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Abstract: Macrophage migration inhibitory factor (MIF) is an inflammatory cytokine that serves many roles in inflam-
mation and immunity; however, it is also involved in carcinogenesis. This is a review of the clinical and experimental
data published on MIF and its role in various types of cancers such as glioblastomas, lung cancer, breast cancer,
gastric cancer, melanoma, bladder cancer, and head and neck cancers. The goal of this review is to show MIFs role
in various types of cancers. Data show that MIF is overexpressed in these malignancies in humans, and contributes
to the deregulation of the cell cycle, angiogenesis, and metastasis. Clinical studies show that MIF overexpression
in these types of tumors significantly decreases survival rate, and increases tumor aggression. There are multiple
anti-MIF molecules that are currently being explored and investigations should be continued.
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Introduction

Macrophage migration inhibitory factor (MIF) is
a pluripotentand pleiotropic cytokine expressed
in numerous human malignancies such as glio-
blastomas, lung cancer, breast cancer, gastric
cancer, bladder cancer, and melanoma. MIF is
heavily involved in the development inflamma-
tion and cancer; therefore, inhibitors of MIF
should be further investigated as these mole-
cules may have the capability to decrease the
rate at which tumors proliferate and meta-
stasize.

Structure and genetics of MIF

Macrophage migration inhibitory factor (MIF)
was originally identified as a cytokine released
from active T cells to inhibit the random move-
ment of macrophages [1]. It is secreted by epi-
thelial cells, endothelial cells, lymphocytes,
monocytes, and macrophages, showing that it
has a role in innate and acquired immunity. MIF
also plays a role in sepsis, inflammation, tissue

damage, and a relationship between inflamma-
tion and cancer [2]. In humans, the MIF gene is
found on chromosome 22g11.2 and codes for
an evolutionarily conserved protein consisting
of 115 amino acids [3]. The MIF gene has two
polymorphic sites located in the promoter
region. The first site is at CATT repeat starting at
the -794 position, and the second is at a single
nucleotide polymorphism at the -173 position
[4]. The MIF protein has a molecular weight of
12.5 kD in its monomeric form. When active,
MIF forms a trimer composed of three identical
subunits, with each monomer containing two
antiparallel alpha-helices that pack against a
four-stranded beta-sheet [3].

Roles of MIF

MIF has various biological roles, with the most
significant being inflammation and immunity.
MIF counter-regulates the actions of glucocorti-
coids, which are natural steroid hormones pro-
duced by the adrenal glands during cellular
stress that possess anti-inflammatory effects


http://www.ajcr.us

MIF in cancer

®
PN B

Immunosuppression

CXCR2 CXCR4
Gai p53
1 Angiogenesis and
Leukocyte oo —_
Chemotaxis e Wnt/p-cat - Metastasis
Proliferation +
} P21,BAX inhibition of p53
mediated apoptosis
Inflammatory # Chemokines Neural Stem/ Precursor
acthvity! S JRSOcistucyTs 1 B-Galactosidase Cells renewal and brain
recruitment

development

Figure 1. An overview of MIF signaling pathways: MIFs interactions can contribute to the formation of cancer and
neural development. When MIF targets the Wnt/B-catenin signaling pathway, B-galactosidase is upregulated, re-
sulting in an increase of NSPCs. MIFs interaction with the PI3K/AKT pathway results in an increase of VEGF and a
decrease of the pro-apoptotic factors BAD and BAX, leading to both angiogenesis and metastasis. MIF also has the
capability to interact with p53, decreasing the expression of p21 and BAX, which results in crucial cell proliferation.
MIF can also directly interact with CXCR2 and CXCR4, which result in inflammatory activity and leukocyte chemo-

taxis.

[5]. MIF may stimulate the expression of other
cytokines involved in inflammation. Inflamma-
tion is needed for the survival of organisms, but
when it is incorrectly regulated, it may contrib-
ute to tumorigenesis [6]. In a study by Ha-
gemann et al. (2007), a MIF knockout in a
murine epithelial ovarian cancer cell line (ID8)
showed a reduction in tumor growth preceded
by modulating the expression of inflammatory
mediators such as TNF-q, IL-6, and VEGF. MIF,
therefore, attracts tumor-associated macro-
phages and promotes the tumor microenviron-
ment [7].

MIF demonstrates chemokine-like function and
was identified as a ligand of both CXCR2 and
CXCR4. Binding of MIF to these receptors
enhances monocyte recruitment and leukocyte
chemotaxis (Figure 1). In human chondrosar-
coma cells, this recruitment is mediated by Gai
proteins and PI3K in T cell adhesion through
upregulation of the transcription of the av(33
integrin through PI3K/AKT/NF-kB signaling in
a CXCR2- and CXCR4-mediated way. However,
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molecular mechanisms underlying MIF-me-
diated receptor signaling still needs to be delin-
eated [8]. In another study, it was reported that
MIF directly interacts with CXCR2 and CXCR4 to
promote the recruitment of inflammatory cells
[9]. The inflammatory cascade relies on the
activation of CXCR2 and CD74, suggesting that
MIF operates via a functional CXCR2/CD74
complex. To further understand this mecha-
nism, MIF deficient mice that showed a defi-
ciency in monocyte adhesion to the arterial wall
were used. As a consequence of MIF blockage
in mice, plaque regression, reduced monocyte
count, and reduced T-cell levels were recorded.
When CXCR2 and CXCR4 were activated, MIF
displayed a chemokine function and acted as a
major regulator of inflammatory cell recruit-
ment [9], confirming that MIF interacts with
CXCR2/CXCR4 complexes to recruit inflamma-
tory cells.

