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Epigenetic regulation in macrophage
migration inhibitory factor (MIF)-
mediated signaling in cancer and
inflammation
Angelina Osipyan, Deng Chen and Frank J. Dekker

Department of Chemical and Pharmaceutical Biology, Groningen Research Institute of Pharmacy (GRIP), University of Groningen, 9713 AV
Groningen, The Netherlands

Epigenetic mechanisms are important for the regular development and maintenance of the tissue-

specific expression of cytokine genes. One of the crucial cytokines involved in cancer and inflammation

is macrophage migration inhibitory factor (MIF), which triggers the mitogen-activated protein kinase

(MAPK) and phosphoinositide 3-kinase (PI3K) signaling pathways by binding to CD74 and other

receptors. Altered expression of this cytokine and altered activity states of the connected pathways are

linked to inflammatory disease and cancer. Therapeutic strategies based on epigenetic mechanisms have

the potential to regulate MIF-mediated signaling in cancer and inflammation.
Introduction
Epigenetics can be defined as heritable variations in gene expres-

sion that are generated by covalent modifications of the DNA and/

or the chromatin structure that do not change the DNA sequence

itself. Changes in epigenetics are part of consistent and regular

processes, which can be predisposed by factors such as age, envi-

ronment, lifestyle, and diseases. Mapping the epigenome repre-

sents an alluring opportunity to understand variability in diseases,

uncovering its role in human disorders, particularly in cancer [1,2].

For instance, both mutations in genes coding for key signaling

proteins, such as macrophage migration inhibitory factor (MIF),

and epigenetic alterations in key gene promoters or enhancer

regions might contribute to the aberrant expression or activation

of proteins involved in signaling routes that trigger malignant cell

transformations [3]. Apart from cancer, these mechanisms are

involved in the pathogenesis of various disorders, such as psychi-

atric disorders and neurodegenerative diseases [4–6]. MIF-induced

signaling acts through relatively few downstream pathways,

which frequently converge on the mitogen-activated protein ki-

nase (MAPK), phosphoinositide 3-kinase (PI3K), and nuclear factor

kappa B (NF-kB) signaling pathways, which are also subject to

epigenetic regulation [7,8]. Here, we discuss the role of epigenetic

mechanisms in the activation of pathways that respond to MIF

signaling via the CD74 receptor or other receptors [9].
Corresponding author: Dekker, F.J. (f.j.dekker@rug.nl)
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One of the key post-translational modifications responsible for

the epigenetic regulation of gene transcription is the acetylation of

histone lysine residues. Acetylation patterns are regulated by

balancing various enzymes that have histone deacetylase (HDAC)

or histone acetyltransferase (HAT) activities [10]. Abnormal his-

tone acetylation and overexpression of HDACs are present in

different types of cancer [11]. HDAC inhibitors (HDACi) effectively

revert abnormal epigenetic changes in carcinogenesis, particularly

when used in combination with other anti-cancer drugs [12,13]. At

present, 18 human HDACs are known, and these have been

separated into four classes according to their homology with yeast

proteins [14]. In this review, we focus on representative members

of several HDACi groups. The HDACi entinostat (MS-275) targets

class I HDACs, valproic acid (VPA) targets class I/IIa HDACs, and

trichostatin A (TSA) and vorinostat (SAHA) are pan-HDAC inhi-

bitors of zinc-dependent HDACs [10]. Currently, several HDACi

are in clinical use for indications in hematological oncology,

whereas other HDACi are under clinical investigation for oncol-

ogical and non-oncological indications. Nevertheless, further im-

provement of the physical-chemical properties and isoenzyme

selectivity of HDACi is essential. Notably, the specific functions

of individual HDAC isoenzymes and protein–protein complexes

that harbor HDAC activity also need to be defined in order to allow

advanced HDAC-directed drug discovery.

MIF and D-dopachrome tautomerase (D-DT) are multifunction-

al cytokines, examples of key signaling proteins, that activate cell
. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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survival and proliferative pathways. MIF is involved in oncogene-

sis by regulating transcription factors, cell cycle control, cellular

proliferation, and cell death [15]. The binding of MIF to its cell

surface receptors, depending on the cellular context, can activate

several important signaling pathways, two of which are MAPK and

PI3K/AKT [16]. For instance, in cancer cells, MIF regulates the

expression of vascular endothelial growth factor-C (VEGF-C) by

stimulating the MAPK pathway [17], and also causes phosphory-

lation of the MDM2 protein in a PI3K/AKT-dependent way [18].

