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ABSTRACT: As a heterogeneous disease, breast cancer (BC) has been characterized by the uncontrolled proliferation of mammary epithelial
cells. The tumor microenvironment (TME) also contains inflammatory cells, fibroblasts, the extracellular matrix (ECM), and soluble factors that
all promote BC progression. In this sense, the macrophage migration inhibitory factor (MIF), a pleiotropic pro-inflammatory cytokine and an
upstream regulator of the immune response, enhances breast tumorigenesis through escalating cancer cell proliferation, survival, angiogenesis,
invasion, metastasis, and stemness, which then brings tumorigenic effects by activating key oncogenic signaling pathways and inducing immu-
nosuppression. Against this background, this review was to summarize the current understanding of the MIF pathogenic mechanisms in cancer,
particularly BC, and address the central role of this immunoregulatory cytokine in signaling pathways and breast tumorigenesis. Furthermore,
different inhibitors, such as small molecules as well as antibodies (Abs) or small interfering RNA (siRNA) and their anti-tumor effects in BC stud-
ies were examined. Small molecules and other therapy target MIF. Considering MIF as a promising therapeutic target, further clinical evaluation

of MIF-targeted agents in patients with BC was warranted.
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Introduction

Breast cancer (BC) has been acknowledged as the most com-
mon type of cancer and the second leading cause of cancer-
related death in women worldwide. In 2020, about 2.3 new
cases of BC (11.7% of cancers) were diagnosed, and an esti-
mated 684 996 deaths also occurred globally.! As a heterogene-
ous disease, BC consists of multiple distinct subtypes that are
at variance in terms of their morphological features, clinical
presentations, and responses to therapy.? Breast cancer sub-
types are usually divided into four categories based on the
immunohistochemical expression of hormone receptors (HRs),
estrogen receptor (ER+), progesterone receptor (PR+), and
human epidermal growth factor receptor (HER2+): luminal A
or HR+/HER2- (HR-positive/HER2-negative) luminal B or
HR+/HER2+ (HR-positive/HER2-positive), HER2 posi-
tive or HR-/HER2+ (HR-negative/HER2-positive), and tri-
ple negative BC (TNBC) or HR-/HER2- (HR-negative/
HER2-negative).?

The luminal subtypes of cancer, accounting for 70% of
breast tumors, express HRs for estrogen and/or progesterone,
and generally have the best prognosis. Contrarily, both HER2-
positive and BL or TNBC do not express the estrogen receptor
(ER), progesterone receptor (PR), and HER2. They are also
associated with poor clinical outcomes due to their high rates
of recurrence and distant metastasis.> The BC development
and progression are driven by the acquisition of genetic and

epigenetic alterations in mammary epithelial cells (ECs).
However, accumulating evidence over the past decade has
established a crucial role for the tumor microenvironment
(TME), containing stromal cells (SCs), including fibroblasts,
adipocytes, vascular cells (VCs), and immune cells that sur-
round the malignant epithelial ones and modulate BC patho-
genesis.* Through paracrine signaling mediated by direct
cell—cell contact and secreted factors, the stroma further stimu-
lates cancer cell proliferation, survival, invasion, metastasis,
stemness, and drug resistance.” So far, much focus has been on
tumor-associated macrophages (TAMs), derived from circulat-
ing monocytes recruited to the tumor site. TAMs facilitate an
immunosuppressive and pro-angiogenic microenvironment
that fuels BC growth and spread.® In this study, there was an
attempt to understand the complex interactions between can-
cer cells and the TME in BC. Accordingly, an important pro-
tein, called the macrophage migration inhibitory factor (MIF),
along with its structure and role in cancer was investigated.
Following the detailed discussion about its various inhibitors,
there is great hope that a path to new therapeutic opportunities
will be revealed.

Role of TME in BC

As the mammary stroma undergoes marked remodeling during
the BC development, it is characterized by some changes in
extracellular matrix (ECM) components, fibroblasts, immune
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cells, and angiogenesis.” Cancer-associated fibroblasts (CAFs)
are also known as activated fibroblasts that promote tumori-
genesis through the secretion of growth factors (GFs),
cytokines, chemokines, and ECM-degrading proteases.® In
this respect, dense collagen fibers restrict drug penetration,
thereby reducing therapeutic efficacy.” Of note, the immune
cells in the breast TME consist of T and B cells, natural killer
(NK) cells, neutrophils, myeloid-derived suppressor cells
(MDSCs), as well as dendritic cells (DCs) and TAMs.10
Whereas cytotoxic CD8*T and NK cells have anti-tumor
functions, regulatory T cells (Tregs), MDSCs, M2-polarized
TAMs, and CD4* T helper 2 (Th2) cells mediate immunosup-
pression, which allows cancer cells to evade immune destruc-
tion.! Macrophages are highly plastic innate immune cells that
can change their functional phenotypes in response to micro-
environmental signals and exhibit highly polarized states
between M1 and M2.12 M1 or classically activated mac-
rophages have pro-inflammatory properties and anti-tumor
activities by migrating to inflamed tissues, targeting pathogens
by producing reactive oxygen species (ROS), and having high
antigen expression potential. For this reason, anti-tumor mac-
rophages are commonly called M1 macrophages, which stimu-
late cytotoxic T lymphocytes (CTLs) to activate adaptive
immune responses. In contrast, M2 or activated macrophages
secrete anti-inflammatory cytokines to induce immune toler-
ance and Tregs and Th2T cell subsets lacking cytotoxic func-
tion. M2 macrophages as pro-tumors in cancer facilitate tissue
repair functions, stimulate angiogenesis with vascular endothe-
lial growth factor (VEGF) and promote tissue growth with
transforming growth factor beta (TGF-B). In nature, there is a
wide variety of macrophage phenotypes, but for simplicity,
TAMs are described as either M 1-like (anti-tumor) or M2-like
(pro-tumor).B In BC, TAMs preferentially polarize toward the
M2 phenotype due to cytokines, such as interleukin-4 (IL-4),
IL-10, and TGF-p secreted by malignant and SCs.® Through
the production of ECM components, enzymes, GFs, and
chemokines, TAMs then stimulate the BC initiation, progres-
sion, and metastasis.’* Angiogenesis or the growth of new
blood vessels correspondingly accelerates tumor expansion and
provides routes for cancer dissemination.'® Therefore, the com-
plex interplay between BC cells and the surrounding microen-
vironment has emerged as an important driver of the disease
pathogenesis. Therapeutic strategies targeting the tumor milieu
in addition to the malignant ECs may thus improve patient
outcomes.

