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Abstract

Objective—Mediator 1 (MEDZ1) interacts with transcription factors to regulate transcriptional
machinery. The role of MED1 in macrophage biology and the relevant disease state remains to be
investigated.

Approach and Results—To study the molecular mechanism by which MED1 regulates the
M1/M2 phenotype switch of macrophage and the effect on atherosclerosis, we generated MED1/
apolipoprotein E (ApoE) double-deficient (MED12Mac/ApoE~") mice and found that
atherosclerosis was greater in MED12Ma¢/ApoE~"~ mice than MED1/fl/ApoE~/~ littermates. The
gene expression of M1 markers was increased and that of M2 markers decreased in both aortic
wall and peritoneal macrophages from MED12Ma¢/ApoE~/~ mice, whereas MED1 overexpression
rectified the changes in M1/M2 expression. Moreover, low-density lipoprotein receptor-deficient
mice received bone marrow from MED12Ma¢ mice showed greater atherosclerosis.
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Mechanistically, MED1 ablation decreased the binding of peroxisome proliferator-activated
receptor -y (PPARy) and enrichment of H3K4mel and H3K27ac to upstream region of M2 marker
genes. Furthermore, interleukin 4 induction of PPARy and MEDL increased the binding of
PPARYy or MEDL to the PPAR response elements of M2 marker genes.

Conclusions—Our data suggest that MEDL1 is required for the PPARy-mediated M2 phenotype
switch, with M2 marker genes induced but M1 marker genes suppressed. MED1 in macrophages
has an anti-atherosclerotic role via PPARy-regulated transactivation.

Keywords

MED1; atherosclerosis; macrophage polarization
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Introduction

Mediator, containing multiple subunits, transduces regulatory information from enhancers to
promoters to facilitate transcription factor binding and RNA polymerase |1 recruitment to the
promoter of target genes.l 2 Mediator subunit 1 (MED1) often co-localizes or co-occupies
with cell-type-specific master transcription factors and active histone markers at the
enhancer/promoter region of the target genes.3 In mammalian cells, MED1 was originally
identified as a peroxisome proliferator-activated receptor (PPAR)-binding protein, which
increases the transcriptional activity of PPARy.4 Subsequently, MED1 was found to also
bind to the thyroid hormone receptor-associated protein (TRAP) complex and function as a
coactivator for several other nuclear receptors, including retinoic acid receptor,
retinoidxreceptor (RXR), vitamin-D-receptor, farnesoid X receptor (FXR), estrogen
receptor, and glucocorticoid receptor.4-8 Furthermore, MED1 regulates several transcription
regulators, including p53, five GATA family members, p300, PPARy coactivator-1 a, and
CCAAT/enhancer-binding protein 8 (C/EBP).”~9 By interacting with a myriad nuclear
receptors and transcriptional regulators, MED1 plays an important role in transcriptional
regulation.19: 11 In terms of biological functions at the tissue level, MED1 deficiency in
mouse embryonic fibroblasts impaired PPAR-y-stimulated adipogenesis and PPARy-
regulated gene expression.12 Liver-specific MED1 knockout in mice inhibited hepatic
steatosis induced by a glucocorticoid receptor agonist or PPARy overexpression.13 14 Mice
with muscle-specific MED1 knockout showed enhanced insulin sensitivity, improved
glucose tolerance and resistance to high-fat diet-induced obesity.1® In addition,
cardiomyocyte-specific ablation of MED1 in mice results in lethality due to dilated
cardiomyopathy-related ventricular dilation and heart failure, suggesting that MED1 may
play a role in cardiovascular diseases.18 Overall, MED1 may have pivotal but distinct roles
in various pathophysiological states depending on the tissue.

The innate immune response and lipid retention in monocytes/macrophages is imperative in
the initiation, progression, and exacerbation of atherosclerosis.1”: 18 Tissue macrophages
have immense plasticity and can be classified into the classically activated pro-inflammatory
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M1 macrophages and alternatively activated anti-inflammatory M2 macrophages.1® M1
macrophages show an elevated level of pro-inflammatory cytokines, including interleukin 1-
B (IL-1pB), tumor necrosis factor a (TNF a), and monocyte chemoattractant protein 1
(MCP-1). In contrast, anti-inflammatory M2 macrophages have various functions, including
regulation of immunity, maintenance of tolerance and tissue repair/wound healing.2°

PPARY activation primes human monocytes into alternative M2 macrophages; thus, PPARy
transactivates anti-inflammatory genes such as IL-10 via its PPAR-responsive element
(PPRE).21. 22 PPARYy activation by 15d-PGJ2, a synthetic PPARY ligand, upregulates
several M2 markers such as arginase 1 (Arg1).23 Additionally, PPARy suppresses the
expression of pro-inflammatory genes by interacting with pro-inflammatory transcription
factors such as AP-1, NFAT, and NF-xB.24 25 In the context of atherosclerosis,
apolipoprotein E (ApoE)-deficient (ApoE ") mice receiving troglitazone, a PPARy agonist,
showed decreased atherosclerosis.26 Furthermore, PPARy deletion in macrophages
increased atherosclerosis in mice with a low-density lipoprotein receptor (LDLR)-null
(LDLR™") background.2”

Because MEDL positively regulates PPAR-y, which is anti-atherosclerotic in macrophages,
we hypothesized that MEDL1 is also involved in the development of atherosclerosis. For this
purpose, we generated a mouse line with MED1 ablation specifically in monocytes/
macrophages (MED12Mac) Atherosclerosis was significantly enhanced in MED14Macy
ApoE~"~ double knockout mice or LDLR™~ mice receiving MED12Mac hone marrow.
Furthermore, MED12Ma¢ macrophages showed a profound inflammatory state, as evidenced
by the phenotype transition from M2 to M1. At the molecular level, MED1 was crucial for
PPAR-y acting on the PPRE in the upstream region of M2 marker genes. Thus, targeting
MED1 in macrophages may become a novel strategy for treating atherosclerosis.

