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The Cho and Baldan 

labs focus their efforts on 

novel pathways that control 

atherogenesis. MIF (Macrophage 

migration inhibitory factor) 

recruits macrophages to 

atherosclerotic lesions and 

activates the production of 

matrix proteinases, which in 

turn destabilize atherosclerotic 

plaques. On the other hand, miR-

33 coordinates the expression 

of several sterol transporters 

essential for high-density 

lipoprotein metabolism and bile 

secretion. Thus, both MIF and 

miR-33 are promising therapeutic 

targets to manage patients at risk 

of developing atherosclerosis. 

A proinfl ammatory cytokine 

called macrophage migration 

inhibitory factor (MIF) consists 

of 115 amino acids and exists as a 

trimer in physiological conditions 

(See Figure 1). From the historical 

experiments by John David in 1964, 

MIF was discovered as the fi rst 

lymphokine attracting immune cells 

such as macrophage, T, and B cells.1 

Since then, protective roles of MIF 

in the immune system have been 

reported, including the fact that MIF 

defi cient mice are more susceptible 

to the infection of Leishmania major 
than the wild-type.2 In contrast, 

high levels of MIF were observed in 

major infl ammatory diseases, such as 

rheumatoid arthritis (RA), systemic 

lupus erythematosus (SLE), and 

atherosclerosis.3 MIF activates the 

expression of various proinfl ammatory 

cytokines and chemokines. This 

activation implies that MIF is a master 

regulator of infl ammatory responses 

in the human body. Intriguingly, MIF 

has a catalytic activity, missing in 

canonical cytokines and chemokines, 

and converts a C-O double bond into 

a single bond and vice versa.4 It is not 

clear whether this catalytic activity is 

physiologically relevant. This catalytic 

activity has been used as a molecular 

trap to identify small molecules 

binding to MIF.5

Migration of mononuclear 

leukocytes is one of the key 

features of atherosclerosis. MIF 

recruits macrophages to the site of 

atherosclerosis and activates them to 

produce matrix metalloproteinases, 

which in turn degrade collagen 

fi brils, providing mechanical strength 

to atherosclerotic plaque.6 As the 

instability of the plaque is directly 

related to the progression of the 

disease, MIF inhibitors could be 
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potential therapeutics for atherosclerosis in combination 

with drugs targeting other disease factors, including 

cholesterol, which is under investigation by the Baldán 

lab. To achieve this goal, understanding the molecular 

mechanism of MIF–mediated cell migration is essential.

MIF-receptor Signaling  
MIF binds to an invariant chain of MHC class II CD74, 

canonical chemokine receptors CXCR2 and CXCR4.7 Since 

CD74 is lacking a signaling domain, it forms a hetero-dimer 

with CD44, which then interacts with intracellular signal 

transducers (e.g., src-kinases) and activates downstream 

signaling pathways (e.g., MAPK, ERK, and AKT). CD74 

can form a heterodimer with CXCR2 and CXCR48 to 

mediate various MIF signaling in any given environment. 

In general, chemokine-receptor interaction is complicated 

due to their promiscuous binding patterns. 

For instance, MIF receptor CXCR2 and 

HIV co-receptor CCR5 can recognize seven 

chemokines, and they have been implicated 

in atherosclerosis.9,10 Furthermore, 

chemokine receptors, belonging to the type 

A G protein coupled receptor (GPCR) family, 

can bind to several different G-proteins (e.g., 

G
i
, G

s
, G

q
, G

12
,
 
etc.) depending on ligands 

and co-factors. Very little is known about 

the molecular mechanism of MIF-receptor 

interaction and their cellular outcomes. We 

are currently investigating these by employing 

multidisciplinary means, including structural 

biology, chemical biology, and label-free cell-

based assay.    

Small Molecule MIF Modulators
Some of the prototypic catalytic MIF 

inhibitors exhibited inhibitory effects against 

the immunological functions of MIF.11 

Inspired by this, we identifi ed two dozen 

structurally and chemically diverse catalytic 

MIF inhibitors through high-throughput 

screening (HTS) of small molecule libraries. 

Several inhibitors were crystallized in 

complex with MIF and revealed covalent and 

non-covalent binding to the fi rst amino acid, 

proline. Interestingly, some of them exhibited 

a non-competitive inhibition pattern, 

indicating that they might not bind to the 

catalytic site but bind to another part of MIF. 