MIF serves a role in both innate and adaptive
immunity and is constitutively expressed by
monocytes, macrophages, blood dendritic ce-
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lIs, B cells, neutrophils, eosinophils, mast cells,
and basophils. It promotes the stimulation and
proliferation of T cells in response to foreign
agents and acts as a regulator of responses to
infections by increasing the expression of TLR4
(the transduction molecule for endotoxins) [10].
Activated T cells release MIF to inhibit glucocor-
ticoid-mediated interleukin 2 and interferon y
production. Since circulating glucocorticoid lev-
els are increased during infection and inflam-
mation, MIF exerts its immunosuppressive
effects, which enables the primary immune
response and reduces the need for steroid
therapy [11]. The results indicate that MIF
expression is instrumental for a proper immune
response, including the release of T cell and
IL-2. MIF must nullify the inhibitory effect of glu-
cocorticoids on T cell activators for T cells to be
released. MIF is also reported to possess enzy-
matic activity, and it converts D-dopachrome in
5,6-dihydroxy-2-carboxylic acid (DHICA). Alth-
ough identification of DHICA as a true biological
MIF substrate sheds light on this mechanism of
action, the role of MIFs enzymatic activity is not
fully understood [12].

In addition to MIFs immunogenic role, it has
also been reported to play an important role
during neural embryonic development. Shen et
al. (2013) demonstrated that the MIF pathway
is required for the survival of statoacoustic gan-
glia and sensory hair cells in a zebrafish model.
Using knockdown with antisense oligonucle-
otide morpholinos (MOs) and/or with a bio-
chemical MIF inhibitor, 4-IPP, there was a sig-
nificant reduction in the size of the SAG, the
number of sensory HC, and the size of the brain
in zebrafish. These perturbations are partly due
to dependency on p53 [13]. This study shows
that MIF serves a role in nervous system devel-
opment, although the exact nature of this role
is still undefined.

MIF also has the ability to interact with embry-
onic stem cells (ESC). Wang et al. (2012) shed
light on this phenomenon by injecting undiffer-
entiated ESC into the spinal cord of wild-type
mice and MIF knockout mice. Hind limb func-
tion was measured using the Basso Mouse
Scale (BMS), which was initially normal for both
groups of mice. After ten days, the BMS score
rapidly decreased to zero (indicating paralysis)
in the WT mice. However, the BMS score of the
MIF knockout mice slightly declined, with only

2762

one mouse being paralyzed by day 17 [14]. This
study suggests that MIF interferes with and
affects the pluripotency of ESCs by promoting
embryonic stem cell to proliferation.

MIF activates the proliferation and differentia-
tion of neural stem and progenitor cells (NSPC)
through the well-known Wnt/B-catenin signal
pathway (Figure 1). NSPCs are self-renewing
cells that are responsible for the growth and
development of nervous tissue along with neu-
ral plasticity. A study by Zhang et al., (2013)
suggests that NSPCs proliferate more rapidly
with than without MIF stimulation. Immuno-
staining and Western blots were also per-
formed, and they showed a higher expression
of B-catenin in MIF stimulated mice compared
to the control (P<0.05), thereby suggesting that
MIF activates the Wnt/B-catenin signal path-
way. Cells were also treated with IWR-1, an
inhibitor of the Wnt/B-catenin pathway. IWR-1
caused decreased proliferation in the control
cells in comparison to the MIF cells, which
shows that MIF enhances the proliferation of
NSPC through the Wnt/B-catenin pathway [15].
However, the exact effect of MIF on NSPC dif-
ferentiation is still unknown.

MIF carcinogenic processes
MIFs cell cycle interactions

MIF has been shown to contribute to many dif-
ferent forms of cancer in multiple studies. MIF
is a regulator of the p53 signal pathway and
can physically interact with p53. MIF suppress-
es the activity of p53, which leads to the dereg-
ulation of the normal cell cycle [16]. In one
study conducted by Jung et al. (2008), it was
demonstrated that MIF can physically bind to
p53 in vivo. The study demonstrated that MIF
was present in the p53 immunoprecipitation
from three cell lines (293T, MCF7, and HCT116).
The cysteine residues present in each protein
interacted with one other, leading to the conclu-
sion that MIF negatively regulates p53 by stabi-
lizing the association between p53 and Mdm?2.
Further data from this study showed that the
overexpression of MIF leads to a decreased
expression of p21, BAX, and p53, further sup-
porting that MIF negatively regulates p53 [16].
MIF stabilize the bond between p53 and Mdm?2,
which renders p53 inactive and does not allow
it to perform its usual role. Since MIF function-
ally inactivates p53, cell cycle arrest and apop-
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tosis do not occur and mutations build up that
can lead to the progression of tumors [17].

