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Extracellular MIF, but not its homologue D-DT, promotes fibroblast

motility independently of its receptor complex CD74/CD44
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Richard Bucala4, Robert Grosse5, Andreas Meinhardt1 and Jörg Klug1,*

ABSTRACT

Macrophage migration inhibitory factor (MIF) and its homologue

D-dopachrome tautomerase (D-DT) are widely expressed pro-

inflammatory cytokines with chemokine-like functions that

coordinate a wide spectrum of biological activities, such as

migration. Here, we biotin-tagged intracellular MIF/D-DT in vivo to

identify important cytosolic interactors and found a plethora of actin

cytoskeleton-associated proteins. Although the receptor complex

between CD74 and CD44 (CD74/CD44) is essential for signalling

transduction in fibroblasts via extracellular MIF/D-DT, our

interactome data suggested direct effects. We, thus, investigated

whether MIF/D-DT can modulate cell migration independently of

CD74/CD44. To distinguish between receptor- and non-receptor-

mediated motility, we used fibroblasts that are either deficient or that

express CD74/CD44 proteins, and treated them with recombinant

MIF/D-DT. Interestingly, only MIF could stimulate chemokinesis in

the presence or absence of CD74/CD44. The pro-migratory effects

of MIF depended on lipid raft/caveolae-mediated but not clathrin-

mediated endocytosis, on its tautomerase activity and, probably, on

its thiol protein oxidoreductase activity. As MIF treatment restrained

actin polymerisation in vitro, our findings establish a new

intracellular role for MIF/D-DT in driving cell motility through

modulation of the actin cytoskeleton.
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INTRODUCTION

Macrophage migration inhibitory factor (MIF) and its close

homologue D-dopachrome tautomerase (DDT, also known as MIF-

2 and, hereafter, referred to as D-DT) are pleiotropic cytokines with

chemokine-like, endocrine and enzymatic functions (Wang et al.,

2016). MIF/D-DT are widely expressed, are secreted by numerous

cell types and typically act in an autocrine (Xie et al., 2016) and

paracrine manner (Costa-Silva et al., 2015) via cell surface receptors.

Cells that are activated by MIF include immune cells, fibroblasts and

the endothelium. In immune cells, MIF modulates migration via its

non-cognate C-X-C chemokine receptors CXCR2, CXCR4 and

CXCR7 that serve as CD74 co-receptors (Bernhagen et al., 2007).

Upon binding of MIF to a complex of CXCR2 and CD74, MIF

induces chemotaxis as well as the arrest of PBMC-derivedmonocytes

(Bernhagen et al., 2007) and natural killer T cells (Hsieh et al., 2014).

B-cell chemotaxis is promoted via CXCR4/CD74, which is followed

by Ca2+ influx and actin polymerisation (Klasen et al., 2014). Human

neutrophils do not express CD74 and, although MIF can bind to

CXCR2 alone, MIF exerts only a weak effect on chemotaxis

(Bernhagen et al., 2007).

In fibroblasts, MIF binds to CD74 and induces CD44

recruitment, leading to phosphorylation of ERK1 and ERK2

(ERK1/2) that ultimately promotes proliferation and inhibits

apoptosis (Shi et al., 2006). MIF also promotes wound healing in

NIH 3T3 fibroblasts by inducing calcium influx (Tarnowski et al.,

2010), but conversely, inhibits the recruitment of cancer-associated

fibroblasts (CAFs) in the rhabdomyosarcoma microenvironment

(Tarnowski et al., 2010). Because squamous cell carcinoma cells for

example cannot degrade the extracellular matrix, CAFs create tracks

for them in an integrin- and protease-dependent manner that support

carcinoma cell invasion, rendering CAFs and MIF attractive clinical

targets (Gaggioli et al., 2007).

Intracellular non-receptor-based signalling mechanisms are

also important for MIF function which became evident when

cytoplasmic MIF was shown to interact with and to inhibit the

activities of Jun-activation-domain-binding protein 1 (JAB1)/

constitutive photomorphogenesis 9 (COP9) signalosome complex

subunit 5 (Kleemann et al., 2000a). After this seminal finding

other intracellular interacting proteins were identified (Bucala,

2012; Fex Svenningsen et al., 2017). This prompted us to employ

a systematic MS-based proteomics screen to find novel

cytoplasmic interactors in NIH 3T3 fibroblasts, and we

identified the ribosomal protein RPS19 (Filip et al., 2009; Li

et al., 2018; Lv et al., 2013) and valosin-containing protein (Cayli

et al., 2009) as functionally relevant interactors. After D-DT had

been discovered (Merk et al., 2012), we added it to our screen, and

aim here at interactors that are shared byMIF and D-DT, which are

likely to be important proteins involved in key functions of MIF

and D-DT alike.

Intriguingly, we found a very high proportion of actin

cytoskeleton-associated proteins that interact with both cytokines.

This observation led us to investigate whether the receptors CD74/

CD44 are necessary for the modulation of cell motility or whether

endocytosed MIF can act in an ‘intracrine’ manner to modulate cell

motility.
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RESULTS

MIF and D-DT are interacting proteins in fibroblasts that

regulate the actin cytoskeleton

Here, our aim was to systematically identify intracellular interactors

shared by MIF and D-DT, which are likely to indicate important

proteins involved in key MIF and D-DT function. To do so, we used

NIH 3T3 fibroblasts, which express low-to-no detectable levels of

the MIF binding receptor CD74 (Shih and Floyd-Smith, 1995) but

do express the signalling component CD44 (Tzircotis et al., 2005,

2006). We tagged endogenously expressed MIF and D-DT at the

C-terminus, by using a short sequence that is recognized and

biotinylated by the bacterial biotin ligase BirA (de Boer et al.,

2003), as described in detail for MIF (Filip et al., 2009). After

pulling down biotinylated proteins from stable NIH 3T3 clones that

express tagged MIF or D-DT and BirA ligase with streptavidin

agarose, we identified individual proteins by mass spectrometry

(MS) to produce MIF and D-DT interactomes. Proteomics data are

deposited with PRIDE (see Materials and Methods for details).

We identified 647 proteins by using one of the three baits (human

and mouse D-DT and rat MIF) that had been absent in the mock

control (BirA alone). Of these, only ten proteins interacted with all

three baits (Table 1) with eight of them being involved in actin

dynamics. The human paralogs of two proteins not involved in actin

dynamics, i.e. ribosomal protein L12 (RPL12) and serpin H1

(SERPINH1) have considerable affinity for the BirA tag (crapome.

org) and are most likely to be unspecific. We thus went forward with

eight potential and mainly new interacting proteins, which indicate

that MIF and D-DT are directly involved in actin polymerisation or

regulation of the intracellular actin network.