Migration Inhibitory Factor

The MIFE, known as the glycosylation-inhibiting factor (GIF),
L-dopachrome isomerase, or phenylpyruvate tautomerase
(PPT),is a pleiotropic protein with the properties of an inflam-
matory cytokine, a chaperone, an enzyme, and an upstream
regulator of the host immune response.'®17 It antagonizes the
anti-inflammatory effects of glucocorticoids (GCs) to sustain

the immune cell survival and pro-inflammatory cytokine pro-
duction.!’® Moreover, the MIF is ubiquitously expressed in
multiple cell types, including the immune cells (namely, mono-
cytes, macrophages, T and B cells, and neutrophils), endothelial
cells, ECs, fibroblasts, adipocytes, pituitary cells, and various
cancer cells.’ As an important component of the TME, the
MIF further enhances the progression of numerous solid and
hematological malignancies via diverse mechanisms.?>?! The
elevated expression of the MIF has been accordingly detected
in BC tissue and serum compared with normal controls.?>23
Higher MIF levels have been additionally associated with
lymph node metastasis, advanced tumor stage, distant metasta-
sis, poorer overall and disease-free survival, and increased mor-
tality.?3>* Notably, the MIF upregulation is more prominent in
TNBC and HER2" subtypes, indicating enhanced invasion
and metastatic potentials.?> Given its pathogenic effects, the
MIF represents a promising therapeutic target in BC. Against
this background, this review aims to summarize the current
understanding of how MIF can promote BC progression
through multiple mechanisms. The preclinical efficacy of tar-

geting the MIF was also discussed.

Structure and genetic qualities

The MIF is encoded by a single gene of less than 1 kb, located
on chromosome 22q11.2, consisting of three exons of 66,107,
and 172 bp, separated by two introns of 94 and 188 bp. Besides,
two MIF promoter polymorphisms (namely, CATT; ¢ and
G/C) are at =794 and -173 positions, respectively (see
Figure 1).2¢ It has about 90% interspecies homology between
rodents and mammals, resulting in a 0.6 kb messenger RNA
(mRNA) transcript in both species. The MIF also encodes an
evolutionarily conserved protein with the molecular weight of
12.5 kDa, containing 115 amino acids.?”?% In the 1990s, using
techniques such as nuclear magnetic resonance (NMR) spec-
troscopy, size exclusion chromatography (SEC), dynamic
light scattering (DLS), analytical ultracentrifugation (AUC),
and cross-linking, mammalian MIF was identified as a mon-
omer, a dimer, a trimer, or a mixture of oligomers.?’?>30 The
NMR outcomes also established considerable conformational
flexibility in the C-terminus in the MIF, whereas the
N-terminus was relatively rigid.?3! The crystal structures of
the MIF in humans, mice, and other species have further
revealed that it can crystallize as a trimer with a prominent
solvent-permeable channel.?3233 In this line, Philo et al3*
detected the MIF trimer in solution, and even found an inac-
tive MIF monomer. Therefore, the MIF oligomerization
could be related to its function and the intrinsic activity of the
MIF tautomerase, which was dependent on a hydrophobic
pocket between adjacent monomeric subunits in a functional
trimer.® This activity required the N-terminal proline of the
MIF as a catalytic base, and other important residues, includ-

ing conserved Lys-32, Ile-64, Tyr-95, and Asn-97.3
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Figure 1. MIF gene expression and biological activity. The MIF transcription from its gene on chromosome 22q11.2 includes three exons, separated by
two introns, under two MIF promoters (namely, CATT5 8 and G/C), and located at 794 and 173 positions, respectively. The MIF signaling is also generated
by interactions with CD74 and CD44 as well as CXCR2/4/7 on the cell surface. First, it stimulates the activation of extracellular signal-regulated kinase/
mitogen-activated protein kinase (ERK/MAPK) and phosphatidyl 4,5-bisphosphate 3-kinase/protein kinase B (PIBK/AKT) pathways. The activation of
ERK/cyclooxygenase-2 (COX2) and PI3K/AKT also inhibits p53-dependent apoptosis and promotes tumor cell proliferation. On the contrary, the PI3K/
AKT and mammalian target of rapamycin (mTOR) activation causes the inactivation of pro-apoptotic proteins, BAD and BAX, and the expression of
anti-apoptotic proteins, Bcl-xL and Bcl-2, which increase the survival and invasion of cancer cells. During hypoxia, the MIF binding to CD74 contributes to
the activation and stabilization of hypoxia-inducible factor-1 subunit alpha (HIF1a), which then enhances the expression of angiogenic GFs, including
vascular endothelial growth factor (VEGF) and IL-8, thereby promoting angiogenesis. Moreover, extracellular MIF binding to G protein-coupled chemokine
receptors (GPCRs), namely, CXCR2, CXCR4, and CXCR?7, individually or in a CD74-dependent manner, triggers the activation of integrin and its
subsequent pathways, which play a key role in cancer cell invasion. Intracellularly, the MIF functionally interacts with cytosolic Jab1/CSN5, leading to the
retention of the Skp1-Cullin1 F-box (SCF) complex in an activated form as well as the induction of cyclin activity and/or c-Jun/AP-1 phosphorylation.
Meanwhile, the CD74/CD44 receptor complex releases the intracellular domain (ICD) of CD74 and translocates into the nucleus, thereby boosting nuclear
factor kappa B (NF-kB) activation. MIF indicates migration inhibitory factor.