MIF is also involved in the phosphoinositide-
3-kinase (PI3K)/Akt pathway, which plays a key
role in the development of tumors [18].
Activation of this pathway allows crucial cells to
withstand apoptosis. Upon AKT phosphoryla-
tion, BAD cannot inhibit the actions of Bcl-2,
which promotes cell survival. Lue et al. (2007)
investigated MIFs function and found that it
enhances Akt phosphorylation 3-6-fold. To see
if MIF was linked to PI3K, Ly294002 was used
to inhibit PI3K. The phosphorylation of Akt
induced by MIF was completely suppressed,
indicating that PI3K is necessary for activation.
Next, the interaction between MIF and its main
receptor, CD74, was studied. When mouse
embryonic fibroblast expressing high concen-
trations of CD74 were treated with recombinant
MIF, the Akt phosphorylation was enhanced up
to eightfold [18]. This study demonstrates that
MIF and CD74 initiate Akt activation and when
MIF is overexpressed, it causes crucial cells to
progress through the cell cycle via the PI3K/Akt
pathway.

MIF and angiogenesis

Tumor cell migration and angiogenic factors
have also been reported when MIF is highly
expressed. Vascular endothelial growth factor
(VEGF), hypoxia inducible factor 1 (HIF-1), and
other angiogenic factors are responsible for the
creation of new blood vessels. When cells are
exposed to hypoxic conditions, HIF-1 is upregu-
lated, which leads to a higher expression of
VEGF and other angiogenic factors. HIF-1 also
increases the production of MIF, which contrib-
utes to angiogenesis [19]. The study by Oda et
al. showed that the overexpression of MIF leads
to an increase in production of HIF-1a expres-
sion [17]. In a study by Veillat et al. (2010),
RT-PCR showed that levels of VEGF, IL-8, and
MCP-1 mRNAs were all increased after expo-
sure to MIF [20]. Both studies suggest that MIF
exerts an effect on angiogenic factors. Amin et
al. (2003) was able to stimulate angiogenesis
with MIF in vivo. In order to do so, a matrigel
plug angiogenesis assay was performed in the
corneas of mice. The hemoglobin content was
4 times higher with MIF compared to the con-
trol mice [21]. The plugs treated with MIF were
reported to have an increase in neovasculariza-
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tion. The purpose of the mouse corneal bioas-
say was to further define MIFs role in angiogen-
esis. In the presence of MIF, the angiogenic
response was similar to the positive control of
basic fibroblast growth factor (bFGF) and was
substantially higher than the negative control
[21]. Amin et al. demonstrated the pathway of
how MIF contributes to angiogenesis by inhibit-
ing the PI3K pathway. When this pathway was
inhibited angiogenesis did not occur, demon-
strating that MIF requires the PI3K pathway to
contribute to angiogenesis [21]. Though it does
in most cases, it is also of note that the MIF
required to induce neovascularization does not
have to come from the tumor itself. In the MIF-
negative 38C13 line of B-cell ymphoma, tumor
cells were found to be siphoning MIF from
CD31+ endothelial cells to support angiogene-
sis in the cancer [22].

MIF and metastasis

MIF leads to the metastasis of tumor cells by
decreasing the expression of E-cadherin and
increasing the expression of N-cadherin. Fun-
amizu et al. 2014 used mice overexpressing
MIF to further investigate the role of metastasis
in pancreatic cancer. The mice cells with over-
expressed MIF showed a significant (P<0.001)
increase in tumor growth compared to the con-
trol mice cells, which indicates that MIF accel-
erates the growth and metastasis of tumors in
pancreatic cancer [23]. E-cadherin (a cell adhe-
sion molecule) keeps cells in contact with the
basal membrane, and the downregulation of
E-cadherin can contribute to metastasis
through the disruption of cell to cell junctions
[24]. The decreased expression of E-cadherin
also promotes epithelial mesenchymal transi-
tion (EMT) and can lead to the establishment of
secondary tumors. EMT is a process that molds
epithelial cells to acquire characteristics of
mesenchymal cells, which in turn leads to inva-
sion and metastasis. In EMT, epithelial cells
lose their intercellular connections, separate
from their epithelial sheets, take on select
functions of a mesenchymal cell such as
enhanced migration, invasion, and resistance
to apoptosis, and increased expression of
matrix metalloproteinases [25]. Cancer cells
take advantage of EMT because it allows the
cells to progress to different areas and com-
mence cancer metastasis [26].
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MIF in specific cancers
Glioblastoma

In glioblastomas, MIF is expressed near areas
of necrosis. In a study conducted by Bacher et
al., (2003), MIF showed immunoreactivity in 17
out of 49 (35%) glioblastomas. MIF was fre-
quently observed in the cytoplasm of the large
tumor cells. In 16 samples, the p53 protein was
observed within the nucleus of the tumor.
Furthermore, within the group of the MIF posi-
tive tumors, 65% showed a co-localization with
p53. In normal brain tissue, MIF was either only
localized in scattered cells or not present at all,
suggesting that MIF is upregulated in GBM [27].
Indeed, it appears that MIF expression is highly
correlated with GBM, as was shown by Ha et al.
(2019) in their own study, in which they exam-
ined the expression of MIF in an independent
cohort of 168 samples of human GBM using
IHC. They found that, of the 168 patients, 113
(67%) expressed MIF. Furthermore, the health
outcomes and survival of the members of the
independent cohort were tracked, and they
showed that MIF expression in GBM led to sig-
nificantly diminished survival. More specifically,
the median survival time of individuals in the
independent cohort with MIF expression was
found to be 11.0 months, compared to only
19.0 months for those that did not express MIF
(P<0.0001) [28]. These findings corroborate
the idea that not only are GBMs tied to MIF
expression, but that they also produce worse
outcomes in the presence of MIF.