MIF, but not D-DT, enhances fibroblast chemokinesis

independently of the CD74/CD44 receptor complex

As the proteomics data indicated that MIF and D-DT regulate the

actin network, we hypothesized that MIF and D-DT have a potential

role in cellular motility. To confirm this, we performed

chemokinesis assays (Wilkinson, 1998) to monitor the speed and

frequency of locomotion of COS-7/M6 fibroblasts exposed to the

two chemokines. We seeded the fibroblasts at low confluence into

medium with low serum content to optimize the ratio between basal

and stimulated chemokinesis. After 6 h, we added MIF, MIF

mutants, D-DT or endocytosis inhibitors to the cells, and recorded

time-lapse videos over 3.5 h at 30-min intervals. We ultimately

tracked ∼100 single cells (Fig. 1A), determined their trajectories

(Fig. 1B) and calculated their velocities; the obtained data are

provided as boxplots (Figs 1–3).

To determine whether the CD74/CD44 receptor complex is

required for modulating chemokinesis by MIF and D-DT, COS-7/

M6 fibroblasts, which neither express CD74 (Fernandez-Cuesta et

al., 2014) nor CD44, were used. By transfecting COS-7/M6 cells

with expression constructs for CD74 and CD44, we generated a

subline that is stably expressing CD74+/CD44+ (hereafter referred to

as CD74+/CD44+ cells), as has been described by Shi et al. (2006).

After verifying CD74 and CD44 mRNA and protein expression

(Figs S1, S2, Table S1), we initially monitored basal chemokinesis

in both wild type COS-7/M6 (WT) and the receptor-positive

CD74+/CD44+ cells. We found both types of fibroblast moved with

a median velocity of 70–80 nm/min (Fig. 1C,D, and Table S2). EGF

served as positive control, increasing chemokinesis 2-fold in WT

and 1.4-fold in CD74+/CD44+ cells.

MIF, but not D-DT, increased the velocity of WT COS-7 cells

1.4-fold, comparable to levels elicited by EGF in the presence of

receptors (Fig. 1C). In the presence of the CD74/CD44 receptor

complex, D-DT also augmented the velocity albeit to a lesser extent

(1.1-fold) than MIF (Fig. 1D). We saw no synergistic effect of MIF

and D-DDT on chemokinesis in these cells. In contrast to native

proteins, boiled and thus denatured MIF and D-DT lost their ability

to increase motility (Fig. 1D). Taken together MIF, but not D-DT,

significantly enhances fibroblast chemokinesis independently of the

CD74/CD44 receptor complex. We next tested whether key

enzymatic activities of MIF are required to stimulate chemokinesis

MIF tautomerase activity and, probably, its thiol protein

oxidoreductase activity are both required to stimulate

fibroblast chemokinesis

Both D-DT and MIF possess tautomerase activity to catalyse the

tautomerisation of a number of (pseudo)substrates (Harris et al.,

2019). Although the physiological substrate(s) are unknown, many

pro-inflammatory functions of MIF require its tautomerase activity.

However, MIF tautomerase activity is ten-times more potent than

D-DT, when L-dopachrome methyl ester is used as an assay

substrate (Merk et al., 2011) (Fig. S3). After universal methionine

aminopeptidases’ cleavage of the initiating methionine residue

(Varland et al., 2015), the conserved N-terminal proline residue at

position (P2) forms the enzymatic basis of tautomerase activity in

Table 1. Shared interactome of MIF and D-DT

Protein Symbol Function Prot. accession

Molecular

mass (kDa)

Actin-related protein 2/3 complex subunit 3 ARPC3 Mediates branched actin network formation Q9JM76 21

Actin-related protein 2/3 complex subunit 4 ARPC4 Mediates branched actin network formation P59999 20

F-actin-capping protein subunit alpha-1 CAPZA1 α subunit of the barbed-end actin-binding protein that regulates

actin filament growth by capping the barbed (growing) end

P47753 33

F-actin-capping protein subunit beta CAPZB β subunit of barbed-end actin-binding protein (see above) P47753 34

Destrin DSTN Depolymerises actin Q9R0P5 19

Moesin MSN Crosslinks actin cytoskeleton to the plasma membrane P26041 68

Nucleoside diphosphate kinase B NME2

(NDPK-B)

Catalyses the transfer of γ-phosphate from nucleoside triphosphates

to nucleoside diphosphates

Q01768 17

60S ribosomal protein L12 RPL12 Binds 26S ribosomal RNA within the large ribosomal subunit P35979 18

Serpin H1 SERPINH1 A serine protease inhibitor and collagen-specific chaperone P19324 47

Tropomyosin alpha-4 chain TPM4 Binds to actin filaments in muscle cells (regulating contraction

of striated muscle) and non-muscle cells (stabilising

cytoskeleton actin filaments)

Q6IRU2 28

Tagged proteins in NIH3T3 cells were biotinylated in vivo before streptavidin pulldown, SDS-PAGE and MS analyses. Only mouse proteins that were found to

interact with MIF and D-DT are shown. Entries underlain in grey indicate proteins that are known to interact with the BirA-tag (crapome.org).
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both proteins. The tautomerase inhibitors 4-IPP (Winner et al.,

2008) and ISO-1 (Al-Abed et al., 2005) bind to the catalytic domain

and antagonize pro-inflammatory functions of MIF. They also

inhibit migration of A549 lung adenocarcinoma cells (Winner et al.,

2008) and rhabdomyosarcoma cell lines (Johler et al., 2016).

Therefore, we tested whether these inhibitors also affect MIF-driven

chemokinesis of WT cells, but not their effects on D-DT, because its

chemokinesis and tautomerase activities are much lower. We found

that, although MIF alone increased chemokinesis 1.2- or 1.3-fold

(Fig. 1A,E) as shown before (Fig. 1A), this effect was abrogated by

4-IPP or ISO-1. We also found no stimulation of chemokinesis

when using the tautomerase-null mutants MIF P2A or MIF Δ4, in

which the first four amino acids of the N-terminus had been deleted

(Filip et al., 2009; Kleemann et al., 2000b) (Fig. 1F).

Next, we investigated whether activity of thiol protein

oxidoreductase (TPOR) is required for MIF to stimulate

chemokinesis. To do so, we harnessed the TPOR-null mutant that

comprises a point mutation of cysteine residue at position 60 to serine

(MIF C60S) (Kleemann et al., 1998). Compared to WT MIF, which

stimulates chemokinesis 1.3-fold (Fig. 1G), we found that the MIF

C60S mutant barely has an effect, as it increases chemokinesis 1.1-

fold. These data indicate that MIF tautomerase activity and, probably,

also its TPOR activity are crucial to stimulate chemokinesis in WT

cells.

Endogenous MIF does not contribute to chemokinesis

conferred by exogenous MIF

COS-7/M6 cells express endogenous amounts of MIF that are

detectable by western blotting (Fig. 2C, lane 10). We thus wanted to

determine whether endogenous MIF contributes to or even

promotes the observed effects on chemokinesis. We used two

small interfering RNAs (siRNA #1 and #2) and their cognate C911

siRNA as controls (Buehler et al., 2012) to knock down endogenous

MIF before exogenous MIF was added to the culture medium. We

were able to reduce MIF expression to background levels with each

of the two siRNAs in both cell types (Fig. 2C, lanes 2–3 and 5–6)

and could almost fully suppress MIF expression when using #1 and

#2 siRNAs together (lane 8). We confirmed the specificity of the

knock down, as the two C911 siRNA controls did not reduce MIF

expression (lanes 4, 7 and 9).