Biological activity

Unlike most cytokines, the MIF is intracellularly stored in
vesicle-like structures and released in response to a number of
stimuli, including lipopolysaccharide (LPS), tumor necrosis
factor alpha (TNF-a), hypoxia, hydrogen peroxide (H,0O,),
thrombin, and angiotensin II, and is induced but not sup-
pressed by GCs. Most of the studies have shown that the MIF
tautomerase activity affects CD74 receptor binding and down-
stream signaling activities.?”” According to Pantouris et al,’
creating mutations and exploiting small molecules to target the
active site of tautomerase interfere with CD74 binding. As the
biological functions of the MIF are autocrine and paracrine,
the induction of signaling pathways requires the recruitment of
CD44 or CXCR in addition to the CD74 receptor (a central
hub in the MIF signaling). The possible complexes between
these receptors include CD74/CD44, CD74/CXCR2, CD74/
CXCR4, and CD74/CXCR4/CXCR7.37 The binding of the

MIF to CD74 thus initiates the activation of the Src family
kinases, or the internalization and subsequent transmembrane-
regulated proteolysis of CD74. These downstream signaling
pathways may depend on CD44 as a co-receptor or co-factor
because the deletion of CD44 abrogates the effect of the MIF
signaling in CD74-expressing cells. As a final point, this path-
way interacts with transcription factors (TFs), NF-kB, and
runt-related TF (RUNX), and regulates the anti-apoptotic
gene, B-cell lymphoma-extra large (Bel-xL), thereby improv-
ing cell survival. On the contrary, CD44 intramembrane
domain is of importance in the MIF signaling by targeting the
SH2/SH3 domains of the non-receptor tyrosine kinases of the
Src family, and binding the MIF to the CD74/CD44, which
causes fast and transient autophosphorylation of tyrosine-416
of Src. Then, the downstream pathways of PI3K and AKT are
phosphorylated and the corresponding signaling pathways are
activated (see Figure 1). It also phosphorylates ERK1/2 in a
pKa-dependent and protein kinase C (PKC)-independent
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manner.373° Moreover, binding to CD74/CXCR2 and CD74/
CXCR4 complexes leads to the activation of ERK1/2, AKT
pathways, and downstream events, such as calcium influx and
integrin activation through the Gi alpha subunit of the G pro-
tein.3”40 However, CXCR7 does not interact with any type of
G proteins and exerts its effect through B-arrestin-2, which
triggers the long-term activation of ERK1/2 and c-Jun
N-terminal kinase 3 (JNK3).37#! As evidenced, the MIF acti-
vates the PI3K-AKT pathway only through CXCR7.# The
MIF also physically interacts with various intracellular pro-
teins, such as the c-Jun activation domain-binding protein 1/
COP9 signalosome subunit 5 (JAB1/CSNS5), as an important
subunit of the photomorphogenic 9 signalosome complex
(COP9-CSN), also acts as a negative regulator of the SCF
complex. As well, the formation of the JAB1/CSN5 and the
MIF complex results in the dendylation of the SCF complex
and the loss of its ubiquitination, which then stabilizes other
intracellular proteins, such as c-JUN, c-Myn, WEE1, p21, p27,
or B-catenin. It further induced the activation of cyclin and
Ap-1 proteins and affects the cell cycle progression.3”

In this respect, Hanahan and Weinberg*® described 10 bio-
logical properties acquired by cancer cells that could be effec-
tive in their formation, growth, and invasion. Studies have
further shown that the MIF is involved in a number of cancer
hallmarks with its pleiotropic functions, as follows:

1. Avoidance of growth suppressors: Among the most impor-
tant tumor suppressor proteins that prevent uncon-
trolled cell growth and division are p53 and Rb. The
MIF has been demonstrated to antagonize these pro-
teins (p53 and Rb) directly or indirectly. For example,
the MIF-deficient mice exposed to carcinogens devel-
oped smaller tumors than wild-type mice.** The MIF
further antagonizes the p53 actions and enhances the
interaction of mouse double minute 2 homolog
(MDM2) with p53 after physically binding to p53, and
thus increases its degradation. Second, the MIF may
indirectly impact p53 by expressing COX-2.%

2. Apoptosis resistance: 'The MIF delays apoptosis by
affecting some proteins. As an example, the PI3K/
AKT activation (namely, the MIF signaling down-
stream of CD74) decreases the expression of the pro-
apoptotic genes, BAD and BAX.* It has been also
observed that cancer cells with silenced MIF experi-
ence augmented cytochrome C release, downregula-
tion of Bel-2 and Bel-xL proteins, and increased BAD
and BAX and p53 suppressor proteins, which generally
promote apoptosis. On the contrary, the activation of
NF-kB by the MIF has been suggested to control the
dynamics and stability of mitochondria.*

3. Induction of angiogenesis: There is a positive correlation
between the MIF and VEGE, as reported in various
types of cancer. In fact, the MIF and VEGF have been

highly present in patients with liver cancer compared
with controls, both in serum and cancer tissues.*s In
addition to the direct regulation of VEGF and angio-
genesis, the MIF is indirectly involved in angiogenesis
through the HIF because it is a major TF that is effec-
tive in the expression of genes, eg, VEGF, under hypoxic
conditions.*’

Invasion and metastasis: Invasive cancers mean being
separated from the primary site, entering and exiting
the bloodstream, and adapting to the new environment
to create metastasis. It has been reported that the MIF
at high levels in tumors make them prone to migration
and metastasis. For example, nuclear receptor subfamily
3 group ¢ member 2 (NR3C2) in the MIF is a tumor
suppressor gene that reduces the growth, migration, and
invasion of cancer cells. In addition, the MIF escalates
the epithelial-to-mesenchymal transition (EMT) of
cancer cells, and thus cells with high levels of MIF
decrease the E-cadherin expression, which maintains
the integrity of the epithelial structure and multiplies
N-cadherin, vimentin, and Zebl, which promote
migration.”%!