In the study by Bacher et al. a northern blot
analysis was also utilized in order to show that
MIF mRNA was drastically increased under
hypoxic and hypoglycemic conditions, which
are both activators of angiogenesis. MIF is
found in necrotic areas and in close proximity
to blood vessels in GBM, which are regions
associated with hypoxia [27]. This finding was
corroborated by Guo et al. (2017), who conduct-
ed double immunofluorescence staining in
samples of GBM in order to visualize the co-
localization of HIF1lx (an indicator of hypoxic
conditions) and MIF. Ultimately, it was found
that MIF was positively correlated with HIF1x
expression in GBM in general (P<0.0001) and
was positively correlated with HIF1a within the
low- and high-grade GBM subclasses (P<0.001)
as well [29]. These findings strengthen the idea
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that the presence of MIF is tied to hypoxic con-
ditions, and this may imply that MIF expression
can be regulated by hypoxia in GBM. Thus, we
can see that MIF contributes to angiogenesis
and inactivates p53 in GBM.

In an experimental study by Munaut et al.
(2002) the expression of MIF was seen in 35
out of 35 GBM, and this finding of a correlation
between MIF and GBM is supported by the Ha
et al. study, in which the presence of MIF was
verified in 113 of 168 GBM samples. In the
RT-PCR results of the Manaut et al. study, MIF
MRNA expression was at least twice as high
compared to normal brain tissue in 25% of the
samples. It was also demonstrated that the
expression of vascular endothelial growth fac-
tor mRNA was elevated in GBM compared to a
normal brain. The variance in expression of
VEGF mRNA in GBMs was similar to that of nor-
mal brains, up to a 15-fold increase. 70% of the
cases of GBM showed double MIF mRNA levels
of normal samples, and gRT-PCR showed a
strong correlation (P<0.001) between the
expression of MIF and VEGF mRNAs. From this
study, there is a clear correlation between MIF
and VEGF, demonstrating that MIF is involved in
angiogenesis in GBM. Furthermore, MIF and
VEGF may share a regulatory pathway that inac-
tivates p53, which is common for GBMs, and
increase the expression of VEGF [30].

Recombinant MIF has also been shown to
enhance the autophagy, migration, and colony
formation of glioblastomas in three cell lines by
Xu et al. 2016. The three GBM cell lines were
treated with rMIF, which strongly enhanced
actin polymerization in GBM cells. Next, Xu et
al. used Y27632, an inhibitor of ROCK1 activity,
to confirm that autophagy via ROCK1 is en-
hanced by MIF. The increased expression of
LC3B-Il that was induced by MIF was reverted
by the ROCK1 knockdown. The migration of the
three cell lines (U87, U251, and T98) was mea-
sured by the Transwell assay. This study showed
that rMIF promoted migration in all three cell
lines, and that Y27632 suppressed the migra-
tion induced by MIF [31]. These results demon-
strated that MIF interacts with ROCK1 in the
tumorigenesis process.

In GBM, MIF binds to CD74, an HLA class Il his-
tocompatibility antigen gamma chain. When
MIF is bound to CD74 and the complex becomes
phosphorylated, CD44 is recruited. This com-
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plex can activate the AKT pathway, which deliv-
ers a signal allowing cells to resist apoptosis
[32]. This occurs due to inactivation of the pro-
apoptotic proteins BAD and BAX. In a study con-
ducted by Presti et al. (2018), microarray analy-
sis showed that the expression of MIF was
upregulated in GBM compared to lower grade
gliomas. This study also showed higher levels
of CD74 and the co-receptor, CD44, associated
with MIF in GBM compared to lower grade glio-
mas [32]. These results show the association
between MIF and CD74 in GBM. In GBM, temo-
zolomide (TMZ) is the most used and effective
chemotherapeutic drugs, and the upregulation
of CD74 in GBM may be responsible for the
resistance to TMZ. In an experimental study
performed by Kitange et al. (2011) CD74 and
MIF mRNA demonstrate an inverse relationship
between CD74 mRNA expression levels and
TMZ responsiveness from a gRT-PCR analysis.
Mice with xenograft lines showing low (%
expression <10; n=105) and high (% expres-
sion 210; n=70) CD74 expression were also
used. The nude mice with lower expression sur-
vived significantly longer than the mice with
higher expression when treated with TMZ and,
on average, the mice with lower expression sur-
vived for 122 days while the mice with higher
expression survived for 62.5 days [33]. This
study shows MIF-CD74 signaling may possibly
contribute to the TMZ resistance.

