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Abstract
Macrophage migration inhibitory factor (MIF) is a pro-inflammatory cytokine that is Key Words
over-expressed in several human neoplastic cells. When MIF binds its receptor (CD74) and » papillary thyroid carcinoma
co-receptor (CD44), it initiates signaling cascades that orchestrate cell proliferation and » anaplastic thyroid carcinoma
survival, and it can directly modulate the activity of AMPK. These activities indicate that » macrophage migration
MIF potentially regulates cell survival and metabolism. We found that MIF was primarily inhibitory factor
co-expressed with CD74 in 16 out of 23 papillary thyroid carcinoma (PTC) and in all the » CD74
27 available anaplastic thyroid carcinoma (ATC) biopsy samples. MIF and CD74 were > 4-pP
co-expressed in TPC-1 and HTC-C3 cell lines. The selective MIF inhibitor, 4-iodo-6- > AMPK

» endoreduplication

phenylpyrimidine (4-1PP), blocked MIF/CD74 internalization, activated JNK, and dose-

dependently inhibited proliferation inducing apoptosis and mitotic cell death. In two
CD74-negative cell lines, NIM-1 and K1, 4-IPP treatment partially reduced proliferation.
Coordinated MIF and CD74 expression appeared to confer in tumor cells the plasticity
necessary to escape cell cycle regulation, metabolic changes, and stress conditions. MIF/CD74
signaling removal made cells susceptible to apoptosis and mitotic cell death. This finding
suggests a possible avenue for targeting DNA endoreduplication, thus preventing the
proliferation of therapy-resistant cell subpopulations. This study highlights MIF/CD74 axis as

an important player in the biology of aggressive thyroid neoplasms.

Endocrine-Related Cancer
(2015) 22, 759-775

Introduction

Macrophage migration inhibitory factor (MIF), a pleio-
tropic cytokine with inflammatory function and oxido-
reductase activity, plays an essential role in both innate
and adaptive immune responses. MIF antagonizes gluco-
corticoid immunosuppression, and it is implicated in the
production of tumor necrosis factor « (TNFa) and nitric
oxide (Bucala 2013). MIF also plays a role in cellular

responses to DNA damage and cell cycle regulation
(Nemajerova etal. 2007), and it affects glucose homeostasis
through various pathways (Toso et al. 2008). MIF has been
implicated in several disease conditions, including
rheumatoid arthritis (Morand et al. 2006) sepsis (Calandra
& Roger 2003), diabetes (Sanchez-Zamora & Rodriguez-
Sosa 2014), and cancer (Candido & Hagemann 2013).
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In cancer, MIF promotes growth, cell cycle progression,
and angiogenesis. MIF signaling is mediated by interacting
with CD74, a single-pass, type Il membrane receptor, also
known as the MHC class II chaperone invariant chain
(Sanchez-Nino etal. 2013). MIF binding to the extracellular
domain of CD74 stimulates rapid, sustained activation of
ERK-MAP signaling (Leng et al. 2003), phosphatidyl-
inositol-3/protein kinase B (PI3K/AKT) signaling (Lue
et al. 2007), and Src signaling through CD44 recruitment
(Shi et al. 2006). MIF binding to the CD74/CD44 complex
regulates cell survival and proliferation by inhibiting
apoptosis and activating prostaglandin E, production in a
variety of cell types (Startlets et al. 2006). In some immune
processes, MIF acts as a non-cognate ligand of chemokine
receptors, CXCR2 and CXCR4. Biochemical evidence
suggests that, upon MIF stimulation, these receptors may
act as additional, signal-transducing CD74 co-receptors
(Klasen et al. 2014).

Recent findings indicated that MIF binding to CD74
stimulated heart and muscle glucose uptake, and that the
autocrine/paracrine effects of endogenous cardiac MIF
contributed to AMP-activated protein kinase (AMPK)
activation and glucose uptake during ischemia (Wang
et al. 2014). Moreover, MIF can operate intracellularly in
protein-protein interactions with proteins that modulate
the intracellular redox state (Thiele & Bernhagen 2005)
and with several key proteins that govern the cell cycle.
MIF antagonizes Jabl-dependent cell-cycle control by
regulating the Skp1-Cullin-1-F-box (SCF) ubiquitin E3
ligase complex, which coordinates ubiquitin-mediated
destruction of two inhibitors of cyclin-dependent kinases,
cyclins p21 and p27 (Fingerle-Rowson & Petrenko 2007).
Additionally, through a mechanism not fully understood,
MIF inhibition of Jabl also negatively modulates the
JNK-mediated stress response (Kleemann et al. 2000).

Papillary thyroid cancer outcomes are generally favor-
able, but up to 30% of patients relapse after an initial
treatment with curative intent, and 15% die from the disease
(Kloos 2005). Surgery and radioactive iodine therapy
effectively treat the majority of cases. However, effective
options for systemic therapy are limited in patients with
advanced, unresecatable, radioiodine-refractory thyroid
cancer. Novel therapeutic approaches are required to treat
anaplastic and poorly differentiated thyroid carcinoma,
which are often resistant to current available therapies.
Treatments for advanced thyroid cancer will require more
insight into thyroid carcinogenesis (Kojic et al. 2011).

In this study, we show the elevated expression of MIF
and CD74 in papillary and anaplastic thyroid cancer samples
and cell lines. By in vitro experiments using cell lines we
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observed that 4-iodo-6-phenylpyrimidine (4-IPP) pertur-
bation of MIF/CD74 axis coincided with the loss of signaling
pathways that regulate salvage pathways of endoreduplica-
ted/tetraploid cells. A caveat of these effects is that
MIF/CD74 positive cell lines were a mixture of diploid and
tetraploid cells. Targeting tetraploid cancer cells is an
important goal, particularly given the potential involve-
ment of these cells in tumor progression, therapy resistance,
and aneuploidy. Our data support that MIF/CD74 signaling
pathway may represent a potential therapeutic target for
patients with anaplastic thyroid carcinoma (ATC).

Materials and methods
Cell culture and drug treatment

The papillary thyroid carcinoma (PTC)-derived cell lines,
TPC-1, NIM-1, K1, and B-CPAP were obtained from America
Type Culture Collection (ATCC, Rockville, MD, USA). The
ATC-derived cell line, HTC-C3 was obtained from Riken
Gene Bank (RGB, Koyadai, Tsukuba Science City, Japan).
Cell lines were authenticated by the Fragment Analysis
Facility at Istituto Nazionale dei Tumori, Milan, Italy, with
the StemElite ID System (Promega). The short tandem
repeat (STR) DNA profile was matched to the original DNA
profile in the cell line, as previously described (Schweppe
et al. 2008). Cells were routinely tested for mycoplasma.
TPC-1, NIM-1, B-CPAP and HTC-C3 cells were grown in
DMEM (Gibco) supplemented with 10% fetal bovine serum
(FBS; HyClone Laboratories, Logan, UT, USA) and 1 mM
sodium pyruvate. K1 cells were grown in DMEM:
Ham’sF12:MCDB (2:1:1) (Gibco) supplemented with 10%
FBS (HyClone Laboratories). For cell treatments, 88.5 mM
of 4-IPP (Calbiochem) in 100% DMSO was diluted directly
in the cell culture medium to achieve the working
concentrations. The final solvent concentration was
<0.1% for all samples, including controls.