Fig. 1. Exogenous MIF and D-DT upregulate
fibroblast chemokinesis dependent on the
CD74/CD44 receptor status. MIF residues P2 and
C60 are required for enhanced chemokinesis. (A–G)

COS-7/M6 cells were seeded and allowed to adhere for

6 h before treatments were performed. Individual cells

were tracked in time-lapse videos (A), and trajectories of

100 cells per condition were determined and their

velocities calculated (accumulated distance over time in

µm/min) (B). WT (C) and CD74+/CD44+ (D) cells were

left untreated (NT), treated with MIF or D-DT (200 ng/ml)

that had been denatured (by boiling them) before use or

not (all 200 ng/ml), or with MIF plus D-DT. Treatment

with EGF (100 ng/ml) was used as a positive control.

(E–G) Cells were treated with recombinant MIF

(200 ng/ml). This was followed by treatment with MIF

tautomerase inhibitors ISO-1 (100 μM) or 4-IPP (50 μM),

with ethanol [0.1% (v/v)] as solvent control (EtOH) (E),

treatment with the tautomerase-negative MIF-mutants

Δ4 and P2A (200 ng/ml each) (F), or treatment with the

oxidoreductase-negative mutant MIF C60S (200 ng/ml)

(G). Data are shown as boxplots (see Materials and

Methods for details). All experiments were performed in

triplicates, using cells from three subsequent passages

on three different days. Velocity data from three

independent wells (replicates) (∼300 cells from 30 fields

of view) were pooled for each experimental condition.

ns, non-significant (P>0.05); *P≤0.05; ***P≤0.001.
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When MIF was added to the culture medium of WT cells,

chemokinesis increased 1.3-fold (Fig. 2A). However, under

knockdown conditions, levels of basal chemokinesis dropped to

0.9-fold, which – following addition of exogenous MIF – increased

to 1.3-fold (MIF siRNA versus MIF siRNA+MIF) (Fig. 2A).

Because both controls, mock and C911, reduced basal

chemokinesis to some extent, we concluded this effect to be the

result of the transfection procedure. Regardless of the conditions,

we were able to enhance chemokinesis with exogenous MIF by 1.3-

to 1.4-fold, indicating that the contribution of endogenous MIF is

negligible. The results obtained with CD74+/CD44+ cells did not

differ qualitatively from those obtained withWT cells (Fig. 2B). We

thus conclude that endogenous MIF does not mediate an increase in

chemokinesis. Interestingly, we observed that COS-7/M6 WT cells

contain ∼80% more endogenous MIF than CD74+/CD44+ cells

(Fig. 2C, compare lane 10 in upper and lower MIF panel).

Endocytosis of MIF and D-DT occurs via different pathways

to trigger chemokinesis

MIF is endocytosed by several types of cell, including NIH 3T3

fibroblasts (Berndt et al., 2008; Kleemann et al., 2002). To determine

which endocytosis pathway does permit exogenousMIF andD-DT to

stimulate chemokinesis, we inhibited clathrin-mediated endocytosis

(CME) and non-clathrin-mediated endocytosis (non-CME) (Table 2).

We used chlorpromazine to inhibit CME, and dynasore to inhibit both

CME and a non-CME – the latter inhibits GTPase activity of all three

dynamins (Macia et al., 2006) and blocks fluid-phase endocytosis

(Park et al., 2013). Chlorpromazine alone had no effect on WT cells

but slightly increased basal activity in CD74+/CD44+ cells, whereas

dynasore decreased basal activity in both cell lines (Fig. 3A,B and

Table 2). When MIF was added to stimulate chemokinesis of WT

cells, addition of neither chlorpromazine nor dynasore inhibited this

stimulatory effect. This irrespective of whether the effect of MIF was

compared with the inhibitor-only control or the non-treated control.

However, dynasore, but not chlorpromazine, inhibited MIF-induced

chemokinesis of CD74+/CD44+ cells (Fig. 3B), again, irrespective of

whether the effect of MIF was compared with the inhibitor-only

control or the non-treated control.

Fig. 2. Endogenous MIF does not contribute to
stimulation of chemokinesis in response to
exogenous MIF. (A,B) To knock down MIF, WT (A) and

CD74+/CD44+ (B) cells were transfected with MIF

siRNA #1 and #2 (MIF siRNA), both C911 controls

(C911) or transfection reagents only (Mock) and allowed

to grow for 2.5 days. Then, cells were seeded in μ-Slides

and grown for another 6 h, before MIF addition and cell

imaging. (C) Western blot analysis of MIF expression is

shown for treated WT (top panel) and CD74+/CD44+

knockdown cells (bottom panel). β-actin was used as

loading control. ns, non-significant (P>0.05); *P≤0.05;

**P≤0.01; ***P≤0.001.

Table 2. Effects of CME and non-CME inhibitors on basal levels of
chemokinesis or at levels induced by MIF- and D-DT

WT CD74+/CD44+

∅ MIF ∅ MIF D-DT

CPZ → ↑ ↑/→ ↑ →

DYN ↓ ↑/→ ↓ → →

NYS → → → → nd

FIL → ↑/→ → → →

Arrows indicate effects of clathrin-mediated endocytosis (CME) or non-CME

inhibitors on basal and induced levels of chemokinesis in WT and CD74+/

CD44+cells.

∅, basal levels of chemokinesis; MIF, chemokinesis induced by MIF; D-DT,

chemokinesis induced by D-DT; nd, not determined; CPZ, chlorpromazine

(CME inhibitor); DYN, dynasore (CME and non-CME inhibitor); NYS, nystatin

(non-CME inhibitor); FIL, filipin (non-CME inhibitor).
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We also treated the cells with nystatin, which specifically

interferes with lipid raft/caveolae-dependent endocytosis (a part of

non-CME) and filipin, which sequesters cholesterol from lipid rafts

and also inhibits caveolae-mediated endocytosis (Orlandi and

Fishman, 1998). When used alone, neither nystatin nor filipin had

an effect on basal chemokinesis, whereas either was able to inhibit

MIF-stimulated chemokinesis in both cell lines (Fig. 3C,D). It thus

seems that clathrin-coated vesicle formation (Schwartz et al., 2012)

is not required for MIF uptake and subsequent chemokinesis.

Rather, a lipid raft/caveolae-dependent route is used, where

dynamin participates in receptor-positive COS-7/M6 cells only.

We then used the same inhibitors to investigate the D-DT

endocytic pathway, but only in CD74+/CD44+ cells, as D-DT did

not stimulate chemokinesis in WT cells (Fig. 3E). Again, inhibitors

alone had no effect on basal chemokinesis. In contrast to our

findings for MIF, chlorpromazine abrogated D-DT-stimulated

chemokinesis. Because dynasore and filipin also inhibited D-DT-

mediated chemokinesis, we conclude that D-DT is endocytosed via

both CME and non-CME pathways.