Lung cancer

Lung cancer was the most common cancer in
2018 and has an estimated 5-year survival rate
of <16% [34]. MIF is a key regulator of tumor
growth and is also correlated with lung cancers.
The high expression of MIF promotes lung
tumor growth, and it should be looked at as a
therapeutic target in lung cancer due to its poor
prognosis and low survival rate. White et al.
(2003) showed that MIF levels are increased in
non-small cell lung cancer compared to normal
lung tissue. The level of MIF in 87 patients with
lung cancer was measured, and it was found
that 42 of the tumors had normal levels of MIF
compared to healthy lungs while 45 of the
tumors had elevated levels. This study also
involved a follow-up 16 months later, and 27 of
the 87 patients had a recurrence of lung can-
cer. Upon further analysis, it was seen that
when both VEGF and MIF were elevated, sur-
vival rate was significantly worse. Furthermore,
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for tumors in which MIF levels were normal,
there was no correlation between MIF and ves-
sel density. Comparatively, the tumors with
high levels of MIF were correlated with signifi-
cant strengthening of vessel density, and this
indicates that lung tumors highly expressing
MIF are more detrimental than tumors that do
not [35]. These findings, specifically the idea
that higher MIF expression is tied to worse sur-
vival rate was corroborated by Huang et al.
(2019), who analyzed a public database of
2437 non-small cell lung cancer samples for
MIF expression and outcomes. Their findings
indicated that levels of MIF were significantly
higher in patients that exhibited poor respon-
siveness to chemotherapeutic drugs and expe-
rienced worse outcomes (P<0.0001). The
results also found similar patterns for other
markers, specifically Src and CD155, and con-
cluded that MIF, SRC, and CD155 must interact
cooperatively in the promotion of tumor pro-
gression [36].

The study by Li et al. (2018) demonstrated that
MIF promotes cell proliferation and the Warburg
effect in lung cancer. The expression of MIF
was detected by RT-gPCR in seven lung cancer
cell lines, and the overexpression of MIF was
analyzed in the H524 cells, leading to findings
that MIF significantly promoted the Warburg
effect (the phenomenon in which cancer cells
utilize aerobic glycolysis instead of oxidative
phosphorylation) while the knockout of MIF in
the H358 cells inhibited the Warburg effect.
These results support the conclusion that MIF
contributes to the promotion of the Warburg
effect in lung cancer. The activation of HIF-1x
by MIF was studied to determine how MIF regu-
lates the Warburg effect. From a Western blot
analysis, it was shown that MIF overexpression
promotes the upregulation of HIF-1a [34]. This
indicates that MIF promotes the Warburg effect
and the upregulation of HIF-1x, which promotes
angiogenesis in lung cancer.

Potential methods of treatment for MIF-me-
diated non-small cell lung cancers have also
been explored. In their study, Goto et al. (2017)
explored the utility of miR-451 (a tumor sup-
pressive micro RNA). They cultured cell lines
with MIF and without miR-451 and, as expect-
ed, observed a direct relationship between MIF
expression and cell proliferation and migra-
tion. However, upon induction of miR-451, they
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observed significant reductions in cell prolifera-
tion and migration in cell lines that expressed
MIF (P<0.005) [37]. As such, it can be seen that
miR-451 represents a potential agent to target
and inhibit MIF function in non-small cell lung
cancers.

Other inhibitors of MIF have also been explored
as potential avenues for development of treat-
ments for lung cancer. Mawhinney et al. (2015)
studied SCD-19 and determined it to be the
most effective inhibitor of MIFs tautomeric
enzymatic activity. As it was found that MIF
directly promoted proliferation in Lewis lung
carcinoma (LLC), LLC cells were treated with
SCD-19 in vitro. It was found that the rate of cell
growth was reduced by 47% compared to the
control. SCD-19 treatment was then used in
vivo, and mice were treated with 35 mg/kg of
SCD-19 intraperitoneally twice a week, which
resulted in a 90% reduction of tumor volume
compared to the control [38]. This experiment
shows that MIF enhances tumor growth, and
the inhibition of MIF may be a future treatment
for lung cancer.

Breast cancer

Breast cancer was the second most common
cancer in 2018 and is also characterized by
high MIF expression. As a result, MIF (or, more
specifically, particular MIF variants) have been
shown to function as high-fidelity predictors of
increased breast cancer risk. Lin et al. (2016)
studied samples from 560 breast cancer pa-
tients and sequenced the DNA of the samples.
As a result, they observed that in individuals
with the rs755622 MIF variant (the most com-
mon MIF variant), individuals with three specific
genotypes: C/G, C/C, and C/G-C/C exhibited
a significantly higher likelihood of developing
breast cancer than other genotypes (P=0.004)
[39].

The function of MIF as an agent in breast can-
cer tumor progression has also been studied.
Verjans et al. (2009) used qPCR and Western
blots to study the levels of MIF in non-cancer-
ous epithelial breast cells (MCF-12A), invasive
(MDA-MB-231), and non-invasive (MDA-MB-
468 and ZR-75-1) breast cancer cell lines [40].
Surprisingly, MIF was upregulated in non-inva-
sive cell lines, whereas the invasive cell line
exhibited significantly lower levels of MIF
Constitutive expression of MIF was not found in
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the non-cancerous cells. Next, expression lev-
els of the MIF receptor (CD74) were tested. The
non-invasive cell lines showed a weak expres-
sion of CD74, while the invasive cell line exhib-
ited the highest level of expression [40]. The
high expression of CD74 in the invasive cell line
may be due to their intracellular location. Ov-
erall, this data indicates that invasive breast
cancer cells may be prone to stimulation with
MIF. Next, the authors compared the prolifera-
tion rates of breast tumors. The invasive breast
cancer cells proliferated at the highest rate, 7.8
times the non-cancerous proliferation rate,
while the non-invasive cells proliferated at 2.1
times the rate of the non-cancerous cells [40].
The invasive cells were then treated with
recombinant MIF (rMIF), which promoted the
migration and invasion of breast cancer. The
results from Verjans et al. show that MIF con-
tributes to migration and invasion.