Regulation of cellular energy: The potentiation of the
Warburg effect and the MIF increases lactate produc-
tion through the regulation of lactate dehydrogenase
A (LDHA) by HIF-1a.>2

Maintenance of proliferative signaling: Various studies
have so far shown that the MIF knockout or knock-
down has a direct effect on cell proliferation. To give an
example, the MIF loss in a colorectal cancer cell line
results in a significant drop in proliferation, which
probably involves the AKT/GSK-3p signaling pathway,
as its phosphorylation is impaired by the MIF
depletion.>

Awvoidance of the immune system destruction: The MIF
suppresses the immune system and impairs its capacity
in the TME. For example, blocking the interaction
between the MIF and CID74 in a metastatic melanoma
model has reduced immunosuppression in various
immune cells and more M1 (with anti-tumor pheno-
type), CD4"T cells, CD8*T cells, and NK ones have
been observed in the treated group compared with the
controls, ultimately decreasing the number of meta-
static foci in the former group. Moreover, the MIF
knockout mice in a colon carcinoma model have shown
smaller tumors than the wild-type group, due to the
boosted expression of IL-2 by the MIF, mainly utilized
by Tregs, which lead to their proliferation.>
Tumor-inducing inflammation: There is a mutual rela-
tionship between inflammation and cancer. The MIF
is one type of pro-inflaimmatory cytokines and the
main regulator of inflammation that directly and indi-
rectly promotes the expression of other inflammatory
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Figure 2. Overexpression of MIF using GENT2 and GEPIA databases. From the GENT2 database with the address http:/gent2.appex.kr/gent2/, the level
of MIF gene expression in 5574 cancer samples and 475 normal samples was obtained and the related graph was drawn using GraphPad Prism program.
Then, using the GEPIA database with the address http:/gepia.cancer-pku.cn/detail.php?gene =mif and the expression DIY section, the MIF gene
expression level was obtained based on Box Plots by comparing 1085 cancer samples and 291 normal samples. Both databases showed increased MIF

gene expression. MIF indicates migration inhibitory factor.

molecules, such as 1L-2, IL-6, IL-8, TNE, interferon
gamma (IFN-y), and IL. Under these conditions,
tumor-stimulating molecules, such as GFs, pro-angio-
genic cytokines, and enzymes that can promote inva-
sion, such as colony-stimulating factor 1 (CSF1),
epidermal growth factor (EGF), VEGE, and matrix
metalloproteinase 9 (MMP-9) are increased.>>°

Pathogenic Mechanisms of MIF in BC

The level of aberrant MIF protein expression in cancer, as
compared with a healthy sample, and its prognostic signifi-
cance is particularly relevant. This had been investigated in the
study by Charan et al,” measuring the level of MIF expression
in human TNBC samples using tissue microarray (IMA) and
immunohistochemistry (IHC), and then a sharp rise in the
MIF expression had been detected in patients. Higher MIF
expression had been also found to be substantially associated
with worse overall survival in the cases with TNBC.57 Richard
et al,’® using IHC for the MIF in breast tissues, had further
observed a significant increase in the MIF expression in carci-
nomas compared with non-tumor samples. Moreover, they
had applied enzyme-linked immunosorbent assay (ELISA) to
compare the levels of MIF in the serum of patients, indicating
that the MIF concentration in those with BC had been almost
four times higher than the amount recorded in the healthy
people.® In the study by Lin et al,>® the samples from 560
patients with BC had been similarly analyzed via DNA
sequencing. The results had also established that cases with
three specific genotypes, namely, C/G, C/C, and C/G-C/C of
the rs755622 MIF variant (as the most common type) were
more likely to develop BC.*® This had been additionally
recorded in other works,®%6! implying the leading role of the

MIF in the BC development and progression and its associa-
tion with the survival of patients and response to chemother-
apy drugs. Moreover, the MIF expression had been evaluated
using the GENT2 and GEPIA databases, and the findings
had found that the expression of this protein had been higher
in patients with BC compared with the normal samples (see

Figure 2).

MIF promotes BC cell proliferation and survival

In 2020, a study by Charan et al demonstrated that MIF
overexpression in TNBC enhances growth and metastasis.
Taken together, the results of this study indicated that the
use of small molecular weight MIF inhibitors could be a
promising strategy to inhibit TNBC progression and metas-
tasis. Thus, MIF plays a key role in BC tumor growth, as
observed in various human BC cell lines and syngeneic breast
tumor models.”” The MIF further stimulates the growth and
proliferation of BC cells via the activation of the ERK1/2
and AKT signaling pathways.* The ERK1/2 and AKT are
thus among key intermediates that control cell cycle progres-
sion, metabolism, survival, angiogenesis, and motility. The
MIF-induced ERK1/2 and AKT phosphorylation can also
be abolished by CD74 neutralizing antibodies (Abs) in
MDA-MB-231 TNBC cells.* In this line, Verjans et al*
had concluded that the recombinant MIF could stimulate
the proliferation of non-invasive BC celllines, MDA-MB-468
(as an infiltrating adenocarcinoma) and ZR-75-1 (the infil-
trating ductal carcinoma), as well as highly aggressive
MDA-MB-231 cells (namely, invasive ductal carcinoma).
Lue et al* in their study on different BC cell lines, including
Michigan Cancer Foundation-7 (MCF-7; as an infiltrating
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ductal adenocarcinoma), MDA-MB-468 (the infiltrating
ductal adenocarcinoma), and ZR-75-1 (ie, infiltrating ductal
carcinoma) had shown that the MIF/CD74 interaction
could activate the PI3K/AKT signaling pathway and pro-
mote cell survival.#¢ On the contrary, the activation of the
CXCLS8 pathway involving CXCR1/2 ligands (ie, CXCLS,
CXCL1, and CXCL2) could enhance BC cell survival and
chemoresistance.®> The MIF could further protect MCF-7
cells against apoptosis, induced by oxidative stress or chemo-
therapeutic drugs through the upregulation of the inhibitor
of apoptosis proteins (IAPs).%3 Besides, Wu et al®* had argued
that the MIF knockdown could increase the chemosensitiv-
ity of BC cells to doxorubicin and cause autophagic cell
death.®* Hence, the MIF could promote BC cell growth,

inhibit apoptosis, and mediate chemoresistance.