MIF and D-DT differently affect the rate of actin assembly

in vitro

Thus far, we found that extracellular MIF and D-DT promote

cytokinesis of CD74+/CD44+ cells, and that this effect on migration

is dependent on endocytosis. Moreover, most proteins found in the

shared interactome of MIF and D-DT are involved in actin

dynamics. In our final analyses, we therefore test whether MIF

directly or indirectly affects actin assembly. To do so, we established

pyrene-labelled actin (pyrene-actin) polymerisation assays, using

HEK293 whole cell extract as a source of the actin-related protein 2/

3 (ARP2/3) complex (Doolittle et al., 2013). In brief, we activated

the polymerisation of fluorescently labelled pyrene-actin by using

Fig. 3. MIF and D-DT are endocytosed via different
pathways to trigger chemokinesis. (A–E) WT (A,C) and

CD74+/CD44+ (B,D,E) cells were seeded in μ-Slides and

pre-treated with chlorpromazine (CPZ) (10 μM), dynasore

(DYN) (50 μM), filipin (FIL) (1.5 μM) or nystatin (NYS)

(27 μM) for 1 h before addition of MIF or D-DT (200 ng/ml)

and cell imaging. NT, not treated. DMSO [0.02% (v/v)] was

used as a solvent control. ns, non-significant (P>0.05);

*P≤0.05; **P≤0.01; ***P≤0.001.
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the GST-tagged verprolin, cofilin, acidic (VCA) domain from the

Wiskott-Aldrich syndrome protein-family verprolin-homologous

protein and measured its emission at 306 nm. The VCA domain was

sufficient to induce actin assembly following a logistic curve (Fig. 4).

As it is known that the assay conditions are sensitive to small changes

in salt concentrations, cognate buffer controls were performed. The

buffer control for 1 µm MIF did neither significantly affect

polymerisation capacity (i.e. the fluorescence intensity maximum)

nor the time at which 50% of polymerisation capacity (T50) was

achieved (Fig. 4A and D). However, the buffer control for 3 µmMIF

decreased polymerisation capacity by <25% and the T50 by 15%

(Fig. 4B,D). Compared to these controls, MIF dose dependently

slowed down polymerisation velocity as indicated by an increased T50

(11% increase with 1 μM MIF and 40% increase with 3 μM MIF)

(Fig. 4A,B,D).

The D-DT buffer control had no effect on polymerisation

capacity but slowed down velocity by 36% (Fig. 4C,D). Compared

to the buffer control, D-DT significantly increased polymerisation

velocity to the same extent as buffer alone decreased it. We thus

conclude that MIF inhibits the rate of actin polymerisation, whereas

D-DT enhances it.

Finally, we repeated this assay in a reconstituted system, by using

Arp2/3 purified from pig brain. Here, MIF and D-DT had no

significant effect on actin polymerisation (data not shown). Taken

together, we conclude that both cytokines do not interact directly

with the Arp2/3 complex but require one or more mediating factors

that had been provided by the HEK293 cell extract in our assay.

MIF induces F-actin stress fibre formation in COS-7/M6 WT

cells

As evidence was pointing to a direct role of MIF in modulating the

actin cytoskeleton and, hence, cell motility, the effect ofMIF on actin

filaments was investigated by using Texas Red X-tagged phalloidin

(Fig. 5). Here, the focus was on stress fibre formation, as MIF has

previously been implicated in this process (Fan et al., 2011).

For quantification, WT cells were assigned to four categories:

(1) cells with prominent stress fibres (Fig. 5A), (2) cells with a

prominent cortical actin rim (Fig. 5B), (3) cells with stress fibres and

a cortical actin rim (Fig. 5C) and, (4) cells under division. Under

starvation conditions (non-treated) <50% of fibroblasts produced a

characteristic cortical actin rim around the cell periphery and

showed a reduced number of stress fibres (Fig. 5D). Treatment with

MIF, but not with heat-inactivated MIF, promoted stress fibre

formation – as evidenced by a four-fold increase of the proportion of

cells with prominent stress fibres and a 2.5-fold increase compared

to non-treated cells (Fig. 5D). Concomitantly, the number of cells

with a prominent cortical rim decreased under MIF treatment,

whereas the number of dividing cells or of cells positive for both

stress fibres and a cortical rim, remained virtually unchanged.

DISCUSSION

Cytokines evolved from intracellular molecules before the

appearance of receptors and signalling cascades. Although most

cytokines are soluble factors produced by one cell that act on

another cell via specific receptors, cytokines can also function as

integral membrane proteins or as intracellular proteins that never

leave the cell. AlthoughMIF is one of the first cytokines discovered,

at a historical perspective it has only been mentioned in recent

cytokine reviews (Dinarello, 2007). One reason may be that CD74

(Leng et al., 2003), a type II transmembrane protein, and the non-

cognate C-X-C chemokine receptors CXCR2, CXCR4 and CXCR7

that serve as CD74 co-receptors (Bernhagen et al., 2007), were

discovered rather late, such that research in the field focussed on

receptor signalling mechanisms for many years. We wanted to put

intracellular functions of MIF into focus again, aimed at extending

previous efforts to identify cytosolic interactors (Cayli et al., 2009;

Filip et al., 2009; Lv et al., 2013) by pulling down biotinylated MIF

followed by MS-based identification of interacting proteins. We

chose NIH 3T3 fibroblasts, which are defective in autocrine MIF

signalling as they lack CD74 (Plenker, 2015), and used the

paralogous protein D-DT as a second bait to increase the likelihood

of finding relevant interactors. Interestingly, eight out of ten newly

identified proteins are involved in actin dynamics – most notably

two subunits of the ARP2/3 complex and two subunits of capping

proteins (Table 1). This finding indicated that MIF and D-DT might

regulate migration in a more direct manner than previously thought.

To prove that MIF/D-DT can stimulate migration without

involvement of the above mentioned membrane receptors, we

Fig. 4. Different influence of MIF and D-DT on the rate
of actin assembly in vitro. (A–C) Non-fluorescent
pyrene-labelled G-actin was combined with ARP2/3-

containing HEK293 whole cell extract with or without

recombinant MIF (A,B) or D-DT (C). The same volume of

buffer was used as a control. Formation of filamentous

actin was induced using a recombinant VCA domain.

Fluorescence of filamentous pyrene-actin was monitored

in arbitrary units (A.U.) at 407 nm, with excitation at

365 nm in a 100 μl reaction volume. Original fluorescence

traces over time are shown. (D) Data analysis of the

pyrene-actin polymerisation assays shown in A–C

provided the times when 50% of polymerisation was

achieved (T50) and the 95% confidence intervals for T50

(T50 95% c.i.). The numbers of independent samples

measured (n) and ANOVA results are shown as well.

Control treatments (Buffer M1, M3 and D1) simulated the

different buffer conditions after treatment with 1 μM MIF

(M1), 3 μM MIF (M3) or 1 μM D-DT (D1). ns, non-

significant (P>0.05); *P≤0.01; ***P≤0.001.
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used the mammalian fibroblast-like CD74- and CD44-deficient

COS-7/M6 subline, whose cells do not bind MIF unless modified to

express CD74 (Leng et al., 2003). These cells had also been used to

show that CD44 is the signalling component of the MIF-CD74

receptor complex (Shi et al., 2006). In our subsequent chemokinesis

assays, we found that MIF enhanced the motility of CD74/CD44-

deficient COS-7/M6 cells to an extent similar to that of receptor-

positive CD74+/CD44+ cells. By contrast, D-DT could only

increase motility in the presence of the CD74/CD44 receptor

complex and to a lesser degree than MIF. The potency of MIF, in

this respect, is consistent with the higher binding affinity of MIF

versus that of D-DT for CD74 (Merk et al., 2011). These results

highlight differences between MIF and D-DT (Merk et al., 2012).

