowledgements
Not applicable.

Authors’ contributions

YC and TL conceived and supervised the project; YD wrote the paper, revised
the paper, and drew the tables and figures; LL, HZ and YF helped revise the
paper. All authors read and approved the final manuscript.

Funding

This work was supported by grants from the National Natural Science Founda-
tion of China (81974074, 81570537, 82172654 and 82070632), Hunan Provin-
cial Science and Technology Department (2018RS3026 and 2021RC4012).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Page 15 of 20

Competing interests
The authors declare no competing interests.

Received: 25 August 2022 Accepted: 22 January 2023
Published online: 07 February 2023

References

1. Nishizawa M, Kataoka K, Goto N, Fujiwara KT, Kawai S. v-maf, a viral
oncogene that encodes a “leucine zipper” motif. Proc Natl Acad SciU S
A. 1989;86(20):7711-5.

2. KawaiS, Goto N, Kataoka K, Saegusa T, Shinno-Kohno H, Nishizawa M.
Isolation of the avian transforming retrovirus, AS42, carrying the v-maf
oncogene and initial characterization of its gene product. Virology.
1992;188(2):778-84.

3. Zhang C, Guo ZM. Multiple functions of Maf in the regulation of
cellular development and differentiation. Diabetes Metab Res Rev.
2015;31(8):773-8.

4. Zhong S, Xue J, Cao JJ, Sun B, Sun QF, Bian LG, Hu LY, Pan SJ. The
therapeutic value of XL388 in human glioma cells. Aging (Albany NY).
2020;12(22):22550-63.

5. LiuL, XuZ YuB,Tao L, Cao Y. Berbamine inhibits cell proliferation and
migration and induces cell death of lung cancer cells via regulating
c-Maf, PI3K/Akt, and MDM2-P53 pathways. Evid Based Complement
Alternat Med. 2021;2021:5517143.

6. Wang M, Liu F, Fang B, Huo Q, Yang Y. Proteome-scale profiling reveals
MAFF and MAFG as two novel key transcription factors involved in
palmitic acid-induced umbilical vein endothelial cell apoptosis. BMC
Cardiovasc Disord. 2021;21(1):448.

7. NagaiY, Matsuoka TA, Shimo N, Miyatsuka T, Miyazaki S, Tashiro
F, Miyazaki JI, Katakami N, Shimomura I. Glucotoxicity-induced
suppression of Cox6a2 expression provokes beta-cell dysfunction
via augmented ROS production. Biochem Biophys Res Commun.
2021;556:134-41.

8. Pfander P, Eiers AK, Burret U, Vettorazzi S. Deletion of Cdk5 in mac-
rophages ameliorates anti-inflammatory response during endotoxemia
through induction of C-Maf and 11-10. Int J Mol Sci. 2021;22(17):9648.

9. Pajares M, Rojo Al, Arias E, Diaz-Carretero A, Cuervo AM, Cuadrado
A.Transcription factor NFE2L2/NRF2 modulates chaperone-medi-
ated autophagy through the regulation of LAMP2A. Autophagy.
2018;14(8):1310-22.

10. Nian F, Zhu J, Chang H. Long non-coding RNA ANGPTL1-3 promotes
multiple myeloma bortezomib resistance by sponging miR-30a-3p
to activate c-Maf expression. Biochem Biophys Res Commun.
2019,514(4):1140-6.

11. HeY,Wang S, Tong J, Jiang S, Yang Y, Zhang Z, Xu'Y, Zeng Y, Cao B,
Moran MF, Mao X. The deubiquitinase USP7 stabilizes Maf proteins to
promote myeloma cell survival. J Biol Chem. 2020;295(7):2084-96.

12. Eychene A, Rocques N, Pouponnot C. A new MAFia in cancer. Nat Rev
Cancer. 2008;8(9):683-93.

13. Kannan MB, Solovieva V, Blank V. The small MAF transcription factors
MAFF, MAFG and MAFK: current knowledge and perspectives. Biochim
Biophys Acta. 2012;1823(10):1841-6.

14. Amit |, Wides R, Yarden Y. Evolvable signaling networks of receptor
tyrosine kinases: relevance of robustness to malignancy and to cancer
therapy. Mol Syst Biol. 2007;3:151.

15. Dlakic M, Grinberg AV, Leonard DA, Kerppola TK. DNA sequence-
dependent folding determines the divergence in binding specificities
between Maf and other bZIP proteins. EMBO J. 2001;20(4):828-40.

16. Kerppola TK, Curran T. Maf and Nrl can bind to AP-1 sites and form
heterodimers with Fos and Jun. Oncogene. 1994;9(3):675-84.

17. SiN, Song Z, Meng X, Li X, Xiao W, Zhang X. A novel MAF missense
mutation leads to congenital nuclear cataract by impacting the trans-
activation of crystallin and noncrystallin genes. Gene. 2019,692:113-8.

18. Kimura M, Yamamoto T, Zhang J, Itoh K, Kyo M, Kamiya T, Aburatani H,
Katsuoka F, Kurokawa H, Tanaka T, Motohashi H, Yamamoto M. Molecu-
lar basis distinguishing the DNA binding profile of Nrf2-Maf heterodi-
mer from that of Maf homodimer. J Biol Chem. 2007;282(46):33681-90.



Deng et al. Biomarker Research

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33

34,

35.

36.

37.

(2023) 11:17

Yoshida T, Ohkumo T, Ishibashi S, Yasuda K. The 5'-AT-rich half-site of
Maf recognition element: a functional target for bZIP transcription
factor Maf. Nucleic Acids Res. 2005;33(11):3465-78.

Katsuoka F, Yamamoto M. Small Maf proteins (Maff, MafG, MafK): His-
tory, structure and function. Gene. 2016;586(2):197-205.

Ochi H, Ogino H, Kageyama Y, Yasuda K. The stability of the
lens-specific Maf protein is regulated by fibroblast growth fac-

tor (FGF)/ERK signaling in lens fiber differentiation. J Biol Chem.
2003;278(1):537-44.

Chen Q, Dowhan DH, Liang D, Moore DD, Overbeek PA. CREB-binding
protein/p300 co-activation of crystallin gene expression. J Biol Chem.
2002;277(27):24081-9.

Rocques N, Abou Zeid N, Sii-Felice K, Lecoin L, Felder-Schmittbuhl
MP, Eychene A, Pouponnot C. GSK-3-mediated phosphorylation
enhances Maf-transforming activity. Mol Cell. 2007,28(4):584-97.
Friedman JS, Khanna H, Swain PK, Denicola R, Cheng H, Mitton KP,
Weber CH, Hicks D, Swaroop A. The minimal transactivation domain
of the basic motif-leucine zipper transcription factor NRL interacts
with TATA-binding protein. J Biol Chem. 2004;279(45):47233-41.
Kusunoki H, Motohashi H, Katsuoka F, Morohashi A, Yamamoto M,
Tanaka T. Solution structure of the DNA-binding domain of MafG. Nat
Struct Biol. 2002;9(4):252-6.

lacovazzo D, Flanagan SE, Walker E, Quezado R, de Sousa Barros FA,
Caswell R, Johnson MB, Wakeling M, Brandle M, Guo M, Dang MN,
Gabrovska P, Niederle B, Christ E, Jenni S, Sipos B, Nieser M, Frilling

A, Dhatariya K, Chanson P, de Herder WW, Konukiewitz B, Kloppel

G, Stein R, Korbonits M, Ellard S. MAFA missense mutation causes
familial insulinomatosis and diabetes mellitus. Proc Natl Acad Sci U S
A.2018;115(5):1027-32.

Cordes SP, Barsh GS. The mouse segmentation gene kr encodes

a novel basic domain-leucine zipper transcription factor. Cell.
1994;79(6):1025-34.

Takahashi S. Functional analysis of large MAF transcription factors
and elucidation of their relationships with human diseases. Exp
Anim. 2021,70(3):264-71.