For immunochemistry, TPC-1 and NIM-1 cell lines
were treated with the following antibodies: anti-CD74,
anti-MIF (Abcam, Inc., Cambridge, UK), and an anti-
mouse 1gG1 (Sigma-Aldrich) as control. The antibodies
were diluted directly in the cell culture medium to achieve
the working concentrations. In all experiments, cell lines
have been used at passage five and maintained in culture
until the twentieth passage.

Proliferation assay and immunofluorescence

The sulforhodamine B (SRB) proliferation assay (Sigma-—
Aldrich) and immunofluorescence experiments were
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performed as previously described (Caccia et al. 2010). PTC
and ATC cells were stained with fluorescent phalloidin
(Sigma-Aldrich) for visualizing the cytoskeleton, with
diamidino-2-phenylindole (DAPI) (Biostatus Limited,
Leicestershire, UK) as a nuclear marker, with anti-B-tubulin
(Sigma-Aldrich) for visualizing microtubules organization
and with anti-phospho-histone H3 (S10) (Abcam, Inc.) for
visualizing histone H3. Slides were imaged with immuno-
fluorescence microscopy (Eclipse E1000; Nikon Instru-
ments, Inc., NY, USA).

FACS analysis

PTC cell lines (TPC-1 and K1) were seeded on 100-mm
tissue culture plates, incubated for 18 h, then treated with
drugs for O, 12, 24, 48, or 72 h. Next, FACS analysis was
performed as previously described (Caccia et al. 2010).

Sample preparation, SDS-PAGE, and immunoblotting

PTC and ATC cell lines (TPC-1, K1, NIM-1, B-CPAP and
HTC-C3) were seeded at 12.5 X 10% cells/cm?, cultured for
18 h, and exposed to drugs for the times indicated.
Cell pellets were solubilized as previously described
(Caccia et al. 2010). Normal, papillary and anaplastic
frozen tissue samples (~50 mg) were homogenized and
solubilized as previously described. Protein concentrations
were determined with the bicinchoninic acid (BCA) assay
(Bio-Rad Laboratories). Protein separation by electro-
phoresis (SDS-PAGE) and electroblotting were performed
as previously described (Gorla et al. 2009) western
blot quantifications were performed using Quantity one
software (Bio-Rad).

Tissue specimens

Thyroid samples were collected at the Deparment of
Pathology at Fondazione IRCCS Istituto Nazionale dei
Tumori, Milano (INT). The PTCs (n=23) and ATCs (n=27)
were classified according to WHO Classification (Delellis
et al. 2004). The non-neoplastic thyroid tissues (n=27)
were from patients with pathologies other than thyroid
tumors. The study was performed in accordance with the
Declaration of Helsinki Principles.

Immunohistochemistry

Immunohistochemistry was performed with 3-pm,
formalin-fixed, paraffin-embedded tissue sections. Tissues
were stained with hematoxylin eosin or probed with
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mouse MAB against CD74 (LN2; diluted 1:100; Abcam,
Inc.) and against MIF (4E4; diluted 1:200; Abcam, Inc.).
Immunohistochemistry was performed with an auto-
mated immunostainer (BenchMark Ultra, Ventana
Medical Systems, Inc., Tucson, AZ, USA) according to the
manufacturer’s instructions.

Feulgen reaction

Feulgen reaction was performed with FEULGEN reaction
for DNA kit (Bio-Optica Milano SpA, Milano, Italy) on
3-uM frozen tissue sections derived from normal thyroid
tissues, PTCs and ATCs sample tissues according to
manufacturer’s instructions.

siRNA transfection

TPC-1 cells were seeded at 3 10* cells/cm?, cultured for
18 h, and transfected with siRNA against the MIF
sequence, according to the siIMPORTER method
(Upstate). After 72h, the cells were lysed and lysates
were analyzed by western blotting. The siRNA controls
were siRNA non-targeting (NT) and siRNA mock.

MIF labeling and uptake experiments

Recombinant human MIF protein (rMIF, Cell Guidance
Systems, Cambridge, UK) was conjugated with the
AlexaFlour 546/488 dye with the Microscale Protein
Labeling Kit (A30006; Invitrogen). PTC cell lines were
seeded at 12.5X 10* cells/cm? and cultured for 18 h. The
medium was removed, and cells were washed twice
with PBS to remove endogenous MIF. Alexa®**MIF
or Alexa*®®MIF (pre-treated overnight with 4-IPP or
untreated) was added directly to fresh culture medium to
achieve a final concentration of 400 ng/ml, and cells were
cultured at 37 °C. After 0, 30, or 60 min, cells were washed,
fixed in 4% paraformaldehyde, and stained with
anti-CD74 (ImmunoTools, Friesoythe, Deutschland),
anti-CD44 (Cell Signaling Technology, Inc., Boston, MA,
USA), or anti-CXCR4 (Abcam, Inc.). DAPI stain (Biostatus
Limited) was used as a nuclear marker. Slides were imaged
with immunofluorescence microscopy (Eclipse E1000;
Nikon Instruments, Inc.).

nLC-MS/MS analysis and isotope dilution mass
spectrometry analysis

TPC-1 cells were treated with 50 or 100 uM 4-IPP. After
24 h, proteins secreted in the medium (secretome) by

http://erc.endocrinology-journals.org
DOI: 10.1530/ERC-15-0299

© 2015 Society for Endocrinology
Printed in Great Britain

Published by Bioscientifica Ltd.


http://erc.endocrinology-journals.org
http://dx.doi.org/10.1530/ERC-15-0299

Endocrine-Related Cancer

TPC-1 cells were collected and identified, as previously
described (Caccia et al. 2011). Also, after 24 h, TPC-1 cells
treated with 100 uM 4-IPP were lysed; the lysate was
analyzed by isotope dilution mass spectrometry, as
previously described (Leoni et al. 2012).

Antibodies

The following antibodies were used for immunoblotting:
anti-CD74, anti-MIF, anti-securin, anti-CXCR4, anti-
phospho-histone H3 (S10) (Abcam, Inc.), anti-cyclin Bl
(Santa Cruz Biotechnologyies), anti-phospho-JNK (T183/Y182),
anti-phospho-p38MAPK  (T180/Y182), anti-phospho-Akt
(Ser 473), anti-Jab1l, anti-cleavedPARP, anti-CD44, anti-
phospho-AMPKa. (T172), anti-AMPKe, anti-BCL2, anti-
phospho-mTOR (S2448), anti-mTOR, anti-phospho-p70
S6 kinase (T389), anti-p70 S6 kinase, anti-cyclin D1, anti-
ERK1/2 (Cell Signaling Technology, Inc.), anti-phospho-
ERK1/2 (T183/Y18S5), anti-B-tubulin (Sigma-Aldrich).

Statistical and pathway analysis

Each experiment was performed at least three times. The
statistical significance of the results was determined using
Student’s t-test. Data were considered significant when
P<0.05. Biological processes of significant proteins were
analyzed with MetaCore (Thomson Reuters, Philadelphia,
PA, USA). P values reflect the probability that one or more
proteins might be detected by chance. Statistical signi-
ficance was ascertained with a false discovery rate (FDR)
threshold of <0.05.