We next knocked down intracellular MIF and found no effect on

the chemokinesis of receptor-deficient WT cells or of receptor-

positive CD74+/CD44+ cells in response to extracellular MIF.

Previously, similar finding has been obtained for primary mouse

embryonic fibroblasts (MEFs), in which short-term exposure toMIF

significantly promotes closure of wounded monolayers, regardless

whether monolayers were obtained from WT or MIF−/− MEFs

(Dewor et al., 2007). Therefore, we conclude that the intracellular

pool of MIF does not contribute to induction of cell migration.

TheMIFN-terminus includes a catalytic proline residue at position

2 (P2) that is necessary for tautomerase activity. This site has been

implicated in mediating MIF function, including the stimulation of

cell motility, and provides a target for drugs used to treat several

disorders (Al-Abed and VanPatten, 2011; O’Reilly et al., 2016). The

deletion of this site renders MIF enzymatically inactive, and prevents

interactions between MIF and CD74 , as well as between MIF and

intracellular proteins. We found that the tautomerase null mutants

MIF P2A andMIF Δ4 do not enhance chemokinesis inWT cells, and

that inhibition of tautomerase activity with ISO-1 and 4-IPP

abrogated MIF-triggered migration. We thus conclude that the MIF

tautomerase activity is required for MIF-mediated fibroblast

chemokinesis.

We also found that the oxidoreductase-null MIF C60S mutant

increased motility ofWTCOS-7/M6 cells to a lesser extent thanWT

MIF; thus, Cys-60 also seems to be important for MIF to upregulate

motility. Interestingly, nucleoside diphosphate kinase A (NDPK-A;

officially known as NME1) interacts with MIF through the cysteine

residue at position 60 and abrogates MIF-induced proliferation of

quiescent NIH 3T3 cells and MIF-induced ERK1/2 activation (Jung

et al., 2008). Moreover, we found the closely related paralog NME2

(NDPKB) within the shared interactome of MIF and D-DT

(Table 1). Because we found that WT MIF decreases the rate of

actin assembly only in a cell extract-driven system that should also

contain NDPKs, but not in an in vitro system with purified

components (data not shown), we propose that MIF-induced

upregulation of chemokinesis is be mediated by a member of the

NDPK family (Fig. 6).

Because MIF upregulates chemokinesis of the CD74/CD44-

deficient WT COS-7/M6 cells, but intracellular MIF does not

notably contribute to this effect, we concluded that MIF enters the

cell to affect cell motility (Fig. 6). Indeed, endocytic uptake of MIF

has been demonstrated in many cell types (Berndt et al., 2008).

Moreover, it has been found that MIF endocytosis by MEFs and

RAW264.7 macrophages seems to be clathrin-mediated (CM) and

dependent on CD74 and CXCR4 (Schwartz et al., 2012; Xie et al.,

2011). Using chemokinesis as a readout, we found that inhibition

of CME with chlorpromazine did not affect MIF-triggered cell

motility. We also used dynasore as a cell-permeable inhibitor of

both CME and caveolae-mediated endocytosis because both

pathways require vesicle scission (von Kleist and Haucke, 2012)

that can be inhibited by blocking the GTPase activity of dynamin

with dynasore (Ivanov, 2008). From these inhibitor experiments,

we found that CD74+/CD44+ cells need functional dynamin to

Fig. 5. MIF induces F-actin stress fibre formation in
WT cells. WT COS-7/M6 cells were treated for 3.5 h

with native or heat-inactivated MIF in medium

containing 0.5% (v/v) FCS and stained with Texas-Red

conjugated to phalloidin. Cells were mounted with

DAPI and visualised using a fluorescence microscope.

(A–C) Representative images of cells displaying

phalloidin-stained actin. (A) A cell staining positive for

both actin stress fibres and a cortical actin rim. (B) A cell

showing a prominent cortical actin rim but no or very

few stress fibres. (C) A cell showing prominent actin

stress fibres but lacking a cortical actin rim. Scale bars:

20 µm. (D) Cells were categorised based on the

characteristics of their actin cytoskeleton. Values

originate from three independent experiments and

represent the mean±s.d. Number of cells used for each

treatment assessment: NT, 228; MIF, 436;MIF (boiled),

397. NT, not treated. ANOVA was performed for each

category, e.g. prominent stress fibres – a group

consisting of NT versus MIF versus MIF (boiled), etc.

ns, non-significant (P> 0.05); *P≤0.05; **P≤0.01.
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mediate MIF-driven migration, indicating that a non-CME

pathway is involved (Fig. 6). These data are consistent with

previous findings made in HeLa cells (Schwartz et al., 2012). By

contrast, we saw that MIF upregulates motility of WT cells in

response to treatment with dynasore, suggesting that MIF is taken

up in a non-clathrin and non-dynamin-dependent manner when

CD74 and CD44 are absent. Because dynasore can have non-

specific effects (Park et al., 2013), we also used two other

inhibitors, nystatin and filipin, to disrupt non-CME. Both

inhibitors abrogated chemokinesis of WT and CD74+/CD44+

cells induced by MIF. From these experiments, we conclude that:

(i) dynamin-mediated endocytosis of MIF facilitates MIF-induced

upregulation of chemokinesis in CD74- and CD44-positive cells,

and, (ii) MIF-mediated chemokinesis is likely to depend on lipid

rafts and/or caveolae but not on clathrin or dynamin in CD74- and

CD44-negative (receptor-negative) cells.

In line with our results, it has been shown previously that

extracellular MIF supports the assembly of caveolin-1-rich lipid raft

‘signalling hubs’ within the time scale we used for our chemokinesis

experiments (Reidy et al., 2013). Moreover, MIF can stabilise the

GTPase Rac1 – a master regulator of the actin cytoskeleton and a

driver of cell migration – in caveolin-1-rich lipid rafts and, thereby,

upregulate the invasiveness of A549 adenocarcinoma cells (Rendon

et al., 2007). Interestingly, RhoGDI, a putative MIF interactor,

negatively regulates Rac1. MIF overexpression in breast cancer cells

also activates caveolin-1 through phosphorylation and promotes cell

migration (Lv et al., 2016). Taken together, our findings described

here aswell as thosemade byother (Lv et al., 2016; Reidy et al., 2013;

Rendon et al., 2007) indicate the existence of an MIF-lipid raft/

caveolin signalling cascade that is independent of the classic MIF–

CD74/CD44 receptor complex (Fig. 6). Interestingly, Kleemann and

colleagues have shown that endocytosis of exogenously added MIF

through RAW macrophages is non-saturable over a physiological

concentration range and cannot be competed with unlabelled MIF,

indicating a receptor-independent pathway (Kleemann et al., 2000a).