Ono Y, Wang Y, Suzuki H, Okamoto S, Ikeda Y, Murata M, Poncz M,
Matsubara Y. Induction of functional platelets from mouse and
human fibroblasts by p45NF-E2/Maf. Blood. 2012;120(18):3812-21.
Kobayashi A, Tsukide T, Miyasaka T, Morita T, Mizoroki T, Saito Y,

Ihara Y, Takashima A, Noguchi N, Fukamizu A, Hirotsu Y, Ohtsuji M,
Katsuoka F, Yamamoto M. Central nervous system-specific deletion of
transcription factor Nrf1 causes progressive motor neuronal dysfunc-
tion. Genes Cells. 2011;16(6):692-703.

Hirotsu Y, Katsuoka F, Funayama R, Nagashima T, Nishida Y, Nakayama
K, Engel JD, Yamamoto M. Nrf2-MafG heterodimers contribute
globally to antioxidant and metabolic networks. Nucleic Acids Res.
2012;40(20):10228-39.

Yamazaki H, Katsuoka F, Motohashi H, Engel JD, Yamamoto M. Embry-
onic lethality and fetal liver apoptosis in mice lacking all three small
Maf proteins. Mol Cell Biol. 2012;32(4):808-16.

Kataoka K. Multiple mechanisms and functions of maf transcrip-

tion factors in the regulation of tissue-specific genes. J Biochem.
2007;141(6):775-81.

Kase S, Yoshida K, Sakai M, Ohgami K, Shiratori K, Kitaichi N, Suzuki Y,
Harada T, Ohno S. Immunolocalization of cyclin D1 in the developing
lens of c-maf -/- mice. Acta Histochem. 2006;107(6):469-72.

Fujino M, Tagami A, Ojima M, Mizuno S, Abdellatif AM, Kuno A,
Takahashi S. c-MAF deletion in adult C57BL/6J mice induces cataract
formation and abnormal differentiation of lens fiber cells. Exp Anim.
2020;69(2):242-9.

de Haan W, Oie C, Benkheil M, Dheedene W, Vinckier S, Coppiello G,
Aranguren XL, Beerens M, Jaekers J, Topal B, Verfaillie C, Smedsrod B,
Luttun A. Unraveling the transcriptional determinants of liver sinu-
soidal endothelial cell specialization. Am J Physiol Gastrointest Liver
Physiol. 2020;318(4):G803-15.

Imaki J, Tsuchiya K, Mishima T, Onodera H, Kim JI, Yoshida K, Ikeda H,
Sakai M. Developmental contribution of c-maf in the kidney: distribu-
tion and developmental study of c-maf mRNA in normal mice kidney
and histological study of c-maf knockout mice kidney and liver.
Biochem Biophys Res Commun. 2004;320(4):1323-7.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Page 16 of 20

Ho IC, Hodge MR, Rooney JW, Glimcher LH. The proto-oncogene

c-maf is responsible for tissue-specific expression of interleukin-4. Cell.
1996;85(7):973-83.

Pauza ME, Nguyen A, Wolfe T, Ho IC, Glimcher LH, von Herrath M, Lo D.
Variable effects of transgenic c-Maf on autoimmune diabetes. Diabetes.
2001;50(1):39-46.

MaclLean HE, Kim JI, Glimcher MJ, Wang J, Kronenberg HM, Glimcher
LH. Absence of transcription factor c-maf causes abnormal terminal dif-
ferentiation of hypertrophic chondrocytes during endochondral bone
development. Dev Biol. 2003;262(1):51-63.

Zhang C, Moriguchi T, Kajihara M, Esaki R, Harada A, Shimohata H, Oishi
H, Hamada M, Morito N, Hasegawa K, Kudo T, Engel JD, Yamamoto M,
Takahashi S. MafA is a key regulator of glucose-stimulated insulin secre-
tion. Mol Cell Biol. 2005;25(12):4969-76.

Moriguchi T, Hamada M, Morito N, Terunuma T, Hasegawa K, Zhang

C, Yokomizo T, Esaki R, Kuroda E, Yoh K, Kudo T, Nagata M, Greaves

DR, Engel JD, Yamamoto M, Takahashi S. MafB is essential for renal
development and F4/80 expression in macrophages. Mol Cell Biol.
2006;26(15):5715-27.

Cuevas E, Holder DL, Alshehri AH, Treguier J, Lakowski J, Sowden JC.
NRL(-/-) gene edited human embryonic stem cells generate rod-
deficient retinal organoids enriched in S-cone-like photoreceptors.
Stem Cells. 2021;39(4):414-28.

Shavit JA, Motohashi H, Onodera K, Akasaka J, Yamamoto M, Engel

JD. Impaired megakaryopoiesis and behavioral defects in mafG-null
mutant mice. Genes Dev. 1998;12(14):2164-74.

Li XM, Hu Z, Zafar AB, Jorgensen ML, Bungert J, Slayton W. Intrinsic and
extrinsic effects of mafG deficiency on hematopoietic recovery follow-
ing bone marrow transplant. Exp Hematol. 2010;38(12):1251-60.
Agrawal SA, Anand D, Siddam AD, Kakrana A, Dash S, Scheiblin DA,
Dang CA, Terrell AM, Waters SM, Singh A, Motohashi H, Yamamoto M,
Lachke SA. Compound mouse mutants of bZIP transcription factors
Mafg and Mafk reveal a regulatory network of non-crystallin genes
associated with cataract. Hum Genet. 2015;134(7):717-35.

Onodera K, Shavit JA, Motohashi H, Yamamoto M, Engel JD. Perinatal
synthetic lethality and hematopoietic defects in compound mafG:mafK
mutant mice. EMBO J. 2000;19(6):1335-45.

Katsuoka F, Motohashi H, Tamagawa Y, Kure S, Igarashi K, Engel JD,
Yamamoto M. Small Maf compound mutants display central nervous
system neuronal degeneration, aberrant transcription, and Bach pro-
tein mislocalization coincident with myoclonus and abnormal startle
response. Mol Cell Biol. 2003;23(4):1163-74.

Martinez-Hernandez A, Gutierrez-Malacatt H, Carrillo-Sanchez K,
Saldana-Alvarez Y, Rojas-Ochoa A, Crespo-Solis E, Aguayo-Gonzalez A,
Rosas-Lopez A, Ayala-Sanchez JM, Aquino-Ortega X, Orozco L, Cordova
EJ. Small MAF genes variants and chronic myeloid leukemia. Eur J
Haematol. 2014;92(1):35-41.

Aspros KGM, Carter JM, Hoskin TL, Suman VJ, Subramaniam M, Emch
MJ,Ye Z, Sun Z, Sinnwell JE, Thompson KJ, Tang X, Rodman EPB, Wang X,
Nelson AW, Chernukhin I, Hamdan FH, Bruinsma ES, Carroll JS, Fernan-
dez-Zapico ME, Johnsen SA, Kalari KR, Huang H, Leon-Ferre RA, Couch
FJ, Ingle IN, Goetz MP, Hawse JR. Estrogen receptor beta repurposes
EZH2 to suppress oncogenic NFkappaB/p65 signaling in triple negative
breast cancer. NPJ Breast Cancer. 2022;8(1):20.

Wang L, Wang J, ShenY, Zheng Z, Sun J. Fructose-1,6-Bisphosphatase

2 inhibits oral squamous cell carcinoma tumorigenesis and glucose
metabolism via downregulation of c-Myc. Oxid Med Cell Longev.
2022;2022:6766787.

Matthews CP, Colburn NH, Young MR. AP-1 a target for cancer preven-
tion. Curr Cancer Drug Targets. 2007;7(4):317-24.

Qiu X, Boufaied N, Hallal T, Feit A, de Polo A, Luoma AM, Alahmadi W,
Larocque J, Zadra G, Xie Y, Gu S, Tang Q, Zhang Y, Syamala S, Seo JH,

Bell C, O'Connor E, Liu Y, Schaeffer EM, Jeffrey Karnes R, Weinmann S,
Davicioni E, Morrissey C, Cejas P, Ellis L, Loda M, Wucherpfennig KW,
Pomerantz MM, Spratt DE, Corey E, et al. MYC drives aggressive prostate
cancer by disrupting transcriptional pause release at androgen receptor
targets. Nat Commun. 2022;13(1):2559.