Wang et al. (2019) observed variation of MIF
expression levels in luminal vs. triple negative
(basal-like) breast cancer. Through an analysis
of MIF expression in the UALCAN database, it
was found that levels of MIF expression are
higher in triple negative breast cancer samples
(n=166) than in luminal breast cancer samples
(n=566), (P<0.05). This research also corrobo-
rated the study by Verejans et al., elucidating
the relationship between MIF expression and
cancer survival. Through the analysis of MIF
MRNA expression levels in microarray data
from 3951 patients and the development of
Kaplan-Meier survival curves, it was found that
increased levels of MIF expression are associ-
ated with reduced surival rate (P<0.01) [41].

Xu et al. (2008) showed that MIF also induces
angiogenesis in human breast cancer cells
[42]. In this study, 20 normal breast tissues
and 121 cancerous breast tissue were ob-
tained. Out of the 121 cancerous tissues, 36
samples (29.8%) showed an overexpression of
MIF. The study found that patients with MIF
positive tumors exhibited a lower mean survival
(115.6 months versus 108.2 months), signifi-
cantly worse disease-free survival (P=0.029),
and increased IL-8 levels compared to patients
with MIF negative tumors [42]. Increased IL-8,
along with VEGF, may contribute to angiogene-
sis and tumor growth. Richard et al. (2014)
looked at the interactions between MIF and
CD74 to show their involvement in tumorigene-
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sis [43]. ELISA results had shown that MIF lev-
els in the serum of 36 breast cancer patients
were four-fold higher than in healthy individu-
als. Next, immunohistochemistry showed that
stromal CD74 expression correlated with triple-
negative receptor status and the absence of
estrogen receptors [43]. This study concludes
by suggesting that MIF/CD74 could be targeted
with anti-angiogenic drugs in the treatment of
triple-negative breast cancer. MIF over expres-
sion is partly due to its stabilization by HSP9O
and HIF1lx [44].

Gastric cancer

He et al. (2006) showed that MIF is expressed
in 12% of normal mucosa, 52% of gastritis,
66% of intestinal metaplasia, and 96% of gas-
tric cancers [45]. He et al. (2015) also showed
that MIF is highly expressed in gastric tumors
from a microarray containing 117 samples of
gastric cancer and adjacent non-cancerous
normal tissue [46]. This was further confirmed
by Western blot analysis, which showed that
MIF was expressed in all five gastric cell lines
(AGS, MKN-28, MKN-45, SGC-7901 and BCG-
823). The elevated level of MIF expression in
gastric cancer was supported by Yoon et al.,
who analyzed gastric tissue samples from 371
individuals, in which 206 individuals had gas-
tric cancer and 165 did not. Upon study of MIF
levels in the tissue, it was observed that the tis-
sue from individuals with gastric cancer had
more than double the level of MIF expression
when compared to tissue from individuals with-
out cancer (P=0.001) [47]. As such, it can be
seen that MIF expression is a major differenti-
ating factor between samples with and without
gastric cancer. MIF is also a poor prognosis fac-
tor in gastric cancer; when overexpressed the
mean survival time is only 24.2 months as com-
pared to 47 months in cancers with low MIF
expression. Additionally, MIF knockout showed
inhibited proliferation of gastric cancer cells, a
finding that furthers the importance of MIF
inhibitors in cancer treatment [46].

Zheng et al. (2012) collected 120 samples of
gastric cancer tissue to find the relation be-
tween MIF and CD74 in gastric cancer. CD74
was observed in 100 of the 120 samples (81%),
while MIF was observed in 97 of the 120 sam-
ples (81%) [48]. Zheng et al. incubated rMIF
with MKN-45 cells (gastric cancer cell line).
This was immunoprecipitated by the MIF anti-
body and a Western blot of this revealed that
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CD74 was coprecipitated with MIF [47]. This
study suggests that CD74 and MIF can form a
complex that promotes cell proliferation. Kong
et al. (2018), through the use of western blots
of gastric cancer cell lines along with either
anti-MIF antibodies or anti-p53 antibodies, not
only determined that MIF physically binds to
p53 in gastric cancer cells, but also found that
increases and decreases in MIF expression
produced a parallel affect in p53 expression.
The role of the ZFPM2-AS1 gene was also stud-
ied using a western blot and RT-PCR analysis,
and the findings indicated that in gastric cancer
cells, deregulation of ZFPM2-AS1 led to de-
creased mRNA and protein expression of mol-
ecules downstream of p53. As such, a potential
mechanism through which MIF affects gastric
oncogenesis was proposed: that an increase in
ZFPM2-AS1 expression increases MIF expres-
sion, which binds to and suppresses the ability
of p53 to translocate into the nucleus and
thereby causes increased growth and prolifera-
tion of gastric cancer cells [49].

Melanoma

MIF has also been observed in the most com-
mon type of skin cancer, melanoma. Using MIF
knockdowns in melanoma cell lines, Oliveira et
al. (2014) showed a substantial reduction of
MIF in the cell lysates compared to a negative
control. Both cell lines gave an equal biological
response, which shows MIF can increase the
proliferation rate of cells, a finding corroborat-
ed by the fact that MIF knockdown showed a
2-3 fold increase in apoptosis [50]. Higher lev-
els of MIF did not affect patient outcome; how-
ever, elevated levels of MIF did correspond to
faster recurrence in melanoma [51].