In our recent study, a novel allosteric binding 

site was discovered from the complex crystal structures 

of MIF and ibudilast, which had been used as an asthma 

drug for two decades in Japan. We also tested whether the 

inhibitors modulate MIF-mediated cell responses. Indeed, 

different inhibitors altered the MIF-mediated cell responses 

in distinctive ways. We are investigating which receptors 

and signaling pathways were affected and using these small 

molecule MIF modulators as molecular probes for further 

mechanistic studies.  

We are currently identifying MIF residues critical for 

receptor binding to ultimately link this information to the 

resulting intracellular signals in leukocytes and lymphocytes. 

We employ X-ray crystallography to obtain atomic 

resolution of the molecular structures of MIF in complex 

Figure 1
MIF signaling. Crystal structure of a trimeric MIF is shown in cartoon 

down arrows indicate the increase and decrease of disease severity and 
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with its inhibitors. Among the MIF receptors, CXCR2 and 

CXCR4 are 7-transmembrane proteins, and it is diffi cult 

to work with them in vitro. One of the classical ways of 

studying GPCR is artifi cially replacing a downstream target 

gene with a reporter gene to monitor the activation of the 

receptor of interest. With this reporter-based assay, one can 

monitor limited cellular events at only a single time point. 

To overcome this limitation, we have established a label-free 

technology that measures holistic cellular response in real-

time (See Figure 2A). We successfully measured dynamic 

mass redistribution (DMR; relocation of intracellular 

molecules upon the ligand-induced activation of receptor) 

from MIF-treated cell lines. Three different immune cell 

lines, THP-1 (monocyte), Jurkat (T cell), and Ramos (B 

cell), were activated with MIF and generated distinctive 

DMR patterns (See Figure 2B). B cells reacted at the 

earliest time points, T cells the second, and monocytes the 

latest. In addition, T cells responded in a negative mode at 

earlier time points and shifted to a positive mode. Opposite 

DMR modes and the amplitudes of the responses imply the 

activation of distinctive signaling molecules and pathways in 

each cell line. 

To identify the signaling molecules and pathways 

involved, we perform the label-free assay in the presence of 

signaling molecule/pathway-specifi c inhibitors. Evaluation 

of small molecule agonists and antagonists in physiologically 

relevant conditions is one of the advantages to using this 

technology. Different catalytic MIF inhibitors altered 

the DMR responses of different cell lines in distinctive 

ways (See Figure 2C). We are planning to use this highly 

sensitive label-free technology to work with primary cells 

from disease patients. This analysis will allow us to identify 

pathophysiological signaling events and involved molecules, 

which have not been detected by traditional methods.12 

One of our research interests is the molecular 

mechanism of MIF-receptor interaction in chronic 

infl ammatory conditions, including atherosclerosis. Since 

 Figure 2
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cell surface receptor composition varies depending on 

disease, understanding the molecular details of the ligand-

receptor interaction and associated cell signaling pathways 

is essential to fi ne-tuning pathological immune responses 

with minimal adverse effects to normal physiological 

events. We will investigate MIF-receptor interaction in 

atherosclerotic macrophages and identify the receptors 

involved in the pathogenesis. Based on this information, 

we will design small molecule antagonists interfering with 

the MIF-receptor interaction. Collected basic fi ndings will 

be tested in vivo using animal models of atherosclerosis. 

Our translation research, especially in collaboration with 

physician scientists, will greatly contribute in the treatment 

of atherosclerosis.

Atherosclerosis is a progressive disease of the artery 

wall where large numbers of monocytes infi ltrate the 

sub-endothelial space and subsequently differentiate 

into macrophages and become lipid-loaded. At later 

stages, more advanced plaques develop, containing 

infl ammatory cells, a necrotic core, and a fi brous cap. 

When unstable plaques rupture, a thrombotic event is 

initiated that ultimately results in heart attack, stroke, 

or peripheral artery disease. According to the American 

Heart Association, atherosclerosis-related cardiovascular 

disease accounts for > 30% of all deaths in the U.S.13 The 

exact cellular and molecular events that lead to the early 

development and progression of atherosclerotic lesions 

are not yet completely understood, but several risk factors 

have been identifi ed in large population studies. For 

example, the Framingham Heart Study recognized elevated 

cholesterol in blood as a risk factor for heart attack 

in 1961. Since then, great progress has been made to 

understand the regulation of both intracellular cholesterol 

homeostasis and lipoprotein metabolism.