JiaY,Yan Q, Zheng, Li L, Zhang B, Chang Z, Wang Z, Tang H, Qin Y,
Guan XY. Long non-coding RNA NEATT mediated RPRD1B stability facil-
itates fatty acid metabolism and lymph node metastasis via c-Jun/c-
Fos/SREBP1 axis in gastric cancer. J Exp Clin Cancer Res. 2022;41(1):287.



Deng et al. Biomarker Research

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.
66.
67.
68.
69.
70.

71.

72.

73.

74.

75.

(2023) 11:17

LiY, Luan C. PLCE1 promotes the invasion and migration of esophageal
cancer cells by up-regulating the PKCalpha/NF-kappaB pathway. Yonsei
Med J. 2018;59(10):1159-65.

Liu T, Yang H, Fan W, Tu J, LiTWH, Wang J, Shen H, Yang J, Xiong T, Steg-
gerda J, Liu Z, Noureddin M, Maldonado SS, Annamalai A, Seki E, Mato
JM, Lu SC. Mechanisms of MAFG dysregulation in cholestatic liver injury
and development of liver cancer. Gastroenterology. 2018;155(2):557-
571e514.

Raum JC, Gerrish K, Artner |, Henderson E, Guo M, Sussel L, Schisler

JC, Newgard CB, Stein R. FoxA2, Nkx2.2, and PDX-1 regulate islet beta-
cell-specific mafA expression through conserved sequences located
between base pairs -8118 and -7750 upstream from the transcription
start site. Mol Cell Biol 2006;26(15):5735-43.

Hamze Z, Vercherat C, Bernigaud-Lacheretz A, Bazzi W, Bonnavion R,

Lu J, Calender A, Pouponnot C, Bertolino P, Roche C, Stein R, Scoazec
JY, Zhang CX, Cordier-Bussat M. Altered MENIN expression disrupts

the MAFA differentiation pathway in insulinoma. Endocr Relat Cancer.
2013;20(6):833-48.

Kitamura Y1, Kitamura T, Kruse JP, Raum JC, Stein R, Gu W, Accili D. FoxO1
protects against pancreatic beta cell failure through NeuroD and MafA
induction. Cell Metab. 2005;2(3):153-63.

Reuter S, Gupta SC, Chaturvedi MM, Aggarwal BB. Oxidative stress,
inflammation, and cancer: how are they linked? Free Radic Biol Med.
2010;49(11):1603-16.

Sakai M, Serria MS, lkeda H, Yoshida K, Imaki J, Nishi S. Regulation of
c-maf gene expression by Pax6 in cultured cells. Nucleic Acids Res.
2001;29(5):1228-37.

Annunziata CM, Hernandez L, Davis RE, Zingone A, Lamy L, Lam LT, Hurt
EM, Shaffer AL, Kuehl WM, Staudt LM. A mechanistic rationale for MEK
inhibitor therapy in myeloma based on blockade of MAF oncogene
expression. Blood. 2011;117(8):2396-404.

Huang K, Serria MS, Nakabayashi H, Nishi S, Sakai M. Molecular clon-
ing and functional characterization of the mouse mafB gene. Gene.
2000;242(1-2):419-26.

Lieberman J. Tapping the RNA world for therapeutics. Nat Struct Mol
Biol. 2018,;25(5):357-64.

Chan JJ, Tay Y. Noncoding RNA:RNA regulatory networks in cancer. Int J
Mol Sci. 2018;19(5):1310.

Cech TR, Steitz JA. The noncoding RNA revolution-trashing old rules to
forge new ones. Cell. 2014;157(1):77-94.

Mukhadi S, Hull R, Mbita Z, Dlamini Z. The role of MicroRNAs in kidney
disease. Noncoding RNA. 2015;1(3):192-221.

Qu S, Yang X, Li X, Wang J, Gao Y, Shang R, Sun W, Dou K, Li H. Circular
RNA: a new star of noncoding RNAs. Cancer Lett. 2015;365(2):141-8.
Xie SD, Qin C, Jin LD, Wang QC, Shen J, Zhou JC, Chen YX, Huang AH,
Zhao WH, Wang LB. Long noncoding RNA SNHG14 promotes breast
cancer cell proliferation and invasion via sponging miR-193a-3p. Eur
Rev Med Pharmacol Sci. 2020;24(14):7543.

Shan HJ, Zhu LQ, Yao C, Zhang ZQ, Liu YY, Jiang Q, Zhou XZ, Wang XD,
Cao C. MAFG-driven osteosarcoma cell progression is inhibited by a
novel miRNA miR-4660. Mol Ther Nucleic Acids. 2021;24:385-402.
Sui'Y, Lin G, Zheng Y, Huang W. LncRNA MAFG-AST boosts the prolifera-
tion of lung adenocarcinoma cells via regulating miR-744-5p/MAFG
axis. Eur J Pharmacol. 2019;859: 172465.

Vera-Puente O, Rodriguez-Antolin C, Salgado-Figueroa A, Michalska

P, Pernia O, Reid BM, Rosas R, Garcia-Guede A, SacristAn S, Jimenez J,
Esteban-Rodriguez |, Martin ME, Sellers TA, Leon R, Gonzalez VM, De
Castro J. Ibanez de Caceres I: MAFG is a potential therapeutic target to
restore chemosensitivity in cisplatin-resistant cancer cells by increasing
reactive oxygen species. Transl Res. 2018;200:1-17.

Ye C,Qin S, Guo F, Yang Y, Wang H, Zhang C, Yang B. LncRNA EIF3J-AS1
functions as an oncogene by regulating MAFG to promote prostate
cancer progression. J Cancer. 2022;13(1):146-52.

Yan D, Wu F, Peng C, Wang M. Silencing of LINC00284 inhibits cell
proliferation and migration in oral squamous cell carcinoma by

the miR-211-3p/MAFG axis and FUS/KAZN axis. Cancer Biol Ther.
2021,22(2):149-63.

Janiszewska J, Bodnar M, Paczkowska J, Ustaszewski A, Smialek MJ,
Szylberg L, Marszalek A, Kiwerska K, Grenman R, Szyfter K, Wierzbicka M,
Giefing M, Jarmuz-Szymczak M. Loss of the MAF transcription factor in
laryngeal squamous cell carcinoma. Biomolecules. 2021;11(7):1035.

76.

77.

78.

79.

80.

81.

82.

83.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

Page 17 of 20

Na Y, Hall A, Choi K, Hu L, Rose J, Coover RA, Miller A, Hennigan RF,
Dombi E, Kim MO, Subramanian S, Ratner N, Wu J. MicroRNA-155
contributes to plexiform neurofibroma growth downstream of MEK.
Oncogene. 2021;40(5):951-63.

Yang W, Lan X, Li D, Li T, Lu S. MiR-223 targeting MAFB suppresses prolif-
eration and migration of nasopharyngeal carcinoma cells. BMC Cancer.
2015;15:461.

Wu M, Deng X, Zhong Y, Hu L, Zhang X, Liang Y, Li X, Ye X. MafF Is Regu-
lated via the circ-ITCH/mIiR-224-5p axis and acts as a tumor suppressor
in hepatocellular carcinoma. Oncol Res. 2020;28(3):299-309.

Chen Z,LuT,Huang L, Wang Z,Yan Z, Guan Y, Hu W, Fan Z, Zhu P.
Circular RNA cia-MAF drives self-renewal and metastasis of liver
tumor-initiating cells via transcription factor MAFF. J Clin Invest.
2021;131(19):e148020.

Abak A, Amini S, Sakhinia E, Abhari A. MicroRNA-221: biogenesis,
function and signatures in human cancers. Eur Rev Med Pharmacol Sci.
2018;22(10):3094-117.