MIF induces angiogenesis in breast tumors

As evidenced, sustained angiogenesis is critical for BC pro-
gression, invasion, and metastasis. The MIF accordingly
upregulates the production of pro-angiogenic factors, VEGE,
and IL-8,in BC cells through HIF-1a and NF-«B signaling.
In their in vitro and in vivo study using MCF-7 cells, Oda
et al® had accordingly revealed that the MIF could activate
HIF-1a under hypoxic conditions through a p53-dependent
manner. Culture supernatants from the MIF-overexpressing
MDA-MB-231 cells could further induce endothelial cell
migration and tube formation, which might be blocked by
neutralizing the VEGF and IL-8 Abs.?? In co-culture models,
BC cells could further stimulate VEGF secretion by mac-
rophages in an MIF-dependent manner to promote angiogen-
esis.’ Clinical data have correspondingly shown positive
correlations between the MIF, CD74, VEGFEF, and microvessel
density in invasive breast carcinomas. Elevated serum MIF
has been further associated with increased serum VEGF in
node-positive BC patients. Compared with the MIF-low
tumors, the MIF-high ones have demonstrated greater VEGF
expression, vessel count, and hemoglobin saturation index by
cryosectioning and imaging. This close relationship in BC cell
lines has revealed that the MIF depletion is associated with
reduced activation of the ERK/MAPK signaling pathway,
which is required for VEGF-C expression.® The angiopoietin
(Ang)-Tie2 system has also been introduced as another regu-
lator of tumor angiogenesis.®” Ang-2 cooperates with VEGF
to destabilize vessel structure and primes the vasculature to
respond to angiogenic stimuli. In breast tumors, the MIF
upregulates the Ang-2 expression in TAMs to enhance angio-
genesis.®® As a whole, these findings indicated that the MIF
could promote breast tumor vascularization by increasing pro-
angiogenic factors in cancer and SCs.

MIF stimulates BC metastasis

The metastatic cascade is a complex, multi-step process that
enables cancer cell dissemination from the primary tumor to

distant organs. Each step, namely, local invasion, intravasation,
survival in circulation, extravasation, and colonization, is thus
facilitated by the MIF.? Fersching et al,’ examining bio-
markers related to apoptosis in the serum of BC patients
undergoing neoadjuvant chemotherapy had accordingly
reported a positive correlation between the MIF and intercel-
lular adhesion molecule 1 ICAM-1).60 Ly et al’® had further
observed that the increased MIF expression in BC cells was
directly correlated with the expression of Snail, Vimentin, and
Twist, as well as the activation of MMP-2, thereby the knock-
down of MIF could decrease the expression of these proteins.
Furthermore, the activation of HMGB1/TLR4/NF-«B axis
through the MIF could induce lung metastasis in BC because
the MIF overexpression could promote the migration of BC
cells by increasing the TLR4 expression.”® As mentioned ear-
lier, there was a high correlation between the MIF and IL-8.
In the study by George et al,”! two estrogen receptor-positive
and -negative BC cell lines, T47D and MDA-MB-231, had
been accordingly investigated wherein the IL-8 treatment had
augmented the proliferation, migration, and invasion of the
T47D and MDA-MB-231 cells. In vivo studies by Charan
et al®’ had further established that the MIF inhibition in
orthotopic breast carcinoma mouse models had significantly
inhibited TNBC growth and lung metastasis in a dose-
dependent manner.’” In the 4T1 mouse model of BC, the
MIF had also amplified tumor growth and metastasis by
increasing the prevalence of a highly immunosuppressive sub-
population of MDSC within the tumor.”? As noted, the MIF
was a potent endogenous mediator of COX-2 expression, and
Majumder et al” had shown that indomethacin, a COX-1/
COX-2 inhibitor, had inhibited cell proliferation and migra-
tion using the highly metastatic C3L5 mouse BC model. In
general, MIF could facilitate several stages of BC metastatic
cascade, so its inhibition could reduce BC metastasis, as a vital
factor in the disease progression and mortality rate.

Targeting MIF in BC Treatment

The biological activities of the MIF have led to its recognition
as a significant therapeutic target, but the development of small
molecule inhibitors has intensified due to the obvious limita-
tions of protein (Ab) and nucleic acid (small interfering RNA
[siRNA])-based strategies, such as high cost and inconven-
ience of application.?® Small molecules also cause the inactiva-
tion of the MIF tautomerase through some mechanisms,?
namely, (1) binding to the active site (namely, competitive
inhibitors), (2) covalent modification of active site residues
(namely, irreversible inhibitors), and (3) allosteric inhibition
(see Figure 3). Therefore, the inhibition of the MIF enzymatic
active site has been studied as a strategy for the production of
the MIF inhibitors. Active site binding and covalent attach-
ment of small molecules to Prol have been the most widely
used approaches to date. Prol is a proline residue. Prol is the
first residue of MIF and plays a crucial role in its function. This
Pro1 residue and its interactions within MIF are significant for
the activation of CD74, a cell surface receptor.?”
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Figure 3. Three-dimensional (3D) structure of the MIF trimer (Protein Data Bank entry, https://www.rcsb.org/, selected for display: 1CA7) and the binding
site of various classes of small molecule inhibitors of the MIF tautomerase, including (A) competitive inhibitors (namely, ISO-1, 1ISO-66, and CPSI-1306),
(B) irreversible inhibitors (ie, 4-IPP and epicatechin), and (C) allosteric inhibitors (that is, ibudilast, ebselen, and P425). They can be therapeutic strategies
to inhibit the MIF signaling and play a significant role in improving BC with effects, such as apoptosis and cell death, cell proliferation inhibition,

angiogenesis, and metastasis.

Binding to active site

Competitive MIF inhibitors that directly bind to the active
site include the isoxazoline class, and the best MIF inhibitor
investigated in this class is S,R-3-(4-hydroxyphenyl)-4,5-
dihydro-5-isoxazole acetic acid methyl ester (ISO-1). This
inhibitor has shown significant interactions with Lys-32, Ile-
64, and Asn-97 in the MIF structure. The MIF inhibition by
ISO-1 is also a key tool in elucidating the complex biological
role of this protein in cancer and inflammation, resulting in
reduced cell migration, proliferation, and invasion in several
human cancer cell lines, such as DU145, A549, LN229,
HS683,and LN-18 and in a number of 77 vivo studies in mice,
and improving survival in endotoxemia, colitis, melanoma,
prostate, and colorectal cancers.”»” For example, Cotzomi-
Ortega et al,”® knowing that one of the consequences of block-
ing the autophagic pathway was the increase in ROS due to
the accumulation of damaged mitochondria, had found that
the MIF secretion in the BC cell line 66¢14 was attributable to
the higher production of ROS caused by the inhibition of
autophagy. Secreted MIF could also have important autocrine
effects on the promotion of malignancy, as cell death in 66cl4