Yaddanapudi et al. (2017) collected peripheral
blood from 27 patients with stage Ill or IV meta-
static melanoma and from 12 healthy individu-
als. The frequency and phenotypes of mono-
cytic myeloid-derived suppressor cells (MDSCs)
were tested for using FACS analysis. MDSCs
were found to be significantly elevated in the
cancerous cells compared to the control. Next,
the effects of the inhibition of MIF with 4-IPP =
was tested in MDSCs. Addition of 4-IPP to the
A375 melanoma cell line resulted in the reduc-
tion of CD14, CD33, and PD-L1, an increase in
DC-SIGN expression, as well as a reduction of
MDSCs suppressive effects on T cell activation
[52]. The inhibition of MIF in the A375 cell line
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showed a reversion of gene production compa-
rable to tumor free cells [52]. Yaddanapudi et
al. results show that MIF is pro-tumorigenic,
and inhibition of MIF may be a therapeutic tar-
get to look at in melanomas.

Additionally, MIF overexpression in melanoma
appears to play a significant role in angiogene-
sis. This finding was supported both in vivo
using a melanoma-bearing rodent model, wh-
ere treatment with anti-MIF antibodies led to a
reduction in angiogenesis, as well as in the
B16-F10 cell line where the introduction of
interfering MIF RNA significantly decreased
tumor vascularization [53, 54]. Though molecu-
lar alterations of MIF have only been found in
1% of melanomas, these alterations (most of
which were amplifications) may be a key driver
of metastatic disease as they were associated
with significantly lower overall and relapse-free
survival in a 2019 study by Soumov et al. [55].
The role of MIF in promoting metastasis is fur-
thered by Yaddanapudi et al., who observed
that MIF knockout in rodent models protected
against the development of lung metastasis in
melanomas [56].

Bladder cancer

Bladder cancer is the 9th most common human
malignancy and 13th most common cause of
cancer death, leading to approximately 16,000
deaths in 2015 [55]. In 2004, Meyer-Siegler
first discovered MIF in bladder cancer localized
throughout the urothelial cytoplasm [57]. HT-
1376 cells were treated with Hyaluronan or
anti-MIF antibodies. The anti-MIF treatment
resulted in a significant decrease in cell prolif-
eration (P<0.01), showing that MIF promotes
proliferation in bladder cancer [57]. This finding
is corroborated by Gai et al. (2018), who stud-
ied the effects of CD74 knockdown in HT-1376
cells. Knockdown of CD74 resulted in decreased
cell proliferation, tumor volume, and angiogen-
esis compared to MIF-positive controls [58]. It
is hypothesized that when active, MIF and CD74
promote tumor growth and angiogenesis
through upregulation of the ERK1/2 and PI3K/
AKT pathways.

Another hallmark of MIF in bladder cancers is
an increase in the levels of products that medi-
ate decreases in apoptosis and, as discussed
earlier, increased angiogenesis. To determine
the role of MIF in bladder cancer, Taylor et al.
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gave MIF knockout and wild-type mice a known
carcinogen and studied tumor progression
[46]. They found MIF knockout mice to exhibit
lower tumor staging with no invasion into the
muscles, while the MIF wild-type mice had high-
er staging and muscle invasion. It has been
determined that MIF increases stromal vascu-
larity, leading to the development of muscle
invasive bladder cancers as seen in Taylor et al.
study. Further, MIF activation also recruits the
accumulation of myeloid-derived suppressor
cells (MDSCs) via activation of CXCL2/MIF-
CXCR2 by simultaneous activation of mitogen-
activated protein kinase and nuclear factor
kappa B pathways [59].

As in other cancers, MIF is also thought to pro-
mote the development of bladder cancers in
part through the induction of chronic inflamma-
tion. In healthy individuals, anti-thrombin I
(ATIIl) complexes with MIF, a process known to
reduce MIF’s biological activity and attenuate
the cytokine’s pro-inflammatory effects [60]. In
a 2013 study, it was found that despite in-
creased serum levels of MIF in patients with
bladder cancer (n=50) as compared to controls
(n=50), the level of MIF-ATIIl complexes was sig-
nificantly decreased [60]. It can then be ob-
served that overexpression of MIF contributes
to tumor aggression in a number of ways:
through inducing angiogenesis, promoting sys-
temic inflammation, and increasing cell pro-
liferation.