Chen D,Wang H, Chen J, Li Z, Li S, Hu Z, Huang S, Zhao Y, He X. Micro-
RNA-129-5p regulates glycolysis and cell proliferation by targeting the
glucose transporter SLC2A3 in gastric cancer cells. Front Pharmacol.
2018;9:502.

Kim JS, Choi DW, Kim CS, Yu SK, Kim HJ, Go DS, Lee SA, Moon SM, Kim
SG, Chun HS, Kim J, Kim JK, Kim DK. MicroRNA-203 induces apop-
tosis by targeting Bmi-1 in YD-38 oral cancer cells. Anticancer Res.
2018,38(6):3477-85.

Patil S, Rao R, Raj T. Role of miRNA in the malignant transformation of
oral lichen planus. J Contemp Dent Pract. 2015;16(2):i—ii.

Sun M, Ding J, Li D, Yang G, Cheng Z, Zhu Q. NUDT21 regulates 3"-UTR
length and microRNA-mediated gene silencing in hepatocellular carci-
noma. Cancer Lett. 2017,410:158-68.

Min KW, Jo MH, Shin S, Davila S, Zealy RW, Kang SI, Lloyd LT, Hohng S,
Yoon JH. AUF1 facilitates microRNA-mediated gene silencing. Nucleic
Acids Res. 2017;45(10):6064-73.

Fan M, Krutilina R, Sun J, Sethuraman A, Yang CH, Wu ZH, Yue J, Pfeffer
LM. Comprehensive analysis of microRNA (miRNA) targets in breast
cancer cells. J Biol Chem. 2013;288(38):27480-93.

Fabian MR, Mathonnet G, Sundermeier T, Mathys H, Zipprich JT, Svitkin
YV, Rivas F, Jinek M, Wohlschlegel J, Doudna JA, Chen CY, Shyu AB, Yates
JR 3rd, Hannon GJ, Filipowicz W, Duchaine TF, Sonenberg N. Mam-
malian miRNA RISC recruits CAF1 and PABP to affect PABP-dependent
deadenylation. Mol Cell. 2009;35(6):868-80.

Jeck WR, Sorrentino JA, Wang K, Slevin MK, Burd CE, Liu J, Marzluff WF,
Sharpless NE. Circular RNAs are abundant, conserved, and associated
with ALU repeats. RNA. 2013;19(2):141-57.

Granados-Riveron JT, Aquino-Jarquin G. The complexity of the transla-
tion ability of circRNAs. Biochim Biophys Acta. 2016;1859(10):1245-51.
Kulcheski FR, Christoff AP, Margis R. Circular RNAs are miRNA

sponges and can be used as a new class of biomarker. J Biotechnol.
2016;238:42-51.

Qiu LP, Wu YH, Yu XF, Tang Q, Chen L, Chen KP. The emerging role of
circular RNAs in hepatocellular carcinoma. J Cancer. 2018;9(9):1548-59.
Hu W, Bi ZY, Chen ZL, Liu C, Li LL, Zhang F, Zhou Q, Zhu W, Song YY,
Zhan BT, Zhang Q, Bi YY, Sun CC, Li DJ. Emerging landscape of circular
RNAs in lung cancer. Cancer Lett. 2018;427:18-27.

Ma'Y, Ouyang J, Wei J, Maarouf M, Chen JL. Involvement of host non-
coding RNAs in the pathogenesis of the influenza virus. Int J Mol Sci.
2016;18(1):39.

Fontemaggi G, Turco C, Esposito G, Di Agostino S. New molecular
mechanisms and clinical impact of circRNAs in human cancer. Cancers
(Basel). 2021;13(13):3154.

Richard SA, Jiang Y, Xiang LH, Zhou S, Wang J, Su Z, Xu H. Post-trans-
lational modifications of high mobility group box 1 and cancer. Am J
Transl Res. 2017;9(12):5181-96.

Tillmanns S, Otto C, Jaffray E, Du Roure C, Bakri Y, Vanhille L, Sarrazin S,
Hay RT, Sieweke MH. SUMO modification regulates MafB-driven mac-
rophage differentiation by enabling Myb-dependent transcriptional
repression. Mol Cell Biol. 2007;27(15):5554-64.

Han SI, Aramata S, Yasuda K, Kataoka K. MafA stability in pancreatic
beta cells is regulated by glucose and is dependent on its constitutive
phosphorylation at multiple sites by glycogen synthase kinase 3. Mol
Cell Biol. 2007;27(19):6593-605.



Deng et al. Biomarker Research

98.

99.

100.

101.

102.

103.

105.

107.

108.

109.

110.

1.

114.

115.

(2023) 11:17

Wang S, Juan J, Zhang Z, Du'Y, Xu Y, Tong J, Cao B, Moran MF, Zeng Y,
Mao X. Inhibition of the deubiquitinase USP5 leads to c-Maf protein
degradation and myeloma cell apoptosis. Cell Death Dis. 2017;8(9):
e3058.

Zhang Z,Tong J, Tang X, Juan J, Cao B, Hurren R, Chen G, Taylor P, Xu X,
Shi CX, Du J, Hou J, Wang G, Wu D, Stewart AK, Schimmer AD, Moran
MF, Mao X. The ubiquitin ligase HERC4 mediates c-Maf ubiquitination
and delays the growth of multiple myeloma xenografts in nude mice.
Blood. 2016;127(13):1676-86.

Xu'Y, Xu M, Tong J, Tang X, Chen J, Chen X, Zhang Z, Cao B, Stewart AK,
Moran MF, Wu D, Mao X. Targeting the Otub1/c-Maf axis for the treat-
ment of multiple myeloma. Blood. 2021;137(11):1478-90.

XuY, Zhang Z, Li J, Tong J, Cao B, Taylor P, Tang X, Wu D, Moran MF,
Zeng Y, Mao X. The ubiquitin-conjugating enzyme UBE20 modulates
c-Maf stability and induces myeloma cell apoptosis. J Hematol Oncol.
2017;10(1):132.

DuY, LiuY, XuY,Juan J, Zhang Z, Xu Z, Cao B, Wang Q, Zeng Y, Mao X.
The transmembrane protein TMEPAI induces myeloma cell apoptosis
by promoting degradation of the c-Maf transcription factor. J Biol
Chem. 2018;293(16):5847-59.

Yang LS, Zhang XJ, Xie YY, Sun XJ, Zhao R, Huang QH. SUMOylated
MAFB promotes colorectal cancer tumorigenesis. Oncotarget.
2016;7(50):83488-501.

Kanai K, Reza HM, Kamitani A, Hamazaki Y, Han SI, Yasuda K, Kataoka K.
SUMOylation negatively regulates transcriptional and oncogenic activi-
ties of MafA. Genes Cells. 2010;15(9):971-82.

Lin BS, Tsai PY, Hsieh WY, Tsao HW, Liu MW, Grenningloh R, Wang LF, Ho
IC, Miaw SC. SUMOylation attenuates c-Maf-dependent IL-4 expression.
Eur J Immunol. 2010;40(4):1174-84.

Ramani K, Tomasi ML, Yang H, Ko K, Lu SC. Mechanism and significance
of changes in glutamate-cysteine ligase expression during hepatic
fibrogenesis. J Biol Chem. 2012,287(43):36341-55.

Yang H, Liu T, Wang J, LiTW, Fan W, Peng H, Krishnan A, Gores GJ, Mato
JM, Lu SC. Deregulated methionine adenosyltransferase alphal, c-Myc,
and Maf proteins together promote cholangiocarcinoma growth in
mice and humans(double dagger). Hepatology. 2016;64(2):439-55.
Kataoka K, Yoshitomo-Nakagawa K, Shioda S, Nishizawa M. A set of
Hox proteins interact with the Maf oncoprotein to inhibit its DNA
binding, transactivation, and transforming activities. J Biol Chem.
2001;276(1):819-26.