cells could be dramatically augmented upon treatment with
ISO-1. Most importantly for promoting malignancy, it could
add to the efficiency of migration in 67NR and 411 cell lines,
indicating the paracrine effect of cytokine secretion in pro-
moting malignancy, and this elevated migration could be pre-
vented by ISO-1.7¢ Despite these favorable results regarding
ISO-1, in vivo clinical use of this compound could be hin-
dered owing to inappropriate stability and toxicity. Therefore,
compounds from the same class of inhibitors, including ISO-
66, CPSI-2705, and CPSI-1306, were introduced, and CPSI-
1306 compound received much more attention thanks to its
longer half-life in vivo.”* In two studies in 2020 and 2022,
Charan et al investigated the effects of the MIF reduction on
TNBC. In the first study, the administration of a small syn-
thetic MIF inhibitor, CPSI-1306, diminished the prolifera-
tion and survival of BC cells in vifro. CPSI-1306 also induced
apoptosis by enhancing ROS, mitochondria membrane poten-
tial alteration, cytochrome C release, and activation of cas-
pases. In addition, CPSI-1306 could inhibit cell survival and
apoptosis signaling molecules, including the AKT, PDK, and
RAF expression. In vivo, the mice treated with this inhibitor
had undergone smaller tumors, which could be associated with
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the reduced expression of Ki67 in cancer cells.”” The second
study had correspondingly established that treatment with
CPSI-1306 and MIF reduction in human TNBC grafts was
connected with the lower infiltration of MDSCs in the tumor
and the spleen. In addition, treatment with CPSI-1306 could
increase the infiltration of CD8" T cells and decrease granulo-
cyte colony-stimulating factor (GCSF), granulocyte-mac-
rophage colony-stimulating factor (GMCSF), IL-2, and IL-4
compared with the control group.”” Das et al’® had also inves-
tigated the effect of CPSI-1306 on BC, and found that CPSI-
1306 significantly induced apoptosis and reduced the viability
of metastatic BC (IMBC)-related MDA-MB 468 and MDA-
MB 231 cells in a dose- and time-dependent manner. CPSI-
1306 further dwindled the mitochondrial membrane potential
and induced apoptosis by increasing apoptogenic signals,
including apoptosis-inducing factor (AIF) and cytochrome-
C. In the mouse model of preclinical mammary tumor MVT-
1, CPSI-1306 had significantly reduced tumor growth and
metastasis to the lungs and caused a fall in the number of
Ki67-positive proliferative cells and CD31-positive blood ves-

sels in the tumor.”8

Covalent modification of active site residues

Irreversible inhibitors typically bind to the terminal nucleo-
philic proline of the MIF and include 2-oxo-4-phenyl-3-bu-
tanoate, phenylpyrimidines, acetaminophen analogs, and
epicatechin. The 4-Iodo-6-phenylpyrimidine (4-IPP) as a
potent inhibitor with an IC50 less than 10 times that of ISO-1
by irreversible binding to the Pro1 residue of the MIF accord-
ingly has appropriate anticancer activities on the lung and
head and neck cancer cells.”* Das et al”® had accordingly
shown that the increase of MIF in the culture medium of the
MDA-MB-231 cell line had caused resistance to chemother-
apy agents. By examining the MIF expression in BC tissues, it
had been observed that the amount of this protein had ele-
vated in chemotherapy-resistant tissues compared with the
non-resistant ones. Anti-apoptotic proteins, Bcl2 and Bel-xl,
had been further induced by the MIF through reducing BAX
and BAD, and the MIF had been able to redouble the level of
phosphorylated AKT in 231 cell line. Then, using 4-IPP
inhibitor, it had been observed that the induction of chemical
resistance in the target cell line had been eliminated, and the
anti-apoptotic effect of MIF had been reversed and the phos-
phorylation of AKT had been inhibited.”” Moreover, the nat-
ural product inhibitor of MIF, sulforaphane (SFN), had
decreased the MIF expression in a mouse model of BC, using
4T1 cell line, which had significantly reduced the induction of
monocytic MDSCs.”? Considering epicatechin as the main
polyphenolic compound of cocoa beans, one study had con-
cluded that 4-O-methyl-epicatechin and 3-O-methyl-
epicatechin could have favorable anti-proliferative functions

in MCF-7 BC cells compared with other derivatives.® There

are also studies of phenylpyrimidines with MIF-independent
effects as radiosensitizers targeting p53 and Nrf2%! and adju-
vant chemotherapy to inhibit ABC transporter-mediated
multidrug resistance (MDR),$? which have received good
results in inhibiting BC. Also, MIF-independent effects of
SFN on BC through histone deacetylases involved in chroma-
tin remodeling, increase in sulfate-related metabolites and
glutathione-related metabolites, gene expression and Nrf2
antioxidant signaling and targeting the RAF/MEK/ERK
signaling pathway are well evident.®3-8>This is also the case for
epicatechin and through the increase of death receptor (DR4/
DRS), ROS production, upregulation of pro-apoptotic pro-
teins and metastasis-related genes, Cdh1, Mtss1, Pten, Bmrs,

Fatl, and Smad4, showed anticancer activity in human and
mouse BC cells.86:87

Allosteric inhibition

Allosteric inhibitors have been of particular interest due to the
pleiotropic nature of the MIF, as they have the potential to
bind to critical regions while maintaining the integrity of
other receptor binding sites. Given the essential motifs and
regions for inhibitory interactions with the MIF, allosteric
modulation may thus become a more precise and desirable
way to design targeted therapies. Demonstrated in a study in
2010, ibudilast as an anti-inflammatory drug, mainly used to
treat bronchial asthma, allergic conjunctivitis, and cerebrovas-
cular disorders (CVDs), and also known as AV411 (3-isobu-
tyryl-2-isopropylpyrazolo-[1,5-a] pyridine) and its analog
AV1013, the MIF allosteric inhibitors, had reduced the MIF-
mediated chemotaxis. The X-ray crystal structures have fur-
ther shown that ibudilast binds to an allosteric site adjacent to
the tautomerase active site and makes a conformational change
in Tyr-36, which then alters the dimensions of the tautomer-
ase active site.?”° In a phase 1b/2a study evaluating the com-
bination of ibudilast and temozolomide (TMZ) in patients
with glioblastoma, with MIF inhibition by daily ibudilast and
monthly cycles of TMZ with immune checkpoint blocking
properties, The 6-month progression-free survival (PFS-6)
rate was acceptable and had a good efficacy.®