Head and neck cancer

Head and neck squamous cell carcinoma (HN-
SCC) accounts for 90% of head and neck can-
cers and is the sixth most common cancer
worldwide [61]. The five-year disease-free sur-
vival is only about 50%, therefore new biomark-
ers to detect HNSCC, such as MIF, are needed.
Kindt el al. (2019) looked into MIFs involvement
with HNSCC and its relationship to human pap-
illomavirus (HPV), as. MIF is expressed three
times greater in HPV-positive cell lines than in
HPV-negative cell lines [62]. Western blotting of
from HPV-positive and HPV-negative cell lines
demonstrated that HPV-positive cell lines
expressed more HIF-1«, which in turn leads to
an increase of MIF secretion and tumor angio-
genesis in HPV positive cell lines [62].
Regardless of HPV status, however, elevated
MIF expression has been uniformly observed
as a biomarker in HNSCC [63].
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Table 1. Overview of the most studied MIF inhibitors

Class Compound Function IC50 Value
Phenyl-pyrimidine 4-IPP Reduces AKT phosphorylation allowing for cell death [54, 66] 0.2-0.5
Isocoumarin SCD-19 Decreased size of LLC tumor by 90% & capable of 100% MIF inhibition [33] N/A
Isoxazoline 1SO-1 40% inhibition of MIF & reduction of cell growth in melanoma, prostate, and colon cancer [66] 24
1ISO-66 Enhances lymphocyte cell cytotoxicity and suppresses tumor growth [54, 66] 1.5
CPSI-1306 Increases p53 expression and decreases cell proliferation [66] N/A
CPSI-2705  Decreases growth of tumors and progression of bladder cancer [66] N/A

In a clinical study by Kindt et al. (2013) involv-
ing HNSCC patients (h=66) and healthy individ-
uals (n=16), it was found that elevated MIF lev-
els lead to an unfavorable prognosis as patients
with high MIF expression showed recurrence,
nodal metastasis, and an overall lower survival
time [64]. After looking at the clinical data,
Kindt et al. looked at MIF experimentally. They
knocked down MIF in the SCCVII cell line, which
was shown to decrease the rate at which cells
proliferate and compared to the control.
Syngeneic mice were then used to study MIFs
effect in vivo. The mice with decreased MIF
expression had delayed tumor appearance,
better survival rates, and were more respon-
sive to chemotherapy [64]. MIF is also reported
to be involved in the progression, invasion and
proliferation of HNSCC, and upon treatment
with milatuzumab and inhibitors of Src-1, the
tumors showed a reduction in growth [63]. A
study by Lo et al. (2013) further implicates MIFs
role in tumor progression, as inoculation of
nasopharyngeal carcinoma tumor spheres with
MIF siRNAs also led to a marked reduction in
growth [65].

MIF inhibitors

Due to MIFs aggressive role in cancer, inhibi-
tors may potentially provide a therapeutic ben-
efit. The most studied MIF inhibitors will be
reviewed here and are shown in Table 1.
Isoxazoline inhibitor, 1ISO-1, inhibits MIFs tau-
tomerase activity by binding to the active site of
MIF [66]. Through this mechanism ISO-1 has
been shown to significantly reduce prostate
cancer, colon cancer, and melanoma cell gro-
wth and proliferation [54]. Another Isoxazoline
MIF inhibitor, ISO-66, suppresses tumor growth
in colon cancer and melanomas by enhancing
the cytotoxicity of lymphocytes [61].

Additionally, the inhibitor 4-1PP works by inhibit-
ing the MIF/CD74 pathway and reduces AKT
phosphorylation, leading to increased cell dea-
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th in tumors [62]. In 2015, Varinelli et al. experi-
mentally determined that 4-IPP inhibits the cell
growth of thyroid cancer by blocking MIF/CD74
internalization and activating JNK, inducing
apoptosis [63]. A second study was also able to
demonstrate 4-IPP’s effectiveness, showing
that 4-IPP inhibited the proliferation and migra-
tion of SCCVII cancer cells by arresting them in
the G2/M phase of the cell cycle [64]. CPSI
1306 and 2705 are another group of MIF inhib-
itors that may hold promise. In 2013, Choudhary
et al. orally administered CPSI 1306 and 2705
to mice with bladder cancer [63]. The drugs
were found to decrease the growth and pro-
gression of bladder cancer in vivo. When com-
pared to ISO-1, CPSI 1306 and 2705 are 100
times and 10 times more potent, respectively,
a finding that may indicate these to be superior
treatment options [63]. Further studies by
Nagarajan et al. 2014 used CPSI-1306 to study
MIF in squamous cell carcinoma in mice. When
the mice were treated with CPSI-1306, skin
thickness and cell proliferation decreased, and
p53 expression increased. In 2015, Mawhinney
et al. treated LLC cells with SCD-19, which dem-
onstrated its effectiveness by showing a 90%
reduction in the tumor compared to controls
[31]. Whether it is through inducing apoptosis,
reducing proliferation, or inhibiting enzymatic
activity, experimental studies have shown that
MIF inhibitors attenuate cancer in many ways.
Utilizing these inhibitors in future clinical trials
may provide further insight into their viability as
cancer therapies.

Conclusions and future perspectives

In conclusion, MIF is a cytokine secreted by
many different types of cells that exhibits a
variety of biological functions. It is a key regula-
tor of the immune system, controls inflamma-
tion, and its overexpression can contribute to
the development of many different types of
cancers. MIF promotes the proliferation, migra-
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tion, and invasion of nearly all cancers. High
expression of MIF also leads to angiogenesis.
Additionally, MIF defines the association be-
tween chronic inflammation and cancer, as
high MIF expression in cancer cells leads to a
worse patient survival time and a more aggres-
sive cancer. With regards to its viability as a
treatment option, experimental studies on MIF
inhibitors look promising, and may lead to a lon-
ger patient survival time and a better prognosis
for certain cancers. The continued investiga-
tion of existing MIF inhibitors will be crucial
toward determining their effectiveness in treat-
ing cancer.
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