Our laboratory is interested in the regulation of sterol 

and triglyceride homeostasis by microRNAs (miRNAs), 

which are small, non-coding 20-24 nt RNAs that 

promote the silencing of their target genes by binding to 

specifi c, partially complementary regions in the 3’-UTR 

(untranslated regions) of the target mRNA.14 This binding 

results in RNA interference and/or translational repression 

of the target gene.14 miRNAs can be expressed from their 

own promoter or can be encoded within the introns of 

other genes (so they are expressed when the “hosting” 

mRNA is transcribed). Regardless, the original miRNA 

transcript (Pri-miRNA) is sequentially cleaved by the 

exonucleases, Drosha (nuclear) and Dicer (cytoplasmatic), 

to generate the Pre-miRNA (100-150 nt) and the mature 

miRNA (20-24 nt) molecules, respectively. It is the mature 

miRNA that is fi nally incorporated into the RNA-Induced 

Silencing Complex (RISC).14 Other, “non-canonical” 

pathways that are independent of Drosha or Dicer have 

also been described. Nevertheless, the expression of a 

particular miRNA can be tissue, developmental, and even 

disease–specifi c, revolutionizing our understanding of 

epitranscriptional regulatory networks. Multiple studies 

have shown that miRNAs function as key mediators 

in multiple normal and disease-related biological 

processes.15-17 Consequently, novel therapeutic approaches 

that exploit miRNA–dependent gene silencing offer a 

promising future for the management of multiple diseases.

In 2010, fi ve different laboratories, including ours, 

reported on miR-33.18-22 This miRNA is expressed from 

within an intron of SREBP-2, a transcription factor that 

functions as a master regulator of intracellular cholesterol 

homeostasis promoting the expression of cholesterogenic 

genes (including HMGCR, the rate-limiting enzyme of 

the cholesterol biosynthetic pathway), the LDL-Receptor, 

PCSK9, and other cholesterol-related genes. The clinical 

importance of the SREBP-2 pathway is revealed in patients 

taking statins to decrease plasma LDL-cholesterol levels. 

We20 and others18,19,21,22 showed that the expression of miR-

33 is physiologically regulated by the levels of intracellular 

cholesterol (induced by sterol depletion and suppressed 

by sterol loading) and stimulated by treatment with 

statin drugs, both in vitro and in vivo. These initial studies 

also showed that miR-33 functions to repress the 

expression of the cholesterol transporter ABCA1, and 

identified the sequences in the 3’UTR of ABCA1 that 

bind to miR-33.18-22 

ABCA1 plays a critical role during the early steps of 

high-density lipoprotein (HDL) biogenesis by mobilizing 

intracellular cholesterol towards ApoA-1 in circulation, 

and patients with functional mutations in this transporter 

develop hypoalphalipoproteinemia (low HDL-c levels) 

or, in the most severe cases, Tangier disease (< 5% 

normal HDL-c levels).23 Consequently, mice in which we 

overexpressed miR-33 (via adenoviral transduction) showed 

decreased hepatic ABCA1 levels and reduced circulating 

HDL-c levels, compared to control animals.20 More 

importantly, the opposite was also true: silencing hepatic 

miR-33 (by using antisense oligonucleotides) led to elevated 
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hepatic ABCA1 mRNA and protein levels and elevated 

HDL-c in blood, compared to control mice.18-20 These 

results suggested that sustained silencing of hepatic miR-

33 might be used therapeutically in hypercholesterolemic 

patients to raise the levels of anti-atherogenic HDL-c and 

thus reduce the risk of cardiovascular disease.

We reported that miR-33 also controls the 

expression of sterol transporters involved in bile 

secretion, namely ATP8B1 and ABCB11.24 Severe 

functional mutations in these transporters result in 

Progressive Familial Intrahepatic Cholestasis (PFIC) 

type-1 and -2, respectively.25 Other, less severe mutations 

lead to Benign Recurrent Intrahepatic Cholestasis 

(BRIC) type-1 and -2, respectively.25 We characterized 

the miR-33 response elements in the 3’UTR of these 

genes and showed that manipulation of hepatic miR-33 

levels in mice (by using adenoviral vectors or antisense 

oligonucleotides) results in changes in bile secretion 

rates and overall bile collection from the gallbladder.24 

Additionally, we showed that treating mice with both 

a statin and a Pagen diet (a high fat, high cholesterol, 

sodium cholate diet) resulted in a cholestatic phenotype, 

compared to mice that were fed the diet but did not 

receive the drug. Importantly, this liver phenotype 

could be rescued by pre-treatment with anti-miR-33 

oligonucleotides,24 suggesting that miR-33 could mediate 

some of the effects of statins in vivo.