Ebselen (2-phenyl-1,2-benzisoselenazol-3(2H)-one), an
anti-inflammatory drug, has also developed a novel mecha-
nism for targeting protein—protein interactions as it cova-
lently modifies Cys-80 and inhibits enzyme activity by
disrupting the MIF trimer structure. Considering that the
MIF trimer is very stable, the monomer is very unstable and
tends to aggregate rapidly when detached from it. This drug
reduces GC overriding and AKT phosphorylation.”” In a
2017 study, the MCF-7 cell line had been utilized as a valu-
able BC model to evaluate the anti-proliferative properties of
ebselen, proving that the compound in combination with vy
radiation (6 Gy) could modulate gene expression and inflam-
matory cytokine response, and then induce apoptosis and
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anti-proliferative effects.’” Ebselen oxide, and some deriva-
tives, were also found to exert an efficient allosteric inhibition
of overexpressed HER2, as well as mutated and truncated
oncogenic forms of HER2, which are resistant to current
therapies and significantly blocked HER2+ breast tumor
progression.”®

Another MIF allosteric inhibitor, named P425 (6'-[(3,
3-dimethoxy[1,1'-biphenyl]-4,4'-diyl)bis(azo) ]bis[4-amino-
5hydroxy-1,3-naphthalene disulfonic acid] tetrasodium salt),
was identified in a study in 2012.%1 The P425, as a member of
the family of large azo and sulfone organic acids, could form a
cap on the active site and engage in hydrogen (H) bonds with
Lys-32, Asn-109, and Asn-110 on the surface of the two-
trimer MIF protein. Other names for this inhibitor were
Pontamine Sky Blue or Chicago Sky Blue. It could signifi-
cantly inhibit the MIF activity for the tautomerization of
4-hydroxyphenylpyruvate and block the interaction between
the MIF and its receptor, CD74. The P425 could further
attenuate GC elevation, secretion of MMPs, and inhibition of
p53-mediated apoptosis induced by the MIF. Although p425
has shown significant effects on the MIF suppression, no
study has been so far conducted on the use of this inhibitor in
BC, so it is appropriate to see whether the promising biologi-
cal activity of this inhibitor is maintained in this condition iz
vivo.2675 Two other allosteric inhibitors also include
epoxyazadiradione and spirohexenolide. Epoxyazadiradione
forms H bonds with Asn-105 and Asn-102 of a monomer and
covers it against Tyr-99 of an adjacent monomer, which inhib-
its the MIF tautomerase activity, iNOS induction, NF-«xB
translocation, and macrophage chemotaxis. Conformational
changes are also large enough to affect the distal active site and
inhibit tautomerase activity very interestingly, as the X-ray
crystal structure of epoxyazadiradione-MIF has confirmed
this interaction.”? Two studies in 2018 and 2021 comparably
investigated the effect of epoxyazadiradione on cell viability,
mitochondrial potential, cell migration, apoptosis, and protein
expression in cell culture models of TNBC and ER* BC cells,
and reported that epoxyazadiradione could inhibit PI3K/Akt-
dependent mitochondrial depolarization, induce apoptosis,
and reduce cell migration, angiogenesis, and breast tumor
growth.?3%* Of note, spirohexenolide A does not inhibit the
MIF tautomerase activity, but its large size probably prevents
binding to the active site and inhibits the MIF-mediated
AKT phosphorylation.”

Monoclonal Abs

The use of monoclonal Abs against the MIF or its receptor,
CD74, has been to date of interest in cancer therapy.”* Anti-
MIF monoclonal Abs, BAXG03, BAXB01, and BAXM159,
have accordingly shown good effects in prostate and colon can-
cers. For example, in a phase-I clinical trial, imalumab (BAX69),
an MIF inhibitor, had been applied to treat patients with

advanced solid tumors, and then the tolerable dose and the bio-
logically active dose of this substance had been determined.”®
Moreover, the Abs against the CD74 receptor, such as milatu-
zumab, had brought significant anti-tumor effects in mice, and
phase I and I/II clinical trials in patients with B-cell lymphoma
had been associated with satisfactory results.””?¢ In a study,
anti-MIF and anti-CD74 Abs, which could disrupt the MIF/
CD74 interactions, had strongly blocked the proliferation of
BC cells (namely, MDA-MB-231 and MDA-MB-468)
induced by autocrine or exogenous MIF.2