Differing from MIF, the structural and functional homologue D-DT

does require CD74/CD44 to upregulate fibroblast chemokinesis,

suggesting that D-DT uses the classic CD74/CD44–Src–ERK1/2

signalling pathway (Shi et al., 2006). However, because our flow

cytometry results indicate expression of CXCR4 in COS-7/M6 WT

cells, we cannot fully exclude that this receptor is partially

contributing to MIF-induced cytokinesis.

In our final analyses, we measured the effects of MIF and D-DT

on actin polymerisation in an in vitro actin assembly assay, using

monomeric pyrene-actin, purified ARP2/3 complex and a

recombinant VCA domain as an actin assembly inducer. As we

could not detect any change in polymerisation (data not shown), we

excluded a direct interaction between MIF and the Arp2/3 complex.

We then used a whole cell extract of HEK293 cells as a source for

ARP2/3 and ancillary factors, such as NMEs or F-actin or capping

proteins (CPs) (Table 1), which might be needed by MIF/D-DT to

modulate actin polymerisation. Under these conditions, only MIF

but not D-DT dose-dependently restrained the rate of VCA domain-

induced actin assembly. Therefore, MIF may function as a CP

interactor (Edwards et al., 2014) which can explain restrained actin

polymerisation in vitro and induced chemokinesis in vivo.

Moreover, MIF treatment in WT fibroblasts increased the number

of stress fibres implicated in cell motility (Taskinen et al., 2020).

Data from this study shed new light on intracellular functions of

the cytokine MIF and its close homologue D-DT, elicited by

extracellular MIF/D-DT. Therefore, future investigations should

focus on further dissecting the internalisation pathway by ablating

key endocytosis proteins using Trim-Away (Clift et al., 2017). In

addition, studies should directly examine MIF uptake and

intracellular tracking, by using, e.g. nanogold labelling. Finally, a

more detailed analysis of the changes in actin dynamics and the

Fig. 6. Extracellular MIF, but not its homologue D-DT, promotes fibroblast motility independently of the CD74/CD44 signalling complex.MIF is secreted

via a non-classic pathway, involving the ABCA1 transporter (Flieger et al., 2003). The D-DT secretion route is unknown. Regulated secretion of MIF from

monocytes/macrophages is dependent on the Golgi-associated protein p115 (Merk et al., 2009). Once extracellular, MIF – but not D-DT – exerts a chemokinetic

effect on receptor-negative WT COS-7/M6 cells, which can be abrogated after treatment with the MIF inhibitors ISO-1 and 4-IPP and the lipid raft/caveolae-

mediated endocytosis inhibitors nystatin (NYS) and filipin (FIL). In the presence of the CD74/CD44 signalling complex, MIF and D-DT both engage caveolae-

mediated signalling that requires dynamin for vesicle scission. Only D-DT can also engage clathrin-mediated endocytosis and, possibly, endosomal signalling –

that might involve nucleoside diphosphate kinase A andB (NDPK-A -B) and capping proteins (CPs). Regulation of chemokinesis byMIF also involves theGTPase

Rac1 and, possibly, the Rho GDP-dissociation inhibitor (RhoGDI).
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exact mechanism(s) MIF/D-DT use to modify the actin cytoskeleton

is warranted.

MATERIALS AND METHODS

Inhibitors

Endocytosis inhibitors chlorpromazine (CPZ), filipin III (FIL), nystatin

(NYS) and dynasore (DYN) were purchased from Sigma-Aldrich. CPZ was

dissolved in water at 50 mM, and FIL at 7.6 mM, NYS at 5.4 mM and DYN

at 10 mM all in DMSO. Tautomerase inhibitors (S,R)-3-(4-

Hydroxyphenyl)-4,5-dihydro-5-isoxazole acetic acid (ISO-1, Merck) and

4-Iodo-6-phenylpyrimidine (4-IPP, Sigma-Aldrich) were dissolved in

ethanol at 100 and 50 mM, respectively.

Recombinant proteins

Recombinant human MIF, tautomerase-inactive MIF mutants (MIF Δ4 and

MIF P2A) as well as a thiol-protein oxidoreductase-inactive MIF mutant

(MIF C60S) were expressed in E. coli BL21(DE3) and purified as

previously described (Filip et al., 2009). Mouse and human D-DT were also

expressed in BL21(DE3) and purified as previously described (Merk et al.,

2011). The identity of the recombinant proteins was assessed by matrix

assisted laser desorption ionization-time of flight mass spectrometry

(MALDI-TOF MS). The protein concentration of the MIF C60S mutant

in the supernatant was determined by western blotting, as the protein is

prone to precipitating after thawing (Fig. S4). MIF and D-DT heat

inactivation was performed at 100°C for 10 min, followed by centrifugation

(13,000 g, 15 min) at room temperature.

Cell culture

NIH 3T3 cells (from ATCC) and stable clones thereof were maintained in

RPMI 1640 medium. COS-7/M6 fibroblasts (R.B.’s laboratory), stable

clones thereof expressing CD74 and CD44 (CD74+/CD44+ cells), and

HEK293 (from ATCC) cells were maintained in DMEM/GlutaMAX

high-glucose (4.5 g/l) medium (Life Technologies). All media were

supplemented with 10% (v/v) heat-inactivated foetal calf serum, 100 units/

ml penicillin and 100 µg/ml streptomycin and incubated at 37°C in a

humidified atmosphere with 5% CO2. All cell lines were regularly tested

for mycoplasma contamination by using the group-specific PCR primers

GPO-3 (5′-GGGAGCAAACAGGATTAGATACCCT-3′) and MGSO (5′-

TGCACCATCTGTCACTCTGTTAACCTC-3′) that amplify a 280-bp

fragment in the presence of mycoplasma (van Kuppeveld et al., 1994).

Stable transfection of COS-7/M6 cells

The generation of stable COS-7/M6 cell lines expressing CD44,

CD44 Δ67 and/or CD74 has been described elsewhere (Shi et al., 2006).

Only CD74/CD44-expressing COS-7/M6 (CD74+/CD44+) cells were used

for this study. They were maintained in the same medium as WT COS-7/

M6 cells, but were supplemented with the selection agents zeocin

(Invitrogen) and geneticin sulphate (G418) (Calbiochem/Merck) (500 µg/

ml each).

Flow cytometry

WT and CD74+/CD44+ COS-7/M6 cells were washed with PBS,

trypsinised, centrifuged for 6 min at 600 g, counted and then washed

again with PBS. Then, 2.8×106 cells for each group were resuspended in

500 μl PBS/2% FCS, fixed and permeabilised with the Fix & Perm Cell

Permeabilization Kit (Thermo Fisher, cat. no. GAS004) according to the

manufacturer’s protocol. Seven samples comprising 4×105 cells each were

incubated with 100 μl permeabilization medium and the following

antibodies for 30 min: non-stained control (no antibody), 2 μl CD44-

APC-H7 (BD, cat. no. 560532), 2 μl CD74-APC (Milteny-Biotec, cat. no.

130-101-543), 1 μl CXCR4-PE (CD184, Milteny-Biotec, cat. no. 130-117-

504) and cognate isotype control IgGs (mouse IgG2b, κ APC-H7; BD

Pharmingen, cat. no. 560183), mouse IgG1 κAPC (BioLegend cat. no. 130-

117-504), recombinant IgG1 PE (Miltenyi-Biotec, cat. no. 130-104-628).