Results
CD74 was up-regulated in a large subset of PTC cells

CD74 and MIF expression patterns were investigated in
27 normal (including three cases of Hashimoto’s
thyroiditis), and 23 PTC tumor tissues with western blot
analysis. PTC samples showed higher levels of CD74 than
normal thyroid tissues (Fig. 1A). In addition, expression
levels of the main MIF receptor, CD74, and a key MIF/CD74
downstream effector, cyclin-D1 were elevated in PTC
samples compared to normal thyroid tissue (Fig. 1A). MIF
and Jab1 protein levels were similar in PTC and normal
tissues. Phospho-ERK (pERK) expression was variable
among the different PTC samples. However, we noted
that tumors with high levels of MIF and Jab1 exhibited low
levels of pERK. Conversely, tumors with low Jab1l levels
exhibited high levels of pERK (eg, PTC 3 and PTC 6 samples;
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Fig. 1A). The most representative sections from normal
(NT) and neoplastic thyroid tissues (PTC) (NT 3, NT 5, NT 7,
PTC6,PTC9,PTC11, and PTC 12) were immunostained for
MIF and CD74 (Fig. 1B). Normal follicular cells exhibited
strong perinuclear positivity for MIF, but endothelial cells
and smooth muscle cells were MIF-negative. MIF was
strongly expressed in all PTC samples tested and its staining
pattern was mainly cytoplasmic (Fig. 1B).

CD74 immunostaining exhibited a weak cytoplasmic
signal with a dot-like pattern in normal follicular
epithelial cells. Scattered follicles showed stronger posi-
tivity. CD74 was also detected in endothelial cells,
histiocytes, and lymphocytes when present. In some
neoplastic tissues, CD74 staining was weak or moderate
in 10-20% of tumor cells but, in other cases, staining was
moderate in >60% of tumor cells. The staining pattern
was always cytoplasmic and membranous (Fig. 1B).

Expression patterns of MIF and MIF-receptors in human
PTC cell lines

MIF is expressed in thyroid tumors and normal thyroid
tissues. The main MIF receptor, CD74, was also detected in a
fraction (70%) of neoplastic tissues; CD74 was expressed in
both epithelial and stromal compartments. This suggested
that MIF and CD74 might play a functional role in
conferring activities essential for tumor cell survival. There-
fore, we assessed MIF protein levels in a panel of four
PTC-derived cell lines, TPC-1, K1, NIM-1, and B-CPAP cells.
In western blot analyses, we found that all four cell lines
expressed high levels of MIF in both cell lysates and
conditioned media (Fig. 2A). We also assessed the expression
of MIF receptors, CD44, CXCR4, and CD74, and the
intracellular binding partner, Jabl. Western blotting
showed that high levels of CD44, CXCR4, and Jabl were
expressed in all four PTC-derived cell lines (Fig. 2A).
However, although CD74 expression was strong in the
TPC-1 cell line, it was nearly undetectable in the B-CPAP cell
line, and it was not expressed in K1 or NIM-1 cells (Fig. 2A).

Extracellular MIF taken up by endocytosis co-localized
with CD74

CD74 has been identified as the high-affinity binding
protein for extracellular MIF. However, MIF-mediated
signal transduction requires an interaction between CD74
and CD44, which involves the internalization of MIF
via vesicle-mediated endocytosis (Kleemann et al. 2002).
We investigated MIF-associated endosomal signaling
mechanisms in TPC-1 and B-CPAP cell lines, which
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Figure 1

CD74 is up-regulated in a large subset of PTCs. Inmunoblotting analysis of
the principal proteins in the MIF/CD74 pathway. (A) PTC homogenates
showed high CD74 and cyclin-D1 protein expression compared to normal
thyroid tissues. MIF, Jab1 and pERK expression was similar in PTC and
normal thyroid tissues. Homogenates were resolved on 4-12% SDS-PAGE
gels and immunoblotted with the indicated specific antibodies. Expression
levels were normalized by comparing with B-tubulin. *The patient had
Hashimoto thyroiditis. Western blot analysis were performed in triplicate.

expressed high and low levels of CD74 respectively.
Cells were incubated with human rMIF fluorescently
labeled with AlexaFluor>*¢ dye, which has been shown to
be compatible with MIF biological activity (Kleemann et al.
2002). Cells were incubated with 400 ng/ml Alexa®>**MIF for
30 or 60 min at 37 °C. After 30 min, rMIF was internalized
efficiently in vesicle-like structures that were clearly
detectable in the TPC-1 cell line (Fig. 2B). In the B-CPAP
cell line, we observed a phenomenon comparable to that
observed in TPC-1 cells (Fig. 2B), but tMIF internalization
was nearly undetected. To determine whether rMIF
internalization was mediated by CD74, we treated TPC-1
and B-CPAP cells with tMIF and immunostained with
fluorochrome-conjugated anti-CD74 antibodies. In TPC-1
cells, we observed strong co-localization of tMIF and CD74
in vesicles-like structures (Fig. 2C). We only observed a
slight co-localization signal in B-CPAP cells (Fig. 2C).
Next, we analyzed whether CD74 co-localized with CD44

(B) Immunohistochemical staining of normal (NT) and tumor (PTC) thyroid
tissues with anti-MIF and anti-CD74 antibodies. Original magnifications are
indicated in brackets, as follows: anti-MIF immunostaining: A, NT 5 (10X);
B, NT7(10X); C,NT3(10X); D, NT 5 (20X); E, PTC12 (10X); F, PTC 11 (20X);
G, PTC 6 (10X); H, PTC 9 (20 X). Anti-CD74 immunostaining: I, NT 5 (10X);
L (E), NT 7 (10X); M, NT 5 (20X); N, NT 5 (40X); O, PTC 11 (10X); P, PTC12
(10X); Q, PTC 9 (10X); R, PTC 11 (20X).

in TPC-1 and B-CPAP cell lines, as previously described
(Sanchez-Nino et al. 2013). The results showed a clear
co-localization of CD74 and CD44 in TPC-1 cells, but only a
modest co-localization in the B-CPAP cell line (Fig. 2D).
Then, we incubated CD74-negative NIM-1 and K1 cell lines
with Alexa**®MIF (400 ng/ml) for 30 or 60 min at 37 °C.
A negligible number of vesicle-like endocytotic structures
were observed at both time points (Fig. 2E). Of note, tMIF
appeared to localize in the nucleus or cytoplasm. In NIM-1
and K1 cells incubated with anti-CD44, Alexa*®®MIF
co-localized weakly with the CD44 signal (Fig. 2F and G).
In some immune processes, MIF acts as a non-cognate
ligand of the CXCR4 chemokine receptor; because NIM-1
and K1 cell lines were CXCR4-positive, we also assessed
whether Alexa*®®MIF co-localized with anti-CXCR4
antibodies. However, co-localization was very faint, which
suggested that, in NIM-1 and K1 cell lines (Fig. 2F and G),
MIF may signal through receptor-independent pathways.
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Figure 2

MIF is strongly expressed and released by human papillary thyroid cell lines.
Endogenous MIF protein was measured in the lysates and conditioned
media of human papillary thyroid carcinoma (PTC)-derived cell lines.