Supplementary inhibitors of MIF

Other alternative ways to neutralize the biological activity of
MIF are now being investigated, eg, HSP90 increases in can-
cer cells and prevents the MIF degradation. Accordingly, the
MIF degradation amplifies and causes favorable anticancer
activities when HSP90 is inhibited in cancer cell lines.”
Pharmacological HSP90 inhibitor 17-(alkylamino)-17-
(demethoxygeldanamycin) (17AAG) or siRNA-mediated
knockdown of HSP90 also reduces the MIF protein levels
and cell proliferation, and induces the apoptosis of human
cancer cells. In an ErbB2 transgenic model of HER2-positive
BC, systemic treatment with the HSP90 inhibitor 17AAG
had diminished the MIF expression and blocked the growth
of the MIF-expressing tumors.”” Another study had further
suggested that the HER2/Erb2 overexpression in BC had
stabilized many tumor-promoting HSP90 clients, such as the
MIF, AKT, and heat shock factor 1 (HSF-1) as an oncogenic
master GE. Accordingly, HER2 inhibition could suppress
HSP90 activation with subsequent MIF destabilization.1%
Ganetespib, a small molecule inhibitor of HSP90, had been
also used in patients with MBC in a phase II clinical trial.
Ganetespib had been accordingly well tolerated, and the
results had indicated strong inhibitory effects on HSP90-
dependent oncoproteins associated with BC pathogenesis.!%!
Resveratrol (3, 4', 5-trihydroxy-trans-stilbene), a natural phy-
toalexin found in grapes, could further inhibit cell growth,
induce apoptosis, and enhance chemotherapy in various types
of cancer. It could also decrease cell proliferation and colony
formation and increase senescence and apoptosis in triple
negative BC cells (MDA-MB-231), which are resistant and
sensitive to the common cancer drug, paclitaxel.192 In the
study by Fujita et al,103 the anti-proliferative effect of Aza-
resveratrol derivatives (3, 4', 5-trihydroxy-trans-aza-acetylb-
ene) had been investigated in MCF-7 BC cell line and the
MIF had been evaluated as a main target protein in MCF-7
cell lysates. The findings had revealed that Aza-resveratrol
and its derivatives were strong inhibitors of MIF tautomerase
activity, thereby exerting their anticancer effects in this way.1%3
Other MIF inhibitors had been also considered, such as vita-
min E (binding to the active site and reducing the production
of pro-inflammatory cytokines), thyroxine (located in the
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hydrophobic pocket of the MIF and lowering inflammatory
effects), non-metastatic protein 23 H1 (Nm23H1; binding
Cys145 of NM23H1 and Cys60 of MIF and decreasing p53
suppression), anti-rheumatic drug iguratimod (the MIF inhi-
bition and synergy with GCs).7#

Small interfering RNA

A practical and precise method to achieve protein knockdown
is siRNA. Therefore, the MIF can be a suitable target for this
method because it is overexpressed in many solid tumors and
is associated with a poor prognosis. In the study by Simpson
et al,’2 the shRNA knockdown of the MIF in invasive and
MBC 4T1 cell lines had thus reduced primary tumor growth
and significantly minimized the number of lung micrometasta-
ses in Balb/c mice, which could be caused by the drop in the
highly immunosuppressive subpopulation of MDSCs and
affect some aspects of the immune system. In a study to clarify
the role of MIF in cell survival and migration, the MIF-specific
siRNA (si-MIF)hadbeenutilizedin MDA-MB-468and MDA -
MB-231 TNBC cells, wherein the MIF loss in these cells had
significantly increased apoptosis and decreased colony forma-
tion, migration, and wound healing capacity.’” Zhang et al'04
had additionally utilized a glucan-based cationic nanoparticle
to deliver siRNA against the MIF in mice inoculated with 4T1
breast tumors, and reported that the MIF knockdown had
downgraded immunosuppression and elevated the number of
infiltrating CD8*T cells in tumors treated with siMIF-NP,
resulting from the decreased level of CD206 (macrophage
marker M2) and the increase in the level of MHCII (impor-
tant for antigen presentation to CD8%T cells) of TAMs. In
addition, investigating the function of the MIF siRNA in the
tumorigenesis of MCF-7 cells in a xenograft mouse model had
established that the MIF siRNA could significantly suppress
tumor growth in nude mice.®* The mentioned studies had sup-
ported the targeting of MIF using different inhibitors, such as
small molecule, along with neutralizing Abs or siRNA knock-
down, as summarized in Table 1.

Limitations
The MIF is a pleiotropic chemokine with multiple effects on
cancer cells, TME, and systemic effects that increase prolif-
eration, migration, and inhibition of autophagy, apoptosis,
immune modulation, and angiogenesis, metabolic disorders,
and metastasis.?428

A key weakness in existing reports is the use of recombinant
MIF protein, which may have reduced biological activity, and
endotoxin contamination, which can induce artificial activity.
Therefore, protein purification should be done properly and with
complete reports on purification methods and endotoxin levels.?”

Small molecules that target MIF tautomerase activity
competitively or allosterically, have been key in the develop-
ment of MIF as a drug target, but this enzyme site, which is
the best starting point for screening these inhibitors, should
not be solely targeted. Consider other binding sites that can
affect MIF interactions in vivo (disrupting MIF/CD74
interactions), either by steric interference or by inducing
conformational changes in the rest of the protein. This is
because it is now widely accepted that disruption of enzyme
activity alone is not sufficient to completely abrogate the
biological effects of MIF. On the contrary, it is difficult to
measure the oxidation and reduction activity of MIF, as well
as reliable and agreed assays in laboratory conditions for the
biological activity of MIF.2” Nevertheless, many questions
about the cellular mechanisms of MIF within the primary or
metastatic tumor remain unresolved, but considering its suit-
ability as a therapeutic option, experimental studies on MIF
inhibitors seem promising and may lead to longer patient
survival and better prognosis for BC.?42

Conclusions and Future Directions

The TME has emerged as a key factor in the pathogenesis
of BC. The pro-inflammatory cytokine, MIF, which is part
of this environment, accordingly increases breast tumori-
genesis by augmenting cancer cell proliferation, survival,
angiogenesis, invasion, metastasis, and stemness. Studies
have thus far established that the MIF expression in BC tis-
sues is much higher than that in the normal ones, and this
overexpression indicates a poor prognosis in patients with
BC. Research on targeting the MIF using various inhibitors,
such as small molecules, Abs, or siRNA have further shown
good results, such as a reduction in breast tumor growth and
metastasis. Current therapeutic strategies to target the MIF
are also mainly focused on the development of small inhibi-
tors of its tautomerase or biological activities, as discussed in
detail earlier. Due to the upstream role of MIF in coordinat-
ing TME and tumorigenesis in BC, the use of these inhibi-
tors with effects, such as apoptosis and cell death, cell
proliferation inhibition, angiogenesis, and metastasis can be
taken into account as an appropriate therapeutic strategy to
inhibit the MIF signaling. In view of this, experimental
studies on the MIF inhibitors seem to be promising and
lead to longer patient survival and better prognosis in BC.
Therefore, the MIF is a valuable therapeutic target in BC,
and further evaluation of the MIF-based combination regi-
mens, eg, combining a potent MIF inhibitor with any of the
promising chemotherapy and immunotherapy options in
clinical trials, can be beneficial for these patients with lim-
ited treatment options.
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