The cells were centrifuged for 6 min at 600 g to remove antibodies, and

resuspended in 500 μl PBS/2% FCS before flow cytometry on a BD

LSRFortessa (BD Biosciences) using the following channels APC-H7 – R-

780/60, PE –G-582/15, and APC – R-670/3. Only live and single cells were

analysed. Histograms depicting CD44-, CD74- and CXCR4-positive cell

populations were generated using FlowJo (Version 10.5.3) software (BD

Biosciences).

Generation of stable NIH 3T3 transfectants expressing

biotinylated MIF and D-DT, and identification of interacting

proteins

Stable transfection of a gene of interest also encoding a fused 19-amino acid

tag that is biotinylated in vivo via co-transfected bacterial biotin ligase BirA

was achieved as previously described (de Boer et al., 2003). cDNAs

encoding rat MIF and human and murine D-DT were subcloned into the

modified tagging vector pN3-CTB as described for rat MIF (Filip et al.,

2009). NIH 3T3 fibroblasts were stably transfected with linearised

pBudCE4.1-birA (de Boer et al., 2003) expressing the biotin ligase and

pN3-CTB-rMIF, pN3-CTB-hD-DT (human D-DT) or pN3-CTB-mD-DT

(mouse D-DT). Stable clones were isolated and selected for strong

expression of MIF and D-DT fusion proteins. NIH 3T3 stable cell lines

expressing BirA alone, BirA and MIF, and BirA and D-DT (mouse or

human) were maintained in DMEM using 150 µg/ml zeocin (Invitrogen)

and/or 100 µg/ml geneticin sulphate (G418) (Calbiochem/Merck) as

selection agents. Lysates of all three clones and a control clone expressing

BirA only were passed over streptavidin-agarose beads, as described (Filip

et al., 2009). After extensive washing, the bound biotinylated protein

complexes were eluted by boiling in SDS sample buffer, separated by SDS-

PAGE on a 4–12% NuPAGE Bis-Tris gel (Invitrogen) and stained with

colloidal Coomassie Blue. All lanes were cut into 12 gel slices, and proteins

in all slices were digested with trypsin. Extracted peptides were separated

and sequenced by using liquid chromatography (LC) coupled to

electrospray ionization (ESI) tandem mass spectrometry (MS/MS) on a

quadrupole time of flight (Q-TOF) instrument (Q-TOFUltima, Waters)

under standard conditions. Proteins were identified by LC-MS on an

Orbitrap XL mass spectrometer (Thermo Fisher Scientific) under standard

conditions. Proteins were identified by comparing peptide fragment spectra

against mammalian entries in the NCBI database using theMASCOT search

engine with standard settings. A Scaffold file, that visualises the proteomics

data, is available from J.K. To open a Scaffold file the Scaffold Viewer is

required, which is freely available from Proteome Software.

Immunoblot analyses

Cells were lysed in 1% (v/v) IGEPAL®CA-630, 150 mMNaCl, 50 mMTris-

HCl pH 8.0, protease inhibitor cocktail (1:100, Sigma-Aldrich) and 1 mM

PMSF. Proteins were separated by SDS-PAGE, and transferred in 25 mM

Tris-HCl pH 8.3, 192 mM glycine, 20% (v/v) methanol onto a nitrocellulose

membrane using a semi-dry electroblotter (Trans-Blot, Bio-Rad) at 1 mA/

cm2. Membranes were blocked with freshly-made 5% (w/v) non-fat dry milk

in TBST [15 mM Tris-HCl pH 7.6, 137 mM NaCl, 1% (v/v) Tween-20] for

1 h. The blocking solution was exchanged for primary antibody-containing

milk solution and themembranewas incubated overnight at 4°Cwith shaking.

After washing with TBST, the membranes were incubated at room

temperature with shaking in 5% (w/v) non-fat dry milk supplemented with

secondary antibodies for 1 h. Primary and secondary antibodies are listed in

Table S3.

Membranes were washed with TBST and incubated with ECL substrate

{1 ml solution A [0.1 M Tris-HCl pH 8.6, 0.25 mg/ml luminol]; 0.3 μl 30%

[v/v] H2O2mixed with 100 μl solution B [1.1 mg/ml p-coumaric acid ((E)-3-

(4-hydroxyphenyl)-2-propenoic acid] in DMSO} (Haan and Behrmann,

2007). The ECL signal was detected using a Fusion FX7 imager and analysed

with FusionCapt Advance software (Vilber Lourmat, Eberhardzell,

Germany).

To re-probe, membranes were incubated in stripping buffer [62 mM Tris-

HCl pH 6.8, 0.5% (w/v) SDS, 0.8% (v/v) β-mercaptoethanol] for 5 min at

65°C and washed thoroughly with TBST.

RNA interference

Short interference RNAs (siRNA) were used to deplete endogenous MIF in

COS-7/M6 kidney fibroblasts derived from the African green monkey
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(Chlorocebus aethiops). Human and monkey MIF are virtually identical,

with both mRNAs only differing by eight nucleotides within the open

reading frame. To knock down human MIF, the sequences of a SMART™

pool were made available by Dharmacon (GE Healthcare) (L-HUMAN-

XX-0005). Two sequences were identical to the Chlorocebus sequence and

selected to knock down the Chlorocebus MIF mRNA (Table S4). Cognate

C911 controls (Buehler et al., 2012) were used to assess specificity

(Table S4).

Lyophilised siRNAs were resuspended in resuspension buffer (60 mM

KCl, 6 mM HEPES pH 7.5, 0.2 mM MgCl2) (Dharmacon) to a final

concentration of 20 μM. The day before transfection, COS-7/M6 cells were

seeded on a 6-well plate at a density of 50,000 cells/well. The next day, the cell

culture medium was exchanged for transfection medium comprising 2.5 μl

siRNA #1 and/or siRNA #2 (5 μM each) or C911 siRNA controls combined

with 15 μl 1× resuspension buffer, and made up to a final volume of 200 μl

with Opti-MEM (Gibco). For mock transfections, 200 μl Opti-MEM was

used. Separately, 4 μl Lipofectamine™ 2000 Reagent (Invitrogen) was

combined with 196 μl Opti-MEM per transfection. After 5 min incubation at

room temperature, 200 μl diluted Lipofectamine were added to the siRNA(s)

and incubated for an additional 20 min. Then 1.6 ml DMEM/10% (v/v) FCS

were added to each transfection. After 6 h, the transfection medium was

replaced by DMEM/10% (v/v) FCS without washing. After 3 days of culture,

the cells were washed twice with PBS, harvested and lysed for 15 min on ice

in lysis buffer [1% (v/v) IGEPAL CA-630, 150 mM NaCl, 50 mM Tris-HCl

pH 8.0] containing a protease inhibitor cocktail (Sigma-Aldrich) and 1 mM

phenylmethyl sulfonyl fluoride. After centrifugation (13,000 g, 10 min) at

4°C, the supernatant was carefully removed and its protein concentration was

determined by Bradford assay (Bradford, 1976).