In addition, endogenous CD74, CD44, CXCR4, and Jab1 protein levels were
measured in PTC-derived cell line lysates. (A) Representative immunoblots
of cell lysates and conditioned medium from the indicated cell lines. For all
immunoblots, B-tubulin was used as loading control. Western blots analysis
were performed in triplicate. (B) Extracellular MIF was endocytosed in
vesicle-like structures via CD74. Cells were incubated with 400 ng/ml
Alexa®**MIF for 30 and 60 min at 37 °C. Negligible staining at 0 min
indicated that the signal was intracellular (not non-specific cell surface
staining). At 30 min, MIF was efficiently internalized in clearly detectable,
vesicle-like structures (white arrows). (C) TPC-1 and B-CPAP cells treated
with recombinant Alexa®**MIF were immunostained for CD74. MIF and
CD74 were strongly co-localized in TPC-1 cells and less strongly co-localized

These results were consistent with previous findings
that MIF internalization was mediated by CD74/CD44
dependent and independent mechanisms.

Changes in cell proliferation following MIF inhibition

To investigate the molecular and cellular mechanisms
associated with the targeting of MIF-dependent signaling,
TPC-1, B-CPAP, NIM-1, and K1 cell lines were treated with
the MIF inhibitor, 4-IPP at the following concentrations
already reported in the literature: 10, 25, 50 and 100 uM

rMIF DAPI 0 min rMIF DAPI 30 min rMIF DAPI 60 min C
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in B-CPAP cells. (D) TPC-1 and B-CPAP cells stained with anti-CD74 and anti-
CD44 antibodies. CD74 and CD44 were strongly co-localized in TPC-1 cells,
which suggested formation of a receptor complex. B-CPAP showed
moderate CD74-CD44 co-localization. (E) Cells were incubated with

400 ng/ml Alexa®®®MIF for 30 and 60 min at 37 °C. Fluorescent signals were
negligible at 30 min and low at 60 min. MIF was internalized less efficiently
through a non-specific, non-receptor-mediated mechanism (white arrows).
(F) NIM-1 and K1 cells treated with recombinant Alexa*®¢MIF were
immunostained to detect CXCR4 receptors. MIF and CXCR4 were weakly
co-localized. (G) NIM-1 and K1 cells treated with recombinant Alexa*®®MIF
were immunostained to detect CD44. MIF co-localization with CD44 was
negligible. The figures show representative data of a representative
experiment. All immunofluorescence experiments were performed in
triplicate. Magnifications were 60X and 100X. Scale bar=50 um.

(Winner et al. 2008). We confirmed the specific association
between MIF and 4-IPP under our conditions with matrix-
assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF-MS). After incubating rMIF and
4-IPP for 3 h at room temperature, we observed a mass
shift of ~282 Da, which corresponded to the molecular
mass of 4-IPP. Thus, 4-IPP could effectively recognize its
target (Supplementary Figure 1A,
supplementary data given at the end of this article). We
evaluated the cellular and molecular effects of
MIF inhibition by treating TPC-1, NIM-1, B-CPAP, and

see section on
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K1 cells with various concentrations of 4-IPP (10, 25, 50,
and 100 uM). Twenty-four hours after treatment, the
TPC-1 cells were rounded and exhibited highly refractive
bodies, reminiscent of repair processes and/or cell death
(Fig. 3A). Rhodamine-labeled phalloidin staining showed
that 4-IPP induced a significant decrease in F-actin-
containing stress fibers, and the actin filaments exhibited
a dense, non-polar arrangement (Fig. 3B). B-CPAP, NIM-1,
and K1 cells treated with 4-IPP showed no relevant
changes in morphology.

A SRB analysis indicated that, after 72 h of 25 uM 4-1PP,
TPC-1 cell proliferation decreased by up to 60% (P<0.001;
Fig. 3C, a). At 50 and 100 uM 4-IPP, after 72 h, TPC-1

MIF/CD74 signaling counteracts 22:5 765
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proliferation was completely blocked and cell death
occurred. B-CPAP cells showed similar effects with 4-IPP,
but to lesser extent (Fig. 3C, b). In NIM-1 and K1 cell lines,
low 4-IPP concentrations (10 and 25 pM) caused negligible
effects; 4-IPP at 50 puM, after 72 h, reduced cell proliferation
by up to 25-30%, but 100 uM 4-IPP caused a strong decrease
in cell proliferation (Fig. 3C, ¢ and d). Finally, we tested
whether MIF and CD74 neutralization could impact
proliferation in CD74-positive cell lines. Anti-MIF antibody,
anti-CD74 antibody, or a control IgG1 was administrated
to TPC-1 cells at 2, 4, or 8 ug/ml for 0, 24, 48, and 72 h. The
results clearly showed that MIF or CD74 immunodepletion
strongly inhibited TPC-1 proliferation (Fig. 3D).

C SRB assay
a b
T 12 TPC-1 = 104 B-CPAP
= =
§ 1.0 § 0.8
s 08 a
! 1 0.6
S 06 <}
5 04
2 04 £
f:’ 02 8 02
£ 2
A~ 00 T T T J ~ 0.0 T T T
Oh 24h 48h 72h Oh 24h 48h 72h
c d
T 12 NIM-1 = 159 K1
£ £
5 1.0 §
a 08 a 104
2 06 =
= =
S 04 £ 051
2 0 g
g =
B TPC-1 a 00 T T T 1 &~ 0.0 T T T 1
DMSO 24 h 47IPP 50 uM 24 h Oh 24h 48h 72h Oh 24h 48h 72h
== UNT == DMSO 4-IPP 10 pM == 4-IPP 25 uM == 4-IPP 50 uM 4-IPP 100 uM
D SRB assay/TPC-1 cell line
z 025 Anti-MIF treatment 2 025 Anti-CD74 treatment
] £
2 020 Z 020
l/ bt bt
a a
4 \ g o1 g ois
_5 0.10 _E 0.10
5 g
7! Z 5 00s 5 005
£ £
& 0.00 &~ 0.00
Oh 24h 48h 72h Oh 24h 48h 72h
- UNT = anti-MIF 4 pg/ml == UNT = anti-CD74 4 pg/ml
= IgG1 anti-mouse == anti-MIF 8 ug/ml == IgG1 anti-mouse == anti-CD74 8 pg/ml
anti-MIF 2 pg/ml anti-CD74 2 pg/ml

Figure 3

Effect of MIF inhibition on cell proliferation and growth. (A) Micrographs of
TPC-1, B-CPAP, NIM-1, and K1 cells before and after drug treatments. 4-IPP
treatment induced a marked morphological change in TPC-1 cells, resulting
in a smaller, contracted appearance and decreased cell spreading. 4-IPP had
no affect on the morphology of B-CPAP, NIM-1, and K1 cell lines.