MIF also induces the NF-kB pathway by triggering its cell surface

receptor CD74 [19,20] and by suppressing the inhibitory effect of

thioredoxin-interacting protein (TXNIP) [21]. Importantly, these

signaling pathways are subject to epigenetic regulation by several

readers, writers, and erasers of epigenetic modifications such as

lysine acetylation and lysine methylation [22]. In addition to

regulating these pathways, epigenetic mechanisms also participate

in controlling MIF expression [23]. Altogether, alterations in MIF-

induced signaling and MIF overexpression are associated with

several types of disorders and may be used to predict their prog-

nosis [24] and to select the most appropriate therapies. Several

studies show that post-translational modifications of histones at

MIF promoter and regulatory regions, such as enhancers [25],

can regulate MIF expression. In addition, alterations in the MIF

epigenetic profile can be associated with diverse pathological

conditions.

D-DT, a second member of the MIF family of cytokines, tauto-

merizes the unnatural D-stereoisomer of dopachrome. Like MIF, D-

DT binds to CD74, but with an association rate (ka) that is 3-fold

higher and a dissociation rate (kd) that is 11-fold faster than that of

D-DT. However, D-DT does not have the motif that allows binding

of MIF to the chemokine receptor CXCR2 [26]. Owing to their

similarity, D-DT is also called MIF-2 and exerts several functions

that overlap with the MIF functional spectrum, although the two

cytokines have different subcellular locations and tissue
(a) 

All non detected compartments

MIF detected in Cytosol and Neucloplasm; and is predicted to be secreted

FIGURE 1

Localization of macrophage migration inhibitory factor (MIF) and D-dopachrome ta
nucleoplasm (https://www.proteinatlas.org/ENSG00000240972-MIF/cell). (b) D-DT
ENSG00000099977-DDT/cell). The MIF levels have little tissue specificity, whereas
distributions (Fig. 1) [27]. The functional spectra of D-DT and

MIF in the evolution of pathological processes are also known to

overlap. However, drugs that can control MIF and D-DT expression

and/or pathways involved in MIF and D-DT signaling are still in

preclinical or very early clinical development [9,27].

The targeting of epigenetic mechanisms provides alternative

possibilities to modulate MIF and D-DT expression or MIF and D-

DT effector pathways. Here, we discuss the influence of epigenetic

changes on MIF and D-DT expression levels and on the activity

states of MIF and D-DT signaling pathways. We also identify the

potential of targeting epigenetic mechanisms in the diseases con-

nected to MIF- and D-DT-mediated signaling.

Epigenetic control of MIF expression
MIF gene structure and expression
The first articles to report the sequencing of MIF cDNA and the MIF

gene were published in 1989 [28] and 1994 [29], respectively. The

D-DT gene is associated with the MIF gene in terms of sequence,

enzymatic activity, and gene structure, signifying that these two

genes evolved by duplicating an ancestral gene. The MIF gene

(22q11.23) shares 35% identity with D-DT (22q11.2), which is

located �80 kb away [30]. As shown in Fig. 2, the MIF gene

comprises three exons (107, 172, and 66 bp) interspaced by two

introns (190 and 96 bp). Sequence analysis revealed that the MIF

gene lacks a TATA box but has a CpG island that contains frequent

CpG dinucleotides. This CpG island is around 1.2 kb long and

starts 300 bp from the transcriptional start site (TSS). MIF is broadly

expressed as a single mRNA strand of 0.8 kb in various cells and

organs, which is usual for genes containing CpG islands. MIF gene

expression increases as the result of the activities of different

cytokines, mitogens, microbial products, lipoproteins, and hor-

mones, and in response to glucose, ultraviolet B, and hypoxia

[23,30]. However, the functional regulation of MIF expression and

activity need further characterization.
(b)

All non detected compartments

DDT detected in Mitochondria
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utomerase (D-DT) in the cell. (a) MIF is mainly located in the cytosol and the
 is mainly located in the mitochondria (https://www.proteinatlas.org/
 D-DT levels are enhanced in tissues such as blood and liver.
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FIGURE 2

The structure of the human macrophage migration inhibitory factor gene (MIF) and its 50-untranslated promoter regions. The three MIF exons are shown on the
right. The MIF promoter has two nuclear factor kappa B (NF-kB)-binding sites, found at –2538/–2528 bp and –1389/–1380 bp. The glucocorticoid response
element (GRE), specificity protein 1 (Sp1), and cAMP-responsive element-binding protein (CREB) transcription factor binding sites are highlighted in different
colors. A more detailed callout indicates the location of the CATT5–8 tetranucleotide microsatellite.