Ohshima T, Mukai R, Nakahara N, Matsumoto J, Isono O, Kobayashi Y,
Takahashi S, Shimotohno K. HTLV-1 basic leucine-zipper factor, HBZ,
interacts with MafB and suppresses transcription through a Maf recog-
nition element. J Cell Biochem. 2010;111(1):187-94.

Tsuchiya M, Misaka R, Nitta K, Tsuchiya K. Transcriptional factors, Mafs
and their biological roles. World J Diabetes. 2015;6(1):175-83.
Bergsagel PL, Kuehl WM, Zhan F, Sawyer J, Barlogie B, Shaughnessy J
Jr. Cyclin D dysregulation: an early and unifying pathogenic event in
multiple myeloma. Blood. 2005;106(1):296-303.

Chen XH, Xu YJ, Wang XG, Lin P, Cao BY, Zeng YY, Wang Q, Zhang

7B, Mao XL, Zhang T. Mebendazole elicits potent antimyeloma

activity by inhibiting the USP5/c-Maf axis. Acta Pharmacol Sin.
2019;40(12):1568-77.

Mattioli M, Agnelli L, Fabris S, Baldini L, Morabito F, Bicciato S, Verdelli
D, Intini D, Nobili L, Cro L, Pruneri G, Callea V, Stelitano C, Maiolo AT,
Lombardi L, Neri A. Gene expression profiling of plasma cell dyscrasias
reveals molecular patterns associated with distinct IGH translocations
in multiple myeloma. Oncogene. 2005;24(15):2461-73.

Suzuki A, lida S, Kato-Uranishi M, Tajima E, Zhan F, Hanamura |, Huang
Y, Ogura T, Takahashi S, Ueda R, Barlogie B, Shaughnessy J Jr, Esumi H.
ARKS5 is transcriptionally regulated by the Large-MAF family and medi-
ates IGF-1-induced cell invasion in multiple myeloma: ARK5 as a new
molecular determinant of malignant multiple myeloma. Oncogene.
2005;24(46):6936-44.

Hurt EM, Wiestner A, Rosenwald A, Shaffer AL, Campo E, Grogan T, Berg-
sagel PL, Kuehl WM, Staudt LM. Overexpression of c-maf is a frequent
oncogenic event in multiple myeloma that promotes proliferation
and pathological interactions with bone marrow stroma. Cancer Cell.
2004;5(2):191-9.

Tai YT, Soydan E, Song W, Fulciniti M, Kim K, Hong F, Li XF, Burger P, Rum-
izen MJ, Nahar S, Podar K, Hideshima T, Munshi NC, Tonon G, Carrasco

117.

118.

119.

120.

123.

124.

125.

126.

127.

128.

130.

131.

133.

Page 18 of 20

RD, Afar DE, Anderson KC. CS1 promotes multiple myeloma cell adhe-
sion, clonogenic growth, and tumorigenicity via c-maf-mediated inter-
actions with bone marrow stromal cells. Blood. 2009;113(18):4309-18.
Liu M, Tong Z, Ding C, Luo F,Wu S, Wu C, Albeituni S, He L, Hu X, Tieri D,
Rouchka EC, Hamada M, Takahashi S, Gibb AA, Kloecker G, Zhang HG,
Bousamra M 2nd, Hill BG, Zhang X, Yan J. Transcription factor c-Maf is a
checkpoint that programs macrophages in lung cancer. J Clin Invest.
2020;130(4):2081-96.

Pavlovic M, Arnal-Estape A, Rojo F, Bellmunt A, Tarragona M, Guiu M,
Planet E, Garcia-Albeniz X, Morales M, Urosevic J, Gawrzak S, Rovira A,
Prat A, Nonell L, Lluch A, Jean-Mairet J, Coleman R, Albanell J, Gomis RR.
Enhanced MAF oncogene expression and breast cancer bone metasta-
sis. J Natl Cancer Inst. 2015;107(12):.djv256.

Yu H, Jiang HL, Xu D, Jin JZ, Zhao ZM, Ma YD, Liang J. Transcription fac-
tor MafB promotes hepatocellular carcinoma cell proliferation through
up-regulation of cyclin D1. Cell Physiol Biochem. 2016;39(2):700-8.
Chen Y, Wang T, Huang M, Liu Q, Hu C, Wang B, Han D, Chen C, Zhang
J,LiZ Liu G Lei W, Chang Y, Wu M, Xiang D, Chen Y, Wang R, Huang W,
Lei Z, Chu X. MAFB promotes cancer stemness and tumorigenesis in
osteosarcoma through a Sox9-mediated positive feedback loop. Cancer
Res. 2020;80(12):2472-83.

Guo L, LiY, Zhao C, Peng J, Song K, Chen L, Zhang P Ma H, Yuan C, Yan S,
Fang Y, Kong B. RECQL4, negatively regulated by miR-10a-5p, facilitates
cell proliferation and invasion via MAFB in ovarian cancer. Front Oncol.
2020;10: 524128.

Garancher A, Lin CY, Morabito M, Richer W, Rocques N, Larcher M,
Bihannic L, Smith K, Miquel C, Leboucher S, Herath NI, Dupuy F, Varlet

P, Haberler C, Walczak C, El Tayara N, Volk A, Puget S, Doz F, Delattre O,
Druillennec S, Ayrault O, Wechsler-Reya RJ, Eychene A, Bourdeaut F,
Northcott PA, Pouponnot C. NRL and CRX define photoreceptor iden-
tity and reveal subgroup-specific dependencies in medulloblastoma.
Cancer Cell. 2018;33(3):435-449 e436.

Torres S, Garcia-Palmero |, Marin-Vicente C, Bartolome RA, Calvino E,
Fernandez-Acenero MJ, Casal JI. Proteomic characterization of transcrip-
tion and splicing factors associated with a metastatic phenotype in
colorectal cancer. J Proteome Res. 2018;17(1):252-64.

Fang M, Ou J, Hutchinson L, Green MR. The BRAF oncoprotein functions
through the transcriptional repressor MAFG to mediate the CpG Island
Methylator phenotype. Mol Cell. 2014;55(6):904-15.

Pan D, Yang W, Zeng Y, Qin H, Xu'Y, GuiY, Fan X, Tian G, Wu Y, Sun H, Ye
Y,Yang S, Zhou J, Guo Q, Zhao L. AKR1C3 regulated by NRF2/MAFG
complex promotes proliferation via stabilizing PARP1 in hepatocellular
carcinoma. Oncogene. 2022;41(31):3846-58.

Okita 'Y, Kimura M, Xie R, Chen C, Shen LT, Kojima Y, Suzuki H, Muratani
M, Saitoh M, Semba K, Heldin CH, Kato M. The transcription factor MAFK
induces EMT and malignant progression of triple-negative breast can-
cer cells through its target GPNMB. Sci Signal. 2017;10(474):eaak9397.
Tsuchiya H, Oura S. Involvement of MAFB and MAFF in retinoid-medi-
ated suppression of hepatocellular carcinoma invasion. Int J Mol Sci.
2018;19(5):1450.

Moon EJ, Mello SS, Li CG, Chi JT, Thakkar K, Kirkland JG, Lagory EL, Lee
1J, Diep AN, Miao Y, Rafat M, Vilalta M, Castellini L, Krieg AJ, Graves EE,
Attardi LD, Giaccia AJ. The HIF target MAFF promotes tumor inva-

sion and metastasis through IL11 and STAT3 signaling. Nat Commun.
2021;12(1):4308.

Reza HM, Nishi H, Kataoka K, Takahashi Y, Yasuda K. L-Maf regulates
p27kip1 expression during chick lens fiber differentiation. Differentia-
tion. 2007;75(8):737-44.

Kuehl WM, Bergsagel PL. Multiple myeloma: evolving genetic events
and host interactions. Nat Rev Cancer. 2002;2(3):175-87.

Kuehl WM, Bergsagel PL: Early genetic events provide the basis for a
clinical classification of multiple myeloma. Hematology Am Soc Hema-
tol Educ Program 2005:346-352.