(B) Immunofluorescence microscopy of TPC-1 cells before and after treatment
with 50 uM 4-IPP. Cells were stained with phalloidin to visualize actin. The
figure shows data of a representative experiment. All immunofluorescence
experiments were performed in triplicate. Magnifications: 60X and 100X.
Scale bars=50 um. (C) Proliferation curves of TPC-1, B-CPAP, NIM-1, and K1
cells treated with 4-IPP. After 72 h of 25 uM 4-IPP, cell proliferation was
significantly (P<0.001) reduced in TPC-1 cells (60%), (a) reduced in B-CPAP
cells (30%), and (b) unaffected in NIM-1 and (c) K1 cells (d). After 72 h at

50 and 100 uM 4-IPP, (a) TPC-1 cells did not grow at all; (b) B-CPAP cell
proliferation decreased by 80-90% (P<0.001); (c) NIM-1 cell proliferation
was reduced by 20 and 60% respectively (P<0.001); and (d) K1 cell
proliferation was reduced by 40 and 90%, respectively (P<0.001).
Representative growth curves from one experiment are shown. Each point
represents the mean of eight independent replicates +s.o. (D) TPC-1 cells
were labeled with specific anti-MIF and anti-CD74 antibodies. After 72 h,
TPC-1 growth was reduced by 70% (2 pg/ml anti-MIF) to 90% (4 and 8 pug/ml
anti-MIF) (P<0.001). After 72 h, 2 pg/ml anti-CD74 antibody reduced TPC-1
cell proliferation by 10-15%, but at 4 and 8 pg/ml, cell proliferation was
reduced by 80 to 90% (P<0.001). Representative growth curves from one
experiment are shown. Each point represents the mean of eightindependent
replicates +s.o. All proliferation assays were performed in triplicate.
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AMPK is modulated in response to 4-IPP in CD74-positive
TPC1 cell line

To clarify MIF-induced signaling in tumor thyroid cells,
we analyzed MIF signaling in CD74-positive and
CD74-negative cell lines. Cells underwent siRNA-mediated
MIF silencing and 4-IPP treatment. Silencing MIF in
CD74-positive TPC-1 cells reduced ERK phosphorylation,
the main downstream effect of the MIF/CD74 axis (Fig. 4B).
Treatment with 100 uM 4-IPP switched off ERK phos-
phorylation in TPC-1 cells almost completely, though the
level of protein expression was unmodified. Also, Akt and
Jabl phosphorylation was abrogated (Fig. 4A) and cyclin-
D1 expression levels were down-regulated (Fig. 4A). With
50 uM 4-IPP, p38 and JNK phosphorylation levels were
strongly increased in TPC-1 cells (Fig. 4A). In B-CPAP cells,
10, 25, and 50 uM 4-IPP slightly reduced ERK phosphory-
lation. However, at 100 uM, 4-IPP increased ERK and p38
phosphorylation and decreased cyclin-D1 expression
(Fig. 4A). In CD74-negative K1 and NIM-1 cell lines, 4-1PP
treatment did not significantly affect cyclin-D1 expression

A PTC cell lines treatments with 4-IPP

MIF/CD74 signaling counteracts 22:5 766

mitotic cell death

(Fig. 4A). However, ERK-related p44 isoform expression and
p38 phosphorylation were slightly increased (Fig. 4A). We
next tested whether MIF/CD74 signaling activated AMPK
in TPC-1 cells. MIF inhibition with 10, 25, 50, and 100 uM
4-IPP strongly decreased AMPK phosphorylation.
At 100 uM 4-IPP, both mTOR phosphorylation and riboso-
mal protein S6 expression were reduced (Fig. 4C). However,
4-IPP treatment in B-CPAP, K1, and NIM-1 cell lines did not
alter phosphorylated AMPK or mTOR expression (Fig. 4C).
This result suggested that the MIF/CD74 signaling axis was
involved in modulating the AMPK/mTOR pathway.

Cell cycle effects of MIF inhibition

To investigate the impact of MIF inhibition on cell cycle
and cell death, we compared two PTC cell lines: TPC-1
(CD74-positive) and K1 (CD74-negative). TPC-1 and K1
cells were treated with different concentrations of 4-IPP
(50 and 100 uM) for 0, 12, 24, and 72 h. FACS analysis of K1
cells stained with propidium iodide indicated that 4-IPP
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Figure 4

Time- and concentration-dependent molecular effects of MIF inhibition.
(A) Immunoblots of the principal proteins involved in the CD74/MIF
pathway. TPC-1, B-CPAP, NIM-1, and K1 cells were untreated or treated with
10, 25, 50, and 100 uM 4-IPP for 24 h. Then, lysates were resolved by 4-12%
SDS-PAGE and immunoblotted with specific antibodies as indicated.
Expression levels were normalized to B-tubulin expression. (B) Western blot
analysis of MIF and pERK1/2 expression in TPC-1 cells treated with MIF

siRNA for 24 h. Results were normalized with respect to total ERK protein
(P>0.005). (C) Immunoblots of the principal proteins involved in the AMP
kinase (AMPK) pathway. TPC-1, B-CPAP, NIM-1, and K1 cells were untreated
or treated with 10, 25, 50, 100 uM 4-IPP for 24 h. Cell lysates were resolved
by 3-8% SDS-PAGE and immunoblotted with specific antibodies as
indicated. Expression levels were normalized to B-tubulin expression.
Western blot analysis were performed in triplicate.
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Figure 5

Cell cycle effects of MIF inhibition. (A) Cell cycle analysis of TPC-1 and K1
cells exposed to 4-IPP. Representative flow cytometric profile of cell cycles
in TPC-1 and K1 cells, analyzed with propidium iodide staining. Analysis
was performed with the CellQuest program (Becton Dickinson). Treatments
and the percentage of cells in the difference phase of cell cycle are

indicated. The figure show data from a representative experiment and all
experiments were performed in triplicate. (B) Bar-graph represents the
relative percentage of TPC-1 and K1 cells in various cell cycle phases over
time in the presence of 50 or 100 uM 4-IPP. The values represent the average
of three independent experiments.
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only slightly impacted the cell cycle (Fig. 5A). Cell cycle
analysis of untreated TPC-1 cells at 0, 12, 24, and 72 h of
culture revealed a mixture of diploid and tetraploid cells.
Tetraploidization was present in 10-35% of the cells.
However, at 48 h, they were completely depolyploidized
and had re-entered the mitotic cycle. When TPC-1 cells
were treated with 50 uM 4-IPP for 48 h, a fraction of cells
(27.44%) maintained tetraploidy. However, after 72 h, a
similar fraction of cells (26.85%) became apoptotic (Fig. 5A
and B). Treatment of TPC-1 cells with 100 uM 4-IPP for 24 h
caused 11.88% apoptosis, an increase in S-phase (66.04%)
diploid cells, and an accumulation of cells with 4N DNA
content (60.49%). We tentatively attributed the latter
finding to arrest in the G2/M transition (Fig. 5A and B).
Longer incubations led to a large increase in the number of
arrested cells; 20.20% were apoptotic, and the remaining
cells had 2N DNA contents. After 48 h, the TPC1 cells
undergoing apoptosis increased, and cells accumulated
in the G1 phase (46.90%) and the S-phase (40.13%); after

>
o
o=
5!

o

22:5 768

72 h, cells accumulated in the G2/M-phase (38.78%) and
the G1l-phase (48.79%). Microscopic analysis of treated
cells indicated a high number of cells with marked nuclear
abnormalities, including multinucleation in all cell lines
indicating abnormal mitosis with failed cytokinesis.

Taken together, these data clearly indicated that 4-1PP
induced multinucleated cells and some of the nuclei show
morphologic features of apoptotic cell death consistent
with mitotic catastrophe in a dose- and time-dependent
manner. To support the notion that MIF inhibition could
induce these effects in TPC-1 cells, we compared the nuclei
and microtubule cytoskeletons to those of K1 cells with
immunofluorescence. TPC-1 and K1 cells were treated
with 50 and 100 uM 4-IPP for 24, 48, and 72 h. Before
treatment, both cell lines showed typical radial, diffuse
microtubules (green B-tubulin, Fig. 6A) and normally
shaped nuclei (blue; Fig. 6A).