Review
s
�P

O
ST

SC
R
EEN
Transcriptional regulation of the MIF gene
The molecular mechanisms that regulate the transcription of

the MIF gene have been investigated in several studies [23].

Putative transcription factor binding sites—for instance, acti-

vator protein-1 (AP-1), NF-kB, glucocorticoid receptor (GR),

and hypoxia-inducible factor (HIF)–have been found in the

MIF promotor. The GR receptor has proven to be an effective

inducer of MIF transcription. The MIF promoter has two func-

tionally active NF-kB binding sites: �2538/�2528 bp and

�1389/�1380 bp (Fig. 2). In the MIF promoter region, CREB

and Sp1 interact with proximal CRE (�20/�11) and Sp1 (�42/

�34) sites to regulate the transcriptional activity of the consti-

tutive promoter [31]. In monocytic cells, the CRE and Sp1 sites

facilitate the induction of MIF gene expression by microbial

products [32]. In CEM-C7 T cells, the CRE site also regulates

glucocorticoid-induced MIF gene expression [33], but the in-

terruption of a distal GR element consensus (GRE at �742)

eliminates this activity. In summary, the TSS is surrounded by

DNA regulatory elements that are essential for the control of

MIF gene transcription [23].

In the 50-untranslated region of the MIF gene, the CATT repeat

element in a microsatellite sequence (�794 CATT5–8) is associated

with MIF overexpression and severity of rheumatoid arthritis [34].

Moreover, in endometrial cells, the recruitment of NF-kB to the

MIF promoter region activates MIF transcription in response to

TNF-a and IL-1b secretion [35]. Histone deacetylation typically

reduces the recruitment of transcription factors that are essential

for driving basal MIF gene transcription [36]. Nevertheless, inhibi-

tion of deacetylation by the HDACi TSA eliminates the interaction

of Sp1, CREB and RNA polymerase II with the proximal MIF

promotor [37]. Although the molecular mechanisms through

which HDACis affect gene expression are not fully understood,

the low transcription level of the MIF gene upon treatment with

TSA can be explained, by the poor accessibility of the transcription

machinery [37].
1730 www.drugdiscoverytoday.com
HDACi downregulate MIF expression
Genome-wide expression studies have shown that inhibition of

HDACs influenced only 2–10% of the transcriptome, with equal

proportions of up- and downregulated genes. There are no

reported data on the acetylation of histones in enhancer regions,

which could also play a role in determining levels of gene expres-

sion. It has been reported that the methylation of CpG sites remote

from TSSs or within coding sequences could influence gene ex-

pression. Further experiments have shown, however, that the MIF

promoter in both primary and tumor cells is hypomethylated, and

that inhibition of DNA methyltransferases (DNMTs) does not

affect MIF gene expression. This indicates that the methylation

of CpG sites within the proximal MIF promoter is not associated

with MIF overexpression in tumor cell lines.

By contrast, HDACi impair the transcription of the MIF gene and

have a strong impact on in vivo and in vitro protein expression. For

instance, one study showed that treatment with MS-275 and

suberoylanilide hydroxamic acid (SAHA) had potent suppressive

effects on MIF expression [38]. The first example of an HDACi that

affects MIF transcription is TSA (https://clinicaltrials.gov/ct2/

show/NCT03838926), a natural compound that contains hydro-

xamic acid as a zinc-binding group. This molecule suggested a

strategy for the synthesis of HDACi, such as SAHA, which is being

used in vivo and in vitro to estimate the role of HDACs and which is

approved for clinical use in hematological cancers [39]. However,

more work is needed to reveal a comprehensive profile of the

effects of SAHA on MIF expression.

The HDACi VPA is a drug that is classically used in the

treatment of epilepsy and bipolar disorders. VPA, TSA, and SAHA

can downregulate MIF mRNA in different tumor cell lines (A549,

HeLa, HaCat, HL-60, KG1a, U-937, THP-1, and B16 melanoma)

and in mouse bone marrow-derived macrophages. In an experi-

ment studying tumor cells, treatment with TSA increased the

acetylation of histones H3 and H4 within the p21 promoter [40].