Chng WJ, Glebov O, Bergsagel PL, Kuehl WM. Genetic events in the
pathogenesis of multiple myeloma. Best Pract Res Clin Haematol.
2007,20(4):571-96.

Chesi M, Bergsagel PL, Shonukan OO, Martelli ML, Brents LA, Chen

T, Schrock E, Ried T, Kuehl WM. Frequent dysregulation of the c-maf
proto-oncogene at 16923 by translocation to an Ig locus in multiple
myeloma. Blood. 1998;91(12):4457-63.



Deng et al. Biomarker Research

134.

135.

136.

137.

138.

139.

141.

142.

143.

144,

145.

146.

147.

148.

150.

152.

(2023) 11:17

Boersma-Vreugdenhil GR, Kuipers J, Van Stralen E, Peeters T, Michaux L,
Hagemeijer A, Pearson PL, Clevers HC, Bast BJ. The recurrent transloca-
tion t(14,20)(q32;,q12) in multiple myeloma results in aberrant expres-
sion of MAFB: a molecular and genetic analysis of the chromosomal
breakpoint. Br J Haematol. 2004;126(3):355-63.

Hanamura |, lida S, Akano Y, Hayami Y, Kato M, Miura K, Harada S, Banno
S, Wakita A, Kiyoi H, Naoce T, Shimizu S, Sonta SI, Nitta M, Taniwaki M,
Ueda R. Ectopic expression of MAFB gene in human myeloma cells car-
rying (14,20)(g32;q11) chromosomal translocations. Jpn J Cancer Res.
2001,92(6):638-44.

H Avet-Loiseau T Facon B Grosbois F Magrangeas MJ Rapp JL Harous-
seau S Minvielle R Bataille | Francophone du M, 2002 Oncogenesis of
multiple myeloma: 14g32 and 13g chromosomal abnormalities are not
randomly distributed, but correlate with natural history, immunological
features, and clinical presentation Blood 99 6 2185 2191

Zhan F, Barlogie B, Arzoumanian V, Huang Y, Williams DR, Hollmig

K, Pineda-Roman M, Tricot G, van Rhee F, Zangari M, Dhodapkar M,
Shaughnessy JD Jr. Gene-expression signature of benign monoclonal
gammopathy evident in multiple myeloma is linked to good prognosis.
Blood. 2007;109(4):1692-700.

Nishizawa M, Kataoka K, Vogt PK. MafA has strong cell transforming
ability but is a weak transactivator. Oncogene. 2003;22(39):7882-90.
Pouponnot C, Sii-Felice K, Hmitou |, Rocques N, Lecoin L, Druillennec S,
Felder-Schmittbuhl MP, Eychene A. Cell context reveals a dual role for
Maf in oncogenesis. Oncogene. 2006;25(9):1299-310.

Morito N, Yoh K, Fujioka Y, Nakano T, Shimohata H, Hashimoto Y, Yamada
A, Maeda A, Matsuno F, Hata H, Suzuki A, Imagawa S, Mitsuya H, Esumi
H, Koyama A, Yamamoto M, Mori N, Takahashi S. Overexpression of
c-Maf contributes to T-cell lymphoma in both mice and human. Cancer
Res. 2006,66(2):812-9.

Murakami Yl, Yatabe Y, Sakaguchi T, Sasaki E, Yamashita Y, Morito N, Yoh
K, Fujioka Y, Matsuno F, Hata H, Mitsuya H, Imagawa S, Suzuki A, Esumi
H, Sakai M, Takahashi S, Mori N. c-Maf expression in angioimmunoblas-
tic T-cell lymphoma. Am J Surg Pathol. 2007;31(11):1695-702.

SunT, XuY, Xu Z, Cao B, Zhang Z, Wang Q, Kong Y, Mao X. Inhibition of
the Otub1/c-Maf axis by the herbal acevaltrate induces myeloma cell
apoptosis. Cell Commun Signal. 2021;19(1):24.

Qiang YW, Ye S, Chen 'Y, Buros AF, Edmonson R, van Rhee F, Barlogie B,
Epstein J, Morgan GJ, Davies FE. MAF protein mediates innate resist-
ance to proteasome inhibition therapy in multiple myeloma. Blood.
2016;128(25):2919-30.

Ruefli-Brasse A, Reed JC. Therapeutics targeting Bcl-2 in hematological
malignancies. Biochem J. 2017,474(21):3643-57.

Liebl MC, Hofmann TG. The role of p53 signaling in colorectal cancer.
Cancers (Basel). 2021;13(9):2125.

Su W, Hopkins S, Nesser NK, Sopher B, Silvestroni A, Ammanuel S,
Jayadev S, Moller T, Weinstein J, Garden GA. The p53 transcription factor
modulates microglia behavior through microRNA-dependent regula-
tion of c-Maf. J Immunol. 2014;192(1):358-66.

Dhakshinamoorthy S, Jaiswal AK. c-Maf negatively regulates ARE-medi-
ated detoxifying enzyme genes expression and anti-oxidant induction.
Oncogene. 2002;21(34):5301-12.

Chauhan D, Tian Z, Nicholson B, Kumar KG, Zhou B, Carrasco R,
McDermott JL, Leach CA, Fulcinniti M, Kodrasov MP, Weinstock J,
Kingsbury WD, Hideshima T, Shah PK, Minvielle S, Altun M, Kessler BM,
Orlowski R, Richardson P, Munshi N, Anderson KC. A small molecule
inhibitor of ubiquitin-specific protease-7 induces apoptosis in multiple
myeloma cells and overcomes bortezomib resistance. Cancer Cell.
2012,22(3):345-58.

Blank V. Small Maf proteins in mammalian gene control: mere
dimerization partners or dynamic transcriptional regulators? J Mol Biol.
2008;376(4):913-25.

Kobayashi M, Yamamoto M. Nrf2-Keap1 regulation of cellular defense
mechanisms against electrophiles and reactive oxygen species. Adv
Enzyme Regul. 2006;46:113-40.

Taguchi K, Motohashi H, Yamamoto M. Molecular mechanisms of the
Keap1-Nrf2 pathway in stress response and cancer evolution. Genes
Cells. 2011;16(2):123-40.

DeNicola GM, Karreth FA, Humpton TJ, Gopinathan A, Wei C, Frese

K, Mangal D, Yu KH, Yeo CJ, Calhoun ES, Scrimieri F, Winter JM,

Hruban RH, lacobuzio-Donahue C, Kern SE, Blair IA, Tuveson DA.

153.

154.

155.

156.

157.

159.

160.

161.

162.

163.

164.

166.

167.

171.

172.

175.

Page 19 of 20

Oncogene-induced Nrf2 transcription promotes ROS detoxification
and tumorigenesis. Nature. 2011;475(7354):106-9.

Lu SC, Mato JM. S-adenosylmethionine in liver health, injury, and can-
cer. Physiol Rev. 2012;92(4):1515-42.

Chambers AF, Groom AC, MacDonald IC. Dissemination and growth of
cancer cells in metastatic sites. Nat Rev Cancer. 2002;2(8):563-72.
Lovero D, D'Oronzo S, Palmirotta R, Cafforio P, Brown J, Wood S, Porta

C, Lauricella E, Coleman R, Silvestris F. Correlation between targeted
RNAseq signature of breast cancer CTCs and onset of bone-only metas-
tases. Br J Cancer. 2022;126(3):419-29.

Takagaki K, Takashima T, Onoda N, Tezuka K, Noda E, Kawajiri H, Ishikawa
T, Hirakawa K. Parathyroid hormone-related protein expression, in
combination with nodal status, predicts bone metastasis and prognosis
of breast cancer patients. Exp Ther Med. 2012;3(6):963-8.

Pittayapruek P, Meephansan J, Prapapan O, Komine M, Ohtsuki M. Role
of matrix metalloproteinases in photoaging and photocarcinogenesis.
Int J Mol Sci. 2016;17(6):868.