Collectively, the data discussed above suggest that 

miR-33 is physiologically induced by sterol depletion, 

prevents the loss of intracellular sterols, and controls the 

expression of sterol transporters via both the basolateral 

membrane (via ABCA1 towards HDL lipoproteins) and 

the apical membrane (via ATP8B1 and ABCB11 towards 

the bile). Both HDL and bile metabolism are essential 

components of the Reverse Cholesterol Transport (RCT) 

pathway, which mobilizes extra-hepatic cholesterol 

towards the liver for subsequent biliary secretion and 

ultimately loss through the feces.26 While this pathway is 

a very ineffi cient way of removing sterols (> 95% bile 

acids are reabsorbed in the intestine and shuttled back to 

the liver), it is the main mechanism we have to remove 

excess cholesterol (the other main pathway is known as 

Trans-Intestinal Cholesterol Excretion-TICE).  

The RCT is predicted to be atheroprotective, by 

facilitating the removal of sterols from macrophages in 

atheromata.26 We24 and others27 showed that an acute 

(two to four week) treatment of either wild-type or 

atherosclerosis-prone Ldlr-/- mice with anti-miR-33 

oligonucleotides resulted in accelerated RCT in vivo, 

compared to mice treated with control oligonucleotides. 

In these experiments, mice receive an intraperitoneal 

injection of macrophages loaded with radiolabeled 

cholesterol, and the RCT is estimated by the recovery of 

radiolabeled sterols in blood, liver, gallbladder, and feces. 

Collectively, these data provided further support to the 

hypothesis that silencing miR-33 in hypercholesterolemic 

patients might prevent cardiovascular events.

Studies in non-human primates showed that a 

16-week treatment with anti-miR-33 oligonucleotides 

increased plasma HDL-c, while at the same time reduced 

VLDL-triglycerides.28 These latter authors also reported 

that a 4-week antisense treatment following 16-weeks 

of a high fat, high cholesterol feeding accelerated the 

regression of atheromata in Ldlr-/-mice.27 A recent report 

showed that miR-33/ApoE double knock-out mice had 

decreased atherosclerosis, compared to atherosclerosis-

prone ApoE-/- mice.29 In contrast, we recently showed 

that long-term (12-week) treatment of Ldlr-/- mice with 

anti-miR-33 oligonucleotides did not change the size or 

composition of atheromata, compared to mice receiving 

control oligonucleotides or saline.30 These latter results 

are paradoxical, especially when considering the fact 

that previously described miR-33 targets (e.g., ABCA1, 

ATP8B1, ABCB11, and others) were induced in the 

livers of mice receiving the antisense,30 as expected. 

Also intriguing is the fact that by the end of the three-

month experiment, the plasma levels of HDL-c were not 

signifi cantly different among the different treatments, and 

that VLDL-triglycerides were indeed increased in mice 

receiving anti-miR-33 treatment.30 The different outcome 

between the four-week regression study27 and our twelve-

week progression study30 need to be elucidated. Differences 

in the progression of vascular lesions following whole-

body miR-33 defi ciency29 or treatment with anti-miR-33 

oligonucleotides30 are also intriguing, and might refl ect 

the impact of miR-33 expression in several cell types 

(hepatocytes, macrophages, endothelial cells). It is 

conceivable that anti-miR-33 therapy could be effective 
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in some, but not all, cell types where miR-33 is normally 

expressed. It will also be important to establish whether 

different chemistries alter the bioavailability and potency of 

anti-miR-33 oligonucleotides in either liver or lesions.

It is important to note that primates, but not 

rodents, express a second miR-33 gene (miR-33b) from 

an intron of SREBP-1. Hormones, dietary challenges, 

and even statin treatment differentially regulate 

SREBP-1 and -2, and this control may be critical to 

fully understanding the role of miR-33a/b in lipid 

homeostasis, since the expression of miR-33a and 

miR-33b is expected to parallel that of their hosting 

gene. In marked contrast to our atherosclerosis study,30 

a longitudinal study in non-human primates did show 

a sustained elevation of HDL-c, as well as a strong 

decrease in triglycerides.28 Whether the differences in 

cholesterol and triglyceride metabolism between mice 

and primates in response to anti-miR-33 treatment are 

due to miR-33b remains to be established, but anti-

miR-33 oligonucleotides should block the action of 

both miR-33a and miR-33b. 

The discrepancies between rodent and primate 

models thus raise an important concern regarding 

the direct translation of data from rodent models to 

human physiology and metabolic disorders. Using a 

combination of in vivo experiments and cell culture 

techniques, we are currently exploring other metabolic 

pathways that respond to miR-33a/b overexpression or 

silencing that might explain the specificities between 

mice and primates.
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