The 4-IPP treatment did not change the morphology,
microtubule organization, or nuclei in K1 cells.

Figure 6

MIF inhibition disrupts microtubule networks in CD74-positive cell line.
(A) Coverslips with TPC-1 (CD74") and K1 (CD747) cells were incubated
with 50 or 100 uM 4-IPP or with DMSO (vehicle) for 24, 48, and 72 h.
Then cells were fixed and stained with anti-B-tubulin antibody (green) to
visualize microtubules and with DAPI (blue) to visualize cell nuclei.
Fluorescence micrographs show untreated TPC-1 cells with typical radial
microtubule arrays. After 24, 48, and 72 h of 4-IPP treatment, microtubule
organization was disrupted in TPC-1 cells. The formation of giant,
multinucleated cells was characteristic of mitotic catastrophe. In contrast,
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K1 cells treated with 4-IPP showed typical radial microtubule arrays and
normal nuclei organization. The figures show data of a representative
experiment. All immunofluorescence experiments were performed in
triplicate. Magnification: 60 X. Scale bar: 50 uM. (B) Western blot analysis
of cleaved PARP, BCL-2, cyclin-B1, securin and phospho-histone-H3 (S10) in
TPC-1 and K1 cell lines treated with 10, 25, 50, or 100 uM 4-IPP for 24 h.
Expression levels were normalized to B-tubulin expression. Western blot
analysis were performed in triplicate.

© 2015 Society for Endocrinology
Printed in Great Britain

http://erc.endocrinology-journals.org
DOI: 10.1530/ERC-15-0299

Published by Bioscientifica Ltd.


http://erc.endocrinology-journals.org
http://dx.doi.org/10.1530/ERC-15-0299

Endocrine-Related Cancer

Research L Varinelli et al. MIF/CD74 signaling counteracts 22:5 769
mitotic cell death
A
Metabolic network P-value FDR
Proces Carbohydrate
rocess .
- P-value FDR metabolism.
Glycolysis. _
o YOOUSIS: - 4.908x10°  1.031x107*
Proteolysis ] , gluconeogenesis
ECM 1.597x10™ 1.277x10 and glucose
remodeling transport
30 1 T T
1 1
I I /
25 f f
1 1
I I
8 20 N N
g | |
=} I I
2 : !
s 15 4 t t
= 1 1 A'
S .
%10 A t t
I I
A I I
: : 1
5 - t t 1
v . 7 |
N\nnt FaVA
\A A_A__
I I N R R N B S A A RN 0 Sl S R R N T S N N N T A R N R
P PA P S $ P g & P s 388 s § & o & S ¥ & K3 o5 &8
S i i Sy s e s agisssiddis0ssssississssidsssés
S S 5 8PS A8 s SSs8 T8 fSEETETSES 85 F80885§Soasscds s
S 870 0l Sy il i8S S TESISTERS P Ssrds58°LI88578§s5s¢
FEY §83858 SSSSETOFELELs s "8ES SSTESOT o098 8 §5 855888 €
NFS TFESNF S 5SS as58y FFR §§S§5Fse SET558 L£8 o8 §
305 SSFOSF Q0 SISO FFeRTs S o & L FTeFEFT LS §5§sTLS8 rg §8a88% &
s 35 IEIDEF <= o < & SIS E FF FOFSSFE S§E85>_F o3 £5L7 s
§ 7 SIESFS §5K FFFEFES o5 FSTFTSET 5888055 &8 $838s5 2
T 5§ 5885 g & SSEVSFs S5 STELEIT 58855 §8 F§F5888F o
§ $55588 & SESTEFE £3 SIS FFAFVS £5 §8¢ <8 &
§ OFIsEE < §s55 I8 sg¢ § §5355 F7558°F §& 88 § § £
< FSS 3 5 s 5 N Seos & S & x g @ Ll ¥ S 33 K & i
I E5FSEF F F5E §5F &2 § $FFFT £85°7 s& Fgs ¢ £ ¢
ere ¢ g5 58 5§ ¢ §858 F8s $FE § & &
5§ Fe& §E& S8 L 5§58 &€ §F8 £ & &
§ 8 $ég ¢ 54 € Ffs & g 9 F
§ 5 K;
3 b K
5 e &
&
T

B
ng
Lactate Pyruvate Citrate Succinate Fumarate Malate Cholesterol Lathosterol Lanosterol
mgpmleins
UNT 138 839 487 161 83 142 35

3442

4-IPP 100

M 5512 520 320 571

35778

18400

86 135 15531 76 26

5637 53385 12081 22550

n;
- - S c S _g
mgpro[eins
UNT 435

2192

4-IPP 100
uM

2992 268 29599

Figure 7

MIF inhibition produces proteomic and metabolic changes. (A) Proteins in
conditioned medium were assessed for function before and after 4-IPP
treatment. The P value from the hypergeometric test, generated by
Metacore, represents the enrichment of certain proteins; those included in
the processing network, ‘Proteolysis_ECM remodeling’, for untreated
TPC-1 cells (orange line), or those included in the metabolic network,
‘Carbohydrate metabolism_Glycolysis, Gluconeogenesis and glucose

In contrast, 50 and 100 uM 4-IPP disrupted the micro-
tubule networks in TPC-1 cells after 24 h. Furthermore,
these cells exhibited micro- and multinucleation,
similar to previous descriptions of mitotic catastrophe

5473 55289 8579 24506

transport’, for 4-IPP treated TPC-1 cells (blue line). The FDR value is also
reported (B). The table show the values of the metabolites analyzed after
TPC-1 treatment with 4-IPP at 100 uM. The results were expressed as
Ng/Mgproteins and were normalized to the value of total proteins present in
each sample. Data and values represent the average of three independent
experiments.

(blue-stained nuclei, Fig. 6A). The same results were
obtained with 100 uM 4-IPP after 48 and 72 h. TPC-1
cells treated with 100 pM 4-IPP accumulated cyclin-B1
(Fig. 6B), and they maintained securin expression.
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These findings supported the notion that 4-IPP suppressed
a cell-cycle checkpoint and caused a deficit in chromo-
some separation. In contrast, no changes were observed
in cyclin-B1 expression in K1 cells (Fig. 6B). The 4-IPP
(at 100 uM after 24 h) treatment also caused a cleavage in
PARP and reduced the expression of the anti-apoptotic
protein, BCL-2 in TPC-1 cells; these factors led to favorable
conditions for apoptosis (Fig. 6B). In contrast, 4-IPP did
not activate PARP or reduce BCL-2 expression in K1 cells.
Taken together, our results suggested that inhibiting the
MIF/CD74 axis led to TPC-1 cell death, probably through
a mitotic catastrophe. As shown in Fig. 5A and B, and
consistent with previous cell proliferation studies
(Fig. 3C), we found that 100 uM 4-IPP induced a
population of multinucleate cells at 72h in K1 cells.
Thus, 4-IPP apparently led to G2/M arrest and
multinucleation.

These results showed that 4-IPP treatment in CD74-
negative cells resulted in a dose- and a time-dependent
G2/M arrest and multinucleation.