LiT, Xiao J, Wu Z, Qiu G, Ding Y. Transcriptional activation of human
MMP-13 gene expression by c-Maf in osteoarthritic chondrocyte. Con-
nect Tissue Res. 2010;51(1):48-54.

Zhan F, Huang, Colla S, Stewart JP, Hanamura |, Gupta S, Epstein J,
Yaccoby S, Sawyer J, Burington B, Anaissie E, Hollmig K, Pineda-Roman
M, Tricot G, van Rhee F, Walker R, Zangari M, Crowley J, Barlogie B,
Shaughnessy JD Jr. The molecular classification of multiple myeloma.
Blood. 2006;108(6):2020-8.

Suzuki A, Lu J, Kusakai G, Kishimoto A, Ogura T, Esumi H. ARKS is a
tumor invasion-associated factor downstream of Akt signaling. Mol Cell
Biol. 2004,24(8):3526-35.

Liotta LA, Kohn E. Anoikis: cancer and the homeless cell. Nature.
2004,430(7003):973-4.

Brundage ME, Tandon P, Eaves DW, Williams JP, Miller SJ, Hennigan RH,
Jegga A, Cripe TP, Ratner N. MAF mediates crosstalk between Ras-MAPK
and mTOR signaling in NF1. Oncogene. 2014;33(49):5626-36.

Kawasaki Y, Suzuki H, Suzuki S, Yamada T, Suzuki M, Ito A, Hatakeyama
H, Miura M, Omori Y. GPNMB-positive cells in head and neck squamous
cell carcinoma-their roles in cancer stemness, therapy resistance, and
metastasis. Pathol Oncol Res. 2022,28:1610450.

Nio K, Yamashita T, Kaneko S. The evolving concept of liver cancer stem
cells. Mol Cancer. 2017;16(1):4.

Davudian S, Mansoori B, Shajari N, Mohammadi A, Baradaran B. BACH1,
the master regulator gene: a novel candidate target for cancer therapy.
Gene. 2016;588(1):30-7.

Padilla J, Lee J. A novel therapeutic target, BACH1, regulates cancer
metabolism. Cells. 2021;10(3):634.

Zhang X, Guo J, Wei X, Niu C, Jia M, Li Q, Meng D. Bach1: function,
regulation, and involvement in disease. Oxid Med Cell Longev.
2018;2018:1347969.

Wiel C, Le Gal K, Ibrahim MX, Jahangir CA, Kashif M, Yao H, Ziegler

DV, Xu X, Ghosh T, Mondal T, Kanduri C, Lindahl P, Sayin VI, Bergo MO.
BACH1 stabilization by antioxidants stimulates lung cancer metastasis.
Cell. 2019;178(2):330-345 e322.

Lignitto L, LeBoeuf SE, Homer H, Jiang S, Askenazi M, Karakousi TR, Pass
HI, Bhutkar AJ, Tsirigos A, Ueberheide B, Sayin VI, Papagiannakopoulos T,
Pagano M. Nrf2 activation promotes lung cancer metastasis by inhibit-
ing the degradation of Bach1. Cell. 2019;178(2):316-329 e318.

de Groot AE, Roy S, Brown JS, Pienta KJ, Amend SR. Revisiting seed and
soil: examining the primary tumor and cancer cell foraging in metasta-
sis. Mol Cancer Res. 2017;15(4):361-70.

Paget S. The distribution of secondary growths in cancer of the

breast. 1889. Cancer Metastasis Rev. 1989;8(2):98-101.

Yang F, Strand DW, Rowley DR. Fibroblast growth factor-2 mediates
transforming growth factor-beta action in prostate cancer reactive
stroma. Oncogene. 2008;27(4):450-9.

Wong YC, Wang YZ. Growth factors and epithelial-stromal interactions
in prostate cancer development. Int Rev Cytol. 2000;199:65-116.

Ellis MJ, Singer C, Hornby A, Rasmussen A, Cullen KJ. Insulin-like growth
factor mediated stromal-epithelial interactions in human breast cancer.
Breast Cancer Res Treat. 1994;31(2-3):249-61.

Naito Y, Yamamoto Y, Sakamoto N, Shimomura |, Kogure A, Kumazaki
M, Yokoi A, Yashiro M, Kiyono T, Yanagihara K, Takahashi RU, Hirakawa

K, Yasui W, Ochiya T. Cancer extracellular vesicles contribute to stromal



Deng et al. Biomarker Research

176.

177.

178.

179.

180.

181.

182.

183.

185.

186.

187.

188.

191.

192.

194.

195.

(2023) 11:17

heterogeneity by inducing chemokines in cancer-associated fibro-
blasts. Oncogene. 2019;38(28):5566-79.

Hussain S, Peng B, Cherian M, Song JW, Ahirwar DK, Ganju RK. The roles
of stroma-derived chemokine in different stages of cancer metastases.
Front Immunol. 2020;11: 598532.

Singh AJ, Gray JW. Chemokine signaling in cancer-stroma communica-
tions. J Cell Commun Signal. 2021;15(3):361-81.

Leuning DG, Beijer NRM, du Fosse NA, Vermeulen S, Lievers E, van
Kooten C, Rabelink TJ, Boer J. The cytokine secretion profile of mesen-
chymal stromal cells is determined by surface structure of the microen-
vironment. Sci Rep. 2018;8(1):7716.

Bussard KM, Mutkus L, Stumpf K, Gomez-Manzano C, Marini FC. Tumor-
associated stromal cells as key contributors to the tumor microenviron-
ment. Breast Cancer Res. 2016;18(1):84.

Malone MK, Smrekar K, Park S, Blakely B, Walter A, Nasta N, Park J, Con-
sidine M, Danilova LV, Pandey NB, Fertig EJ, Popel AS, Jin K. Cytokines
secreted by stromal cells in TNBC microenvironment as potential
targets for cancer therapy. Cancer Biol Ther. 2020;21(6):560-9.

Dosch AR, Singh S, Dai X, Mehra S, Silva IC, Bianchi A, Srinivasan S, Gao
Z,BanY, Chen X, Banerjee S, Nagathihalli NS, Datta J, Merchant NB.
Targeting tumor-stromal IL6/STAT3 Signaling through IL1 receptor
inhibition in pancreatic cancer. Mol Cancer Ther. 2021;20(11):2280-90.
Sevenich L, Joyce JA. Pericellular proteolysis in cancer. Genes Dev.
2014;28(21):2331-47.

Sevenich L, Bowman RL, Mason SD, Quail DF, Rapaport F, Elie BT, Brogi
E, Brastianos PK, Hahn WC, Holsinger LJ, Massague J, Leslie CS, Joyce
JA. Analysis of tumour- and stroma-supplied proteolytic networks
reveals a brain-metastasis-promoting role for cathepsin S. Nat Cell Biol.
2014;16(9):876-88.

Breznik B, Motaln H, Lah Turnsek T. Proteases and cytokines as media-
tors of interactions between cancer and stromal cells in tumours. Biol
Chem. 2017;398(7):709-19.

Kienast J, Berdel WE. c-maf in multiple myeloma: an oncogene enhanc-
ing tumor-stroma interactions. Cancer Cell. 2004;5(2):109-10.

Monteiro P, Gilot D, Le Ferrec E, Lecureur V, N'Diaye M, Le Vee M,
Podechard N, Pouponnot C, Fardel O. AhR- and c-maf-dependent
induction of beta7-integrin expression in human macrophages in
response to environmental polycyclic aromatic hydrocarbons. Biochem
Biophys Res Commun. 2007,358(2):442-8.

Li MA, Alls JD, Avancini RM, Koo K, Godt D. The large Maf factor Traf-

fic Jam controls gonad morphogenesis in Drosophila. Nat Cell Biol.
2003;5(11):994-1000.

Muz B, de la Puente P, Azab F, Azab AK.The role of hypoxia in cancer
progression, angiogenesis, metastasis, and resistance to therapy.
Hypoxia (Auckl). 2015;3:83-92.