On the morning of a live-cell imaging experiment (66 h after transfection),

cells were dissociated using trypsin, counted, seeded on μ-Slides (ibidi,

Martinsried, Germany), and incubated for another 6 h. COS-7/M6 cells (WT

and CD74+/CD44+) were assayed in duplicate on individual μ-Slides and,

72 h after transfection, medium was replaced with medium containing 0.5%

(v/v) FCS with or without MIF before acquisition of time-lapse data.

Chemokinesis assays

Cells were seeded at 20% confluence on µ-Slides (13,000 cells per well per

cm2) and allowed to adhere for 6 h to measure cell velocity

(velocity=accumulated distance/time in µm/min). For chemokinesis

experiments with endocytosis inhibitors, WT and CD74+/CD44+ COS-7/

M6 cells were prepared as described but with the following modifications.

The mediumwas changed fromDMEM/10% (v/v) FCS to DMEM/0.5% (v/v)

FCS supplemented with endocytosis inhibitors, and the cells were returned

to the incubator for 1 h. Without a second medium exchange, MIF was

added to the appropriate wells to a final concentration of 200 ng/ml and the

cells were imaged for 3.5 h. MIF is found in secretions like saliva, follicular

fluid and testicular interstitial fluid in a concentration range up to at least

150 ng/ml. This concentration can be higher under inflammatory

conditions. We therefore chose a concentration of 200 ng/ml as it covers

the concentration range in vivo but does exceed levels that could originate

from the secretory activity of the investigated cells. Indeed, 200 ng/ml has

also been used in other published analyses (e.g. Klasen et al., 2014).

To set up a time-lapse chemokinesis experiment with COS-7/M6 cells, a

live-cell imaging chamber maintaining a humidified atmosphere at 37°C

was mounted onto a motorised stage (Nikon Eclipse Ti microscope). The

NIS-Elements software (Nikon) was initiated and 10 fields of view per

treatment were randomly chosen under the 20× objective (200× final

magnification; 1 px=0.46 μm). A μ-Slide was carefully mounted in the

chamber and data were acquired for at least 3.5 h at 30-min intervals.

Following acquisition, the data were exported as image stacks (i.e. video).

The cells were selected and their trajectories tracked and saved using the

Manual Tracking plug-in of ImageJ (Schneider et al., 2012). The velocities

were calculated based on cell trajectories using the Chemotaxis and

Migration Tool Ver. 1.01 (ibidi).

Velocity data are represented as boxplots composed of: (i) a box (25th–75th

percentile); (ii) a line in the middle of the box (median) and a plus sign (mean);

(iii) whiskers (10th–90th percentiles); and (iv) dots (outliers; 0th–10th

percentile and 90th–100th percentile). In total, ∼100 cells were chosen per

condition (one well in a μ-Slide). The final figures present data of ∼300 cells

from three single wells in three separate μ-Slides, each representing a different

cell passage (n=3), unless otherwise indicated (Kuriyama et al., 2014).

Pyrene-actin polymerisation assays

Pyrene-labelled actin polymerisation assays (Baarlink et al., 2013) were set up

by mixing 10 μl energy regenerating mix (150 mM creatine phosphate,

20 mM ATP, 2 mM EGTA, 20 mM MgCl2), 700 μg HEK293 whole cell

extract (as an ARP2/3 source), 10 μl GST-tagged VCA domain (1 mg/ml or

2.6 μM) to activate the ARP2/3 complex, 1 μM MIF/D-DT or the same

volume of the corresponding buffer, and 10 μl rabbit skeletal muscle α-actin

(2 μM final concentration, 10% pyrene-labelled from Hypermol, Bielefeld,

Germany) to a final volume of 100 µlwithXBbuffer (10 mMHEPES pH7.7,

100 mM KCl, 2 mM MgCl2, 0.1 mM CaCl2, 5 mM EGTA, 1 mM DTT).

HEK293 whole cell extract was prepared as follows. First, the cells were

washed twice with PBS and then harvested in the same lysis buffer as WT

COS-7/M6 cells. After 15 min incubation on ice, the lysates were

centrifuged at 13,000 g at 4°C for 20 min, and immediately dialysed

against XB buffer at 4°C overnight. The final protein concentration was

adjusted to ≥10 mg/ml with lysis buffer.

Immediately after the addition of pyrene-actin, the contents of the reaction

were mixed by pipetting up and down, and transferred into a black-walled

quartz cuvette. Pyrene-actin fluorescence was measured at 10-s intervals for

10 min at 407 nm, with excitation at 365 nm using a RF-5301PC

spectrofluorophotometer (Shimadzu, Kyoto, Japan). Data were saved using

Panorama Fluorescence software (version 2.1.16.0, Shimadzu/LabCognition

Analytical Software, Cologne) and exported as a text file. The fluorescence at

time 0 (the first out of 60 measurements is defined as 10 s and the last one as

600 s) was set to zero by subtracting the initial value (in arbitrary units) from

all measurements. To calculate the time T50 at which 50% pyrene-labelled

actin has been polymerised, the function ‘log(agonist) vs response - Find

ECanything’ in GraphPad Prism version 5.04 was used. The default output is

the effective concentration (ECF) with the parameter F set to 50.

Actin staining

WTCOS-7/M6 cells were seeded at 20,000 cells/cm2 on round coverslips in a

12-well plate, allowed to adhere overnight and treated with native or heat-

inactivated MIF (see above) for 3.5 h. All subsequent steps were performed at

room temperature. Cells were fixed with 4% paraformaldehyde (Fluka/Sigma-

Aldrich) in PBS for 10 min, washed twice with PBS, permeabilised with 0.1%

TritonX-100 (Sigma-Aldrich) in PBS for 3–5 min, washed again twice in PBS,

blocked with 1% BSA (Carl Roth) for 30 min and stained with Texas Red-X-

conjugated phalloidin (1:500) (Invitrogen) in the dark for 30 min. Following

washing, coverslips were removed from the plate, air-dried, overlaid with 4′,6-

diamidino-2-phenylindole (DAPI)-containing mounting medium (Vector

Laboratories), placed on a glass slide sample side-down and dried overnight

in the dark. The next day actin was visualized with an Axioplan 2 imaging

microscope (Zeiss) operated with AxioVisio 4.8.2 SP2 software using the

excitation/emission wavelengths of 596 nm/615 nm (for Texas Red-X

phalloidin) and 358 nm/461 nm (for DAPI). For cell analysis, ImageJ was

used to uniformlyenhance the contrast inorder to better visualise all cytoplasmic

actin structures. More than 100 cells were quantified for each sample.

Statistical analyses

GraphPad Prism version 5.04 for Windows (San Diego, CA) was used to

perform statistical analyses. For chemokinesis assays, normality of the data

was assessed and statistical significance was calculated using a Kruskal–

Wallis one-way analysis of variance (ANOVA) with Dunn’s multiple

comparison test (significance level set to α=0.05) for a group of more than

three samples with non-Gaussian distribution (i.e. non-parametric). For

actin assembly data analysis, a one-way ANOVA with Tukey’s multiple

comparison test (significance level set to α=0.05) for a group of three

replicates was performed.
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