However, in the proximal MIF promoter, treatment with TSA

https://clinicaltrials.gov/ct2/show/NCT03838926
https://clinicaltrials.gov/ct2/show/NCT03838926
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FIGURE 3

Role of macrophage migration inhibitory factor (MIF) in cellular signaling. MIF binds the ligand-binding protein CD74 and the signal transducer CD44. The MIF–
CD74–CD44 complex activates transcription factors that regulate the SRC and ERK-MAPK pathways, which control gene expression and cellular proliferation. The
MIF–CD74 interaction activates the AKT pathway via the mediation of kinases SRC and PI3K. Direct interaction of MIF with TRX induces NF-kB activity, which is
downregulated by the interaction of TXNIP and HDAC1. MIF also interacts with JAB1 to activate the JUN N-terminal kinase (JNK) and works as a co-activator of
the transcription factor activator protein 1 (AP1). MIF also limits the immunosuppressive effects of glucocorticoid and revokes the glucocorticoid-mediated
inhibition of PLA2 and arachidonic acid production. MIF can inactivate p53-mediated apoptosis and growth arrest, and many pieces of evidence connect MIF
with inflammation and tumorigenesis.
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caused deacetylation of histones H3 and H4, which are probably

less accessible to the transcription machinery, indicating a spe-

cific inhibitory effect of TSA on MIF expression [40]. TSA and

SAHA have been found to have significant effects in suppressing

MIF levels in cancer cells at concentrations of 1 mM [37]. More-

over, just 4 nM concentrations of TSA can halve MIF secretion in

whole blood. TSA also decreases MIF levels in plasma, suggesting

that HDACs have potential as regulators of MIF gene expression

[37].

Non-coding RNA
Recently, non-coding RNAs (ncRNAs) have been identified as vital

regulators of different cellular processes [41]. Long non-coding

RNAs (lncRNAs) regulate the expression of gene products by

controlling transcription, translation, and post-translational mod-

ifications [42]. These roles of lncRNAs are implicated in the path-

ogenesis of many cancers. For instance, Inc-RNA ZFPM2 antisense

RNA 1 (ZFPM2-AS1) plays a critical role in gastric carcinogenesis.

Upregulation of ZFPM2-AS1 causes MIF overexpression through

physical binding, thereby suppressing the activation and nuclear

translocation of the p53 protein [43]. Dysregulation of the p53

signaling pathway increases the proliferation and survival of
cancer cells, defining the ZFPM2–AS1/MIF/p53 axis as a therapeu-

tic target for gastric cancer [43]. MicroRNAs (miRNAs) are another

example of ncRNAs that are involved in MIF signaling [44,45].

MicroRNA-451 (miR-451) affects the progression of colorectal

carcinoma by targeting the MIF gene. Low expression of miR-

451 was correlated with MIF upregulation in most colorectal

cancers [46]. Together with MIF, downstream targets such as

COX-2, the PI3K/AKT pathway, and others [47] can be affected

by miR-451, and thus play a role in cancer pathogenesis. Under-

standing the mechanisms through which lncRNAs and miRNAs

act in the regulation of MIF gene expression and in MIF-induced

signaling will provide new insights into the diagnosis and treat-

ment of human cancers.

MIF-induced signal transduction
NF-kB activity
The NF-kB pathway plays an essential and intricate role in cancer

and inflammation [48]. NF-kB is a protein transcription factor that

regulates various biological and pathological responses and diverse

epigenetic mechanisms [49–51]. The NF-kB pathway is a promi-

nent example of a signaling pathway that is mainly regulated by

post-translational modifications [52], of the NF-kB transcription
www.drugdiscoverytoday.com 1731
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or inhibition [53]. In the regulation of apoptotic cell death, MIF

plays a crucial role in the interaction between the p53 (an inducer

of apoptosis) and the NF-kB signaling route (Fig. 3) [54–56]. Lysine

acetylation and deacetylation of the p65 subunit of the NF-kB by

HATs and HDACs are known to regulate the activity level and the

signaling output of the NF-kB pathway. Moreover, lysine acetyla-

tion and methylation of histones by histone-modifying enzymes

upon binding of NF-kB transcription factor promoter regions

affect gene transcription [57].