Yoo SY, Kwon SM. Angiogenesis and its therapeutic opportunities.
Mediators Inflamm. 2013;2013: 127170.

Fu LQ, Du WL, Cai MH, Yao JY, Zhao YY, Mou XZ. The roles of tumor-
associated macrophages in tumor angiogenesis and metastasis. Cell
Immunol. 2020;353: 104119.

Pasqualini R, Koivunen E, Kain R, Lahdenranta J, Sakamoto M, Stryhn

A, Ashmun RA, Shapiro LH, Arap W, Ruoslahti E. Aminopeptidase N is a
receptor for tumor-homing peptides and a target for inhibiting angio-
genesis. Cancer Res. 2000,60(3):722-7.

Mahoney KM, Petrovic N, Schacke W, Shapiro LH. CD13/APN transcrip-
tion is regulated by the proto-oncogene c-Maf via an atypical response
element. Gene. 2007,403(1-2):178-87.

Wang S, Chen J, Garcia SP, Liang X, Zhang F, Yan P, Yu H, Wei W, Li Z,
Wang J, Le H, Han Z, Luo X, Day DS, Stevens SM, Zhang Y, Park PJ, Liu ZJ,
Sun K, Yuan GC, PuWT, Zhang B. A dynamic and integrated epigenetic
program at distal regions orchestrates transcriptional responses to
VEGFA. Genome Res. 2019;29(2):193-207.

Oh ET, Kim JW, Kim JM, Kim SJ, Lee JS, Hong SS, Goodwin J, Ruthenborg
RJ, Jung MG, Lee HJ, Lee CH, Park ES, Kim C, Park HJ. NQO1 inhibits
proteasome-mediated degradation of HIF-Talpha. Nat Commun.
2016;7:13593.

Sun X, Ou Z, Chen R, Niu X, Chen D, Kang R, Tang D. Activation of the
p62-Keap1-NRF2 pathway protects against ferroptosis in hepatocellular
carcinoma cells. Hepatology. 2016;63(1):173-84.

196.

197.

198.

200.

201,

202.

203.

204.

205.

206.

207.

208.

2009.

210.

213.

Page 20 of 20

Toth RK, Warfel NA. Strange bedfellows: nuclear factor, erythroid 2-Like
2 (Nrf2) and hypoxia-inducible factor 1 (HIF-1) in Tumor Hypoxia. Anti-
oxidants (Basel). 2017,6(2):27.

Dong X, Men X, Zhang W, Lei P. Advances in tumor markers of ovarian
cancer for early diagnosis. Indian J Cancer. 2014;51(Suppl 3):e72-76.
Milosevic M, Jankovic D, Milenkovic A, Stojanov D. Early diagnosis and
detection of breast cancer. Technol Health Care. 2018;26(4):729-59.
Wang H, Lu Z, Zhao X. Tumorigenesis, diagnosis, and therapeutic
potential of exosomes in liver cancer. J Hematol Oncol. 2019;12(1):133.
Mo BY, Li GS, Huang SN, He WY, Xie LY, Wei ZX, Su YS, Liang Y, Yang L,

Ye C, Dai WB, Ruan L. The underlying molecular mechanism and iden-
tification of transcription factor markers for laryngeal squamous cell
carcinoma. Bioengineered. 2021;12(1):208-24.

Mohammad T, Singh P, Jairajpuri DS, Al-Keridis LA, Alshammari N,
Adnan M, Dohare R, Hassan MI. Differential gene expression and
weighted correlation network dynamics in high-throughput datasets of
prostate cancer. Front Oncol. 2022;12: 881246.

Inagaki A, Tajima E, Uranishi M, Totani H, Asao Y, Ogura H, Masaki A,
Yoshida T, Mori F, Ito A, Yano H, Ri M, Kayukawa S, Kataoka T, Kusumoto
S, Ishida T, Hayami Y, Hanamura |, Komatsu H, Inagaki H, Matsuda Y,
Ueda R, lida S. Global real-time quantitative reverse transcription-
polymerase chain reaction detecting proto-oncogenes associated with
14932 chromosomal translocation as a valuable marker for predicting
survival in multiple myeloma. Leuk Res. 2013;37(12):1648-55.

Min XS, Huang P, Liu X, Dong C, Jiang XL, Yuan ZT, Mao LF, Chang S.
Bioinformatics analyses of significant prognostic risk markers for thyroid
papillary carcinoma. Tumour Biol. 2015;36(10):7457-63.

Guo Z, Zhu H, Xu W, Wang X, Liu H, Wu Y, Wang M, Chu H, Zhang Z.
Alternative splicing related genetic variants contribute to bladder
cancer risk. Mol Carcinog. 2020;59(8):923-9.

Qiang YW, Ye S, Huang Y, Chen'Y, Van Rhee F, Epstein J, Walker BA,
Morgan GJ, Davies FE. MAFb protein confers intrinsic resistance to pro-
teasome inhibitors in multiple myeloma. BMC Cancer. 2018;18(1):724.
Kim K, Kong SY, Fulciniti M, Li X, Song W, Nahar S, Burger P, Rumizen

MJ, Podar K, Chauhan D, Hideshima T, Munshi NC, Richardson P, Clark
A, Ogden J, Goutopoulos A, Rastelli L, Anderson KC, Tai YT. Blockade of
the MEK/ERK signalling cascade by AS703026, a novel selective MEK1/2
inhibitor, induces pleiotropic anti-myeloma activity in vitro and in vivo.
Br J Haematol. 2010;149(4):537-49.

Herath NI, Rocques N, Garancher A, Eychene A, Pouponnot C. GSK3-
mediated MAF phosphorylation in multiple myeloma as a potential
therapeutic target. Blood Cancer J. 2014;4: e175.

Cohen P, Goedert M. GSK3 inhibitors: development and therapeutic
potential. Nat Rev Drug Discov. 2004;3(6):479-87.

Mao X, Stewart AK, Hurren R, Datti A, Zhu X, Zhu Y, Shi C, Lee K,
Tiedemann R, Eberhard Y, Trudel S, Liang S, Corey SJ, Gillis LC, Barber DL,
Wrana JL, Ezzat S, Schimmer AD. A chemical biology screen identi-

fies glucocorticoids that regulate c-maf expression by increasing its
proteasomal degradation through up-regulation of ubiquitin. Blood.
2007;110(12):4047-54.

Conejo-Garcia JR, Rodriguez PC. c-Maf: a bad influence in the educa-
tion of macrophages. J Clin Invest. 2020;130(4):1629-31.

Yan J, Allendorf DJ, Brandley B. Yeast whole glucan particle (WGP) beta-
glucan in conjunction with antitumour monoclonal antibodies to treat
cancer. Expert Opin Biol Ther. 2005;5(5):691-702.

Henley MJ, Koehler AN. Advances in targeting "undruggable”
transcription factors with small molecules. Nat Rev Drug Discov.
2021,20(9):669-88.

Bekes M, Langley DR, Crews CM. PROTAC targeted protein degraders:
the past is prologue. Nat Rev Drug Discov. 2022;21(3):181-200.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	The role and regulation of Maf proteins in cancer
	Abstract 
	Background
	Structures and physiological functions of Mafs
	Upstream regulatory mechanisms of Mafs
	Regulation of Mafs at the transcriptional level
	ncRNAs regulate Mafs at the posttranscriptional level
	The PTMs contribute to the regulation of Mafs
	The role of protein–protein interactions in modulating Mafs activity

	Importance of Mafs in cancer development
	Implications of Mafs in cancer proliferation and apoptosis
	Implications of Mafs in cancer invasion and metastasis
	Implications of Mafs in the interaction between the tumor and the stroma
	Implications of Mafs in cancer angiogenesis

	The clinical applications and limitations of Mafs
	Mafs as a biomarker in cancer?
	Mafs as a therapeutic target in cancer?

	Conclusion and Future perspectives
	Acknowledgements
	References