MIF inhibition produces proteomic and metabolic changes

Proteins secreted in the culture medium (secretome)
represent activities, properties, and functional activities
of tumor cells (Caccia et al. 2011). We analyzed the
proteins secreted by TPC-1 cells in the presence or absence
of MIF inhibition to identify key mediators of the 4-IPP
effects produced in TPC-1 cells. We profiled the secretome
of TPC-1 cells subjected to 24 h of 50 and 100 uM 4-IPP
with LC-MS/MS and label-free quantitative proteomics
approaches. As expected, many released proteins were
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mediators of critical cellular functions that were
modulated by MIF (Fig. 7A). Specifically, we found that
MIF inhibition was associated with the modified release of
proteins involved in glycolysis/gluconeogenesis (Fig. 7A).
We also performed isotope-dilution gas chromatography
mass spectrometry (GC-MS) analysis (Leoni et al. 2012) of
cellular lysates after 24h 4-IPP treatment. We found
that lactate, pyruvate, and malate were elevated and
citrate and fumarate were reduced (Fig. 7B). We
hypothesized that 4-IPP caused a partial inefficiency in
the mitochondrial tricarboxylic acid cycle (suggested by
reduced citrate and fumarate, Fig. 7B), possibly due to
a reduction in oxidative phosphorylation efficiency,
which reduced ATP synthesis. The conversion of pyruvate
into lactate can regenerate NAD and increase the activity
of malic dehydrogenase (i.e., we found elevations in
malate). With impaired mitochondrial function,
glycolysis may be increased to maintain adequate ATP
production, when ATP consumption is reduced. The 4-IPP
treated cells also showed reductions in cholesterol, fatty
acids, and cholesterol synthesis (Fig. 7B). These findings
were consistent with the hypothesis that 4-IPP suppressed
mitochondrial activity and activated glycolysis and
lactate production. Thus, 4-IPP may cause changes in
cellular ATP production.

ATC sensitivity to 4-IPP inhibitor

To further evaluate the relevance of the MIF/CD74
signaling axis in undifferentiated/anaplastic carcinoma
presenting marked nuclear pleomorphism, we determined
the expression of MIF/CD74 signaling components

Figure 8

Anaplastic thyroid carcinoma sensitivity to 4-IPP inhibitor. (A) Scatter plots
showing densitometric scan values of western blot band of normal thyroid,
PTC and ATC samples using antibodies against CD74, MIF, pERK and
B-tubulin. The values, normalized to B-tubulin and expressed as fold
changes, refer to 27 normal thyroid tissues, 23 PTC and 27 ATC tissues.

(B) Hematoxylin eosin and immunohistochemical staining of two
representative ATC tissues (A and B) with anti-CD74 antibody. Original
magnifications are indicated in brackets, as follows: hematoxylin eosin
staining: A, ATC sample 1 (10X); B, ATC sample 2 (10X). Anti-CD74
immunostaining: A1, ATC sample 1(10X); B1, ATC sample 2(10X); A2,
ATC tissue one (20X); B2, ATC tissue two (20X ); A3, ATC tissue one (40 X);
B3, ATC tissue two (40X). (C) Feulgen staining of normal thyroid tissue (A),
PTC tissue (B) and ATC tissue (C). The figure shows the most representative
tissue section for each groups of tissue samples (normal tissue, PTC and
ATC). Magnification: 100X oil. Scale bar: 100 uM. (D) Proliferation curves of
HTC-C3 cells treated with 4-IPP. After 24 h of 10, 25, 50, and 100 uM 4-IPP,
cell proliferation was significantly (P<0.001) reduced in HTC-C3 cells
(70-80%). After 72 h at 25, 50, and 100 uM HTC-C3 cells did not grow at all.
At 10 uM of 4-IPP cell proliferation was dramatically reduced in HTC-C3 cell
line (70%; P<0.001). Representative growth curves from one experiment

are shown. SRB assay was performed in triplicate. Each point represents the
mean of eight independent replicates +s.o. (E) Western blot analysis of
CD74, MIF, pERK, ERK1/2, pAkt, pJNK, phosphor-p38, p53, cleaved PARP
and phosphor-histone H3 in HTC-C3 cell extracts. HTC-C3 cells were
untreated or treated with 10, 25, 50, and 100 uM 4-IPP for 24 h; then,
lysates were resolved by 4-12% SDS-PAGE and immunoblotted with
specific antibodies as indicated. Expression levels were normalized to
B-tubulin expression. Western blot analysis were performed in triplicate.
(F) Coverslips with HTC-C3 (CD74-positive) cells were incubated with 2,5, 5,
10 or 25 uM 4-IPP or with DMSO (vehicle) for 72 h. Then cells were fixed and
stained with B-tubulin antibody (green) to visualize microtubules and with
DAPI (blue) to visualize cell nuclei. Fluorescence micrographs show
untreated HTC-C3 cells with typical radial microtubule arrays. In contrast,
treated cells frequently developed multiple nuclei, including micronuclei.
Microtubule organization was disrupted and, as well, cells were also much
larger than untreated HTC-C3 cells. These features were characteristic of
mitotic catastrophe. The figures show representative data from a
representative experiment. All immunofluorescence experiments were
performed in triplicate. Magnification: 60X. Scale bar: 100 uM.
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in 27 ATC tissues by western blot and of CD74 in
representative sections of 27 patient samples by
IHC staining. Results showed that in all tumors, the
malignant cells strongly expressed CD74 (Fig. 8B). Some
tumors also showed positivity in the stromal components
(Fig. 8B). Quantification of the western blot data for
CD74, MIF, and pERK proteins demonstrated a strong
increase in the expression levels of CD74 protein in the
ATC samples when compared with PTC and normal
thyroid samples (Fig. 8A). Nuclear pleomorphism in ATC
samples was ascertained by performing the Feulgen
reaction (Fig. 8C).

We assessed whether 4-IPP could inhibit the
MIF/CD74 signaling axis by determining its effects on
cell proliferation and the expression of targets in a HTC-C3
cell line positive for both CD74 and MIF. Sensitivity to
4-IPP was observed and the cytotoxic efficacy of 4-IPP in
treated cells was assessed at different concentrations and
times. As illustrated in Fig. 8D, the HTC-C3 cells were
highly sensitive in the range of ~10-100 uM of inhibitor,
demonstrating that 4-IPP could reduce the proliferation
rate of this anaplastic cell line. To better understand the
molecular mechanisms of cell death induced through
4-IPP treatment, we conducted western blot analysis of
treated HTC-C3 cells. As shown in Fig. 8E, treatment led to
an increase in JNK and phospho-p38 activity in a dose-
dependent manner.

The 4-1PP-treated cells were also much larger than
untreated cells (Fig. 8F). Most treated cells developed
multiple nuclei, and in some cases, we observed the
formation of micronuclei, including misfolding micro-
tubules. To evaluate whether 4-IPP induces cell cycle arrest
at mitosis, we stained cells with anti-phospho-histone H3
(serine 10), a mitotic marker, and DAPI, a DNA-specific dye
(Supplementary Figure 1B). In response to 4-IPP treatment
(2.5-25 uM), cells showed a time- and concentration-
dependent increase in positivity. Western blot analysis of
protein expression levels of phospho-histone H3 showed
an increased response to the 4-IPP treatment (Fig. 8E).
Treated cells displayed a significant increase in cleaved
PARP (cPARP) whereas total B-tubulin levels remained the
same. Overall, the results suggested that 4-IPP could lead
to a cell cycle arrest in the G2/M phase, triggering arrest-
mediated apoptotic cell death.