The oxidoreductase thioredoxin (TRX) is a redox protein that

regulates the activity of NF-kB. TRX facilitates NF-kB-dependent
transcription in the nucleus through direct interaction with the

p50/p65 complex [58]. Thioredoxin-interacting protein (TXNIP) is

an exceptional protein that works as an endogenous inhibitor of

TRX, which recovers the activity of TRX through disulfide ex-

change [59]. Moreover, TXNIP is involved in different cellular

processes, in cancer, and in inflammation. MIF significantly sti-

mulates NF-kB activity by counteracting the inhibitory function of

TXNIP on the NF-kB pathway or by blocking the interactions

between TXNIP and HDACs or p65. The competitive effects of

MIF and TXNIP in controlling NF-kB expression show a novel role

for MIF in cancer progression [21]. Thus, the NF-kB pathway is an

important effector of MIF-induced signaling, which is subjected to

epigenetic regulation by histone and transcription-factor-modify-

ing enzymes such as HDACs.

Glucocorticoids
The overexpression of MIF in regions of inflammation suggests

that it has a role as a mediator in regulating macrophage function

by suppressing the anti-inflammatory effects of glucocorticoid

[60]. Glucocorticoids are the most efficacious anti-inflammatory

molecules, inhibiting inflammation at many levels via numerous

mechanisms. Glucocorticoids also inhibit leukocyte recruitment,

activate T-cells, and contribute to antibody production, macro-

phage activation, and cytokine and mediator expression. Both

HIF-1a and GRa can regulate MIF expression, but it is unclear

how these signaling cascades congregate [61]. Experiments have

demonstrated glucocorticoid-dependent recruitment of GRa to

the MIF promoter, which is proposed to assemble HDACs, such as

HDAC2, resulting in the deacetylation of histone H3 [61]. The

cellular mechanism through which MIF reverses the glucocorti-

coid effect and its role in regulating glucocorticoid sensitivity

could be partially dependent on MAPK phosphatase 1 [62]. Iden-

tifying MIF function in inflammatory diseases could inform

appoaches for the treatment of rheumatoid arthritis, which we

discuss in the next paragraph.

MIF in inflammation
Rheumatoid arthritis
Rheumatoid arthritis is an autoimmune inflammatory disorder that

is characterized by synovitis in the joints. It has been found that

blockage of MIF by a monoclonal antibody provides in vivo anti-

rheumatic effects, thus introducing MIF as a target for anti-rheu-

matic therapy [30]. In addition, MS-275 and SAHA suppress MIF

expression in rheumatoid arthritis synovial fibroblasts (RASFs), with

a low half-maximal inhibitory concentration (IC50) of 1.5 nM and

47.8 nM, respectively [63]. Recent experiments show that treatment
1732 www.drugdiscoverytoday.com
of rheumatoid arthritis patients with HDACi might downregulate

MIF, and that this treatment could also be useful for atherosclerosis

patients. MS-275 and SAHA are two structurally different orally

active HDACi that are currently being studied in various oncological

trials. They have shown in vivo anti-inflammatory activities in

preclinical models of rheumatoid arthritis [38]. Suppression of

NF-kB signaling is a mechanism of action for MS-275 and SAHA,

but other signaling pathways could also be involved in the anti-

rheumatic activities of HDACi [63]. This indicates that suppression

of the p38 MAPK and NF-kB signaling pathway is a critical anti-

rheumatic mechanism that is involved in the action of these HDACi.

Further definition of the pathways and HDAC isoenzymes involved,

and the identification of isoform-specific, HDACi will be important

in optimizing the therapeutic effects and minimizing the side

effects.

MIF in cancer
MIF plays an important role in cell proliferation, tumorigenesis,

and metastasis. MIF overexpression is present in different tumor

types, including breast cancer, genitourinary cancer [64], mela-

nomas [65], colon carcinomas, and head, neck [66], lung [67]

and brain cancers [68]. A recent meta-analysis revealed that MIF

is a potential prognostic factor, and that MIF overexpression is

associated with a low cancer survival rate. MIF activates MAPK

and PI3K pathways, which regulate essential functions includ-

ing proliferation, differentiation, apoptosis, cell survival and

cancer development [24]. The next paragraphs will focus on the

specific role of MIF regulation in neuroblastoma and breast

cancer.

Neuroblastoma
Neuroblastoma is a frequent pediatric solid tumor [69], which

originates from malignant neuroblasts of neural crest cells [70].