Discussion

This study was the first to show that MIF was abundantly
expressed in both normal and cancerous thyroid tissues,
though with different subcellular localizations. In 70%
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of PTC and 100% of ATC cases, neoplastic tissues showed
expression of CD74 in cells other than those in the
lymphocyte population.

To investigate the functional significance of
MIF/CD74 signaling, we inhibited MIF activity with
4-1PP in CD74-positive and CD74-negative cell lines. Our
results indicated that i) CD74 was essential for obtaining
significant cell proliferation inhibition and inducing cell
death; ii) untreated TPC-1 cells showed an AMPK and ERK
activation that was sensitive to 4-IPP whereas JNK
phosphorylation was barely detected and spontaneous
endoreduplicative and apoptotic processes coexisted;
iii) at 24 h of culture of TPC-1 cells, a large fraction of
polyploid cells had escaped death and initiated a
de-polyploidization process producing viable descen-
dants, probably through reduction division or alternative
mechanisms; iv) 4-IPP treatment dose-dependently inhib-
ited proliferation by blocking the G2/M transition and
induced TPC-1 cells to exhibit the morphological features
of mitotic cell death; v) concomitantly with treatments,
we observed a strong reduction in AKT, ERK, and AMPK
phosphorylation, increased Jab1l, and the appearance of a
peak of JNK and p38 phosphorylation; and vi) 4-IPP effects
were recapitulated in the anaplastic (CD74-positive)
thyroid HTC-C3 cell line.

Treatment with 4-IPP produced consequences similar
to those seen with isothiocyanates, a group of plant-based
chemicals present in cruciferous vegetables that are part
of the human diet. These compounds are thought to
prevent cancer and principally target MIF in intact cells
(Higdon et al. 2007). As noted, similar effects were also
obtained using an Ebselen compound (Supplementary
Figure 1E and F).

Results with the 4-IPP treatments indicate that the
MIF/CD74 axis supports the proliferative and metabolic
pathways. These functions have been previously reported
in other studies. MIF stimulates heart muscle glucose
uptake, and the autocrine/paracrine effects of endogenous
cardiac MIF contribute to AMPK activation and glucose
uptake during ischemia (Qi et al. 2009). Thus, AMPK is
considered a type of cardioprotective stress kinase
(Russell et al. 2004), and the action of MIF modulation of
AMPK is beneficial during ischemia.

We found that a failure in MIF/CD74 signaling
reduced AMPK function. In parallel, cell cycle arrest and
mitotic cell death were observed. Our metabolomic
analysis produced results that were consistent with the
hypothesis that 4-IPP may cause reduced oxidative
phosphorylation efficiency, decreasing ATP synthesis.
We believe that in the TPC-1 cell line, the MIF/CD74
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axis may produce a higher energy state of the cell (glucose
uptake) by accelerating either ATP production or con-
sumption. AMPK could also contribute to mitochondrial
function, stimulating mitochondrial biogenesis via phos-
phorylation of the PGC1 co-activator and regulating
expression of mitochondrial genes (Li ef al. 2011).

Vazquez-Martin et al. reported a physical interplay
between active AMPK with mitotic regulators in the
centrosome and midbody. Thanks to these relationships,
AMPK coordinates sensing of energy resources and the
fundamental biological process of genome division during
mitosis and cytokinesis. The same authors analyzed the
phenotypes that resulted from pharmacologically
induced overactivation of AMPK and observed a dramatic
reorganization compatible with multinucleation, with
the proportion of polyploid cells reaching >30% of the
total population (Vazquez-Martin et al. 2009). We think
that MIF/CD74 axis might reproduce the effects of a
pharmacologically induced overactivation of AMPK,
which is likely responsible for supporting an energetic
infrastructure underlying an aberrant mitotic/cytokinetic
machinery.

Suppression of MIF/CD74 signaling not only blocks
this bioenergetic resource but also increases oxidative
stress, activating JNK and the stress response and
producing cell death. Of interest, Yun et al. (2009) have
shown how glucose deprivation activates JNK and
apoptotic signals in DU145 cells. Reactive oxygen species
production may be crucial in linking glucose deprivation
induced by the AMPK and JNK signaling pathways.
In agreement with previously reported results
(Bech-Otschir et al. 2002), our findings show that a lack
of MIF provoked recovery of Jabl, which could contribute
to the activation of JNK.

The pS53 expression in the TPC-1 cell line did not
change with 4-IPP treatment (Supplementary Figure 1D).
Recent evidence suggests that apoptosis and senescence
are repressed in some tetraploid cells through epigenetic
silencing of p53 target genes (Zheng et al. 2012). Indeed,
MIF inhibits p53-dependent gene expression and
suppresses apoptosis associated with pS3 activation and
redox stress (Lue et al. 2007). Nevertheless, our results are
consistent with the notion that p53 is not required for
mitotic cell death (Toh et al. 2010). Overall, the current
findings indicate that JNK triggers a death response and
that the MIF/CD74 axis is crucial in this process.

The analysis of 27 clinical specimens indicated a high
level of CD74 and MIF expression and expression of
downstream targets. ATC cells are naturally resistant to
irradiation and chemotherapy. Because of their proficient
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ability to repair treatment-induced DNA damage during
G2 cell-cycle arrest, unrepaired DNA damage accumulates
in cells that prematurely enter mitosis, producing pleo-
morphic, undifferentiated, highly aggressive giant cell
carcinoma cells. Via induction of JNK activity, 4-IPP
proved to be extensively cytotoxic in HTC-C3 cells. In
fact, a parallel increase in PARP cleavage was observed
along with a strong increase in phospho-histone H3 signal
intensity, which is a hallmark of oxidant-induced DNA
damage and cell death (Tikoo et al. 2001). These results
suggest cell type-dependent apoptosis induction by
oxidative stress.

Our results indicate the importance of the MIF/CD74
axis in supporting tumor polyploidy. 4-IPP holds promise
as a new anti-polyploid therapeutic drug, which could
potentially be used to target polyploid tumor cells in
thyroid cancer patients. This work demonstrates that the
MIF/CD74 axis is required for continued cell proliferation
of TPC-1 and HTC-C3 cells and that it activates AMPK even
as JNK is inhibited, predisposing cells to endoredupli-
cation. Furthermore, the cell cycle functions of MIF/CD74
axis provide important opportunities for future studies of
how it conveys its anti-apoptotic activity. MIF/CD74 axis
may be differentially regulated in normal vs cancer cells.
If so, MIF/CD74 axis could prove to be a promising target
for ATC treatment.

The current literature also supports a role for MIF in
the development of obesity, chronic inflammation, and
insulin resistance. As therapies targeting the MIF/CD74
pathway reach clinical development, new opportunities
also may arise for the treatment of cancer. ATC remains an
intractable disease with poor outcome, and this tumor
type requires new therapeutic strategies. Novel therapies
that specifically target polyploidization provide a new
approach to inducing sustained remission and increasing
overall survival. However, little is known about the side-
effects induced by blocking endoreduplication. Continued
advances in our understanding of the process of poly-
ploidization and how it differs from the proliferative cell
cycle will provide additional targets for therapeutic
intervention.
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