Preclinical and clinical studies indicate that MIF exerts pro-tu-

morigenic properties in neuroblastoma. MIF is upregulated in

neuroblastoma tissues and cell lines, and is associated with tumor

aggressiveness and immune-escape [71]. It has been reported that

SAHA could be used to regulate the expression of MIF in vitro in a

human neuroblastoma cell line [26]. These data are in accordance

with a report by Lugrin et al. [37] that confirmed that TSA reduced

MIF transcription in HeLa cells, as did other HDACi, including

SAHA and VPA. Interestingly, TSA reduced MIF mRNA expression

by inhibiting its transcription directly and by affecting the level

of acetylated histones H3 and H4, a mechanism that is clearly

related to the MIF promoter [37]. The expression levels of MIF and

D-DT in the neuroblastoma cell line SH-SY5Y were significantly

reduced after treatment with SAHA, suggesting that HDACi could

be used as a therapeutic approach for neuroblastoma patients

[71].

Another insight into the mechanism of neuroblastoma progres-

sion involves the miR-451–MIF pathway. It was recently confirmed

that MIF is a direct target gene of miR-451, which downregulates

MIF expression by targeting the 30UTR of MIF mRNA in neuro-

blastoma cells. miR-451 exerts negative effects on the prolifera-

tion, invasion, and migration of human neuroblastoma cells, but

overexpression of MIF can reverse these miR-451 activities [72].

These data support the development of a therapy for neuroblasto-

ma treatment that is based on MIF downregulation.
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Breast cancer
MIF has been shown to be an essential heat shock 90 kDa

protein (HSP90) client in a model of human epidermal growth

factor receptor-2 (HER2)-overexpressing breast cancer [73]. Dea-

cetylation of HSP90 by HDAC6 is vital for glucocorticoid recep-

tor maturation [74]. The intracellular inhibition of HSP90

activity destabilizes MIF in different human cancer cell lines.

HSP90 has anti-apoptotic effects in cancer; for example, it

protects mutant p53 proteins from the action of the endoge-

nous E3 ubiquitin ligases MDM2 and CHIP, working as a pro-

tective ’cage’ that prevents p53 degradation [73]. siRNA-

mediated MIF knockdown inhibits the proliferation of cancer

cells and causes their apoptosis, whereas HSP90-inhibitor-in-

duced apoptosis is overridden by ectopic MIF expression.

Experiments with the human HER2-positive breast cancer mod-

el show that genetic ablation of MIF prolongs the survival of

mice by delaying tumor development. Treatment with SAHA

blocks deacetylation of HSP90 by inhibiting cytoplasmic

HDAC6, reduces MIF expression, and blocks MIF-overexpressing

tumor growth. Together, these findings suggest that the inhibi-

tion of HSP90 counteracts HER2-driven breast cancer progres-

sion partially by destabilizing MIF [75].

Concluding remarks
In this review, we summarize the current literature on the epige-

netic regulation of MIF gene expression and MIF-induced signaling

in relation to inflammatory diseases and cancer. Most recent data

show that HDAC activity strongly impacts MIF gene transcription.

By contrast, the influence of DNA methylation is not significant

because CpG site methylation is unlikely within the proximal MIF

promoter. The importance of HDACs in regulating MIF expression

is evident, although the relative contributions of specific HDACs

remain to be explored. For instance, HDACi can strongly inhibit

MIF protein expression by interfering with the MIF transcriptional

machinery. Current studies show that the expression levels of MIF

in neuroblastoma, breast cancer, and rheumatoid arthritis

were significantly reduced after treatment with the HDACi SAHA,
suggesting that HDACi may be feasible approach to reduce MIF

expression levels.

Apart from their effect on MIF expression levels, HDACs play

roles in regulating the output of MIF effector pathways. For

example, HDACs act on the NF-kB transcription factor and the

GR receptor, as well as on the histones connected to their respec-

tive target gene regions. On one hand, the involvement of such

pathways provides additional opportunites to interfere with MIF-

induced signaling, whereas, on the other other, it explains un-

wanted effects on non-target proteins. Identifying and targeting

the specific HDAC isoenzymes that are involved in these mecha-

nisms are important challenges for the future.

In addition to lysine acetylation, other post-translational mod-

ifications play a role in regulating the signaling output of MIF

effector pathways such as the NF-kB, p53, and PI3K/Akt signaling

pathways. Several studies indicate that MIF occupies a crucial

position between the p53 and NF-kB signaling pathways. This

indicates a potential to attenuate MIF-induced signaling by mod-

ulating the respective effector pathways rather than MIF itself.

Another possible way to control MIF-induced signaling is provided

by non-coding RNAs, which participate in MIF effector pathways

such as the PI3K/AKT and p53 signaling pathways. Understanding

the novel mechanisms that are involved in MIF gene expression

and/or MIF-induced signaling will provide novel opportunities for

the diagnosis, prognosis, and therapy of MIF-related diseases.
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