Materials and methods

Materials and methods are available in the online-only Data Supplement.

Results

MED1 deficiency in macrophages increases atherosclerosis

To investigate the role of MED1 in macrophages in atherosclerosis, we developed
macrophage-specific MED1 knockout (MED12Mac) mice (Supplemental Figure 1), and then
introduced MED12Mz¢ or floxed MED1 allele (MED1/)28 into mice with an ApoE-null
background to generate MED12Mac/ApoE~~ and MED1/fl/ApoE~~ mouse lines. The 2
groups of mice, both starting at age of 8 weeks, were fed normal chow or a Western diet for
12 weeks, and then killed for assessing atherosclerosis. £n face Oil Red O staining revealed
significantly greater atherosclerotic lesion area in the aortic tree of MED12Mac/ApoE~/~ than
MED1%/f/ApoE~~ littermates under both the chow and Western diet [4.5+ 0.5% vs 6.9

+ 0.6% (Figure 1A)] and [9.7 £ 0.8% vs 18.8 £ 2.0% (Figure 1B)], for an increase of 54%
and 93%, respectively. Atherosclerosis was also increased greatly in the aortic root of
MED12Mac/ApoE~/~ mice as compared with MED1/fl/ApoE~~ littermates fed a chow or
Western diet (79.8 + 7.1x103 vs 112.6 + 8.4x103 um? and 136.2 + 13.0x103 vs 195.8
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+ 21.1x10% um?) (Figure 1C-D). In sections of aortic roots stained with MOMA2 antibody
recognizing monocytes/macrophages, MOMA2-positive areas were greater in MED1AMac/
ApoE~~ than MED1%/fl/ApoE~~ mice fed a chow or Western diet (26.7+3.8x103 vs

40.7+ 4.8x108 pm? and 64.5+6.3x103 vs 103.9+13.7x103 um?) (Figure 1C-D).
Furthermore, TUNEL staining showed increased apoptosis in the aortic roots of MED12Macy
ApoE~~ mice fed Western diet (Supplemental Figure 11). However, the lipid profile was
comparable between the 2 groups of mice under either diet (Supplemental Tables I and I1).
These results suggest that MED1 silencing in a monocytic lineage is sufficient to exacerbate
both spontaneous and diet-induced atherosclerosis.

MEDL1 deficiency promotes macrophage M1 polarization

Given the increased MOMA2-positive areas in atheroprone areas of MED12Mac/ApoE~/~
mice, which indicate increased residence of monocytes/macrophages in the vessel wall, we
next sought to determine whether MED1 deficiency in monocytes/macrophages promotes
the pro-inflammatory M1 phenotype in the vessel wall. Analysis of tissue extracts from
aortic specimens showed that the expression of M1 marker genes, including IL-1p, IL-6,
cyclooxygenase 2 (COX2), inducible nitric oxide synthase (iNOS), chmeokine (C-X-C
motif) ligand 1 (i.e., Grol), chemokine (C-C motif) ligand 2 (MCP-1), and TNFa,, was
significantly greater in the aortic tissue of MED12Mac/ApoE~'~ mice than MED1/fl/
ApoE~~ littermates (Figure 2A). In addition, the level of NLR family pyrin domain-
containing 3 (NLRP3) was increased, so NLRP3 inflammasome might be induced in the
aorta of MED12Mac/ApoE~~ mice. In contrast, the level of M2 marker genes, including
Argl, mannose receptor C type 1 (Mrcl), resistin-like a (Retnla/Fizz1), chitinase 3-like 3
(Chi3lI3) as well as PPARy, was lower in aortic tissue of MED12Ma¢/ApoE~ than
MED1%f/ApoE~~ mice (Figure 2B). Of note, the circulatory level of IL-1p was greatly
elevated in MED12Mac/ApoE~"~ mice (Figure 2C), which was consistent with the NLRP3
induction in the arterial wall. In addition, we performed immunostaining on sections of
aortic roots of MED12Mac/ApoE~'~ and MED1/fl/ApoE~~ control mice on Western diet for
4 weeks (Supplemental Figure 111). M1-like macrophages (MOMAZ2*iNOS™) were increased
in the early stage of atherosclerosis in MED12Mac/ApoE~'~ mice (Supplemental Figure I11).
Therefore, the increased M1/M2 polarization in macrophages deficient in MED1 may drive
atherosclerosis initiation and progression.

To examine whether the M1 polarization found in the aorta of MED12Ma¢/ApoE~~ mice
was attributed to the imbalanced expression of pro- versus anti-inflammatory genes in
MED1-deficient macrophages, we compared the expression profile of M1 and M2 marker
genes in peritoneal macrophages (PMs) isolated from the 2 lines of mice. Relative to PMs
from MED1/f/ApoE~/~ mice, those from MED12Mac/ApoE~'~ mice showed augmented
mRNA expression of IL-1p, IL-6, COX2, iINOS, Grol, TNFa, NLRP3, vascular cell
adhesion molecular 1 (VCAM-1), and intercellular adhesion molecule 1 (ICAM-1) (Figure
3A). However, the mMRNA expression of M2 marker genes (e.g., Argl, Mrcl, Retnla, and
Chi3l3), PPARY, and IL-10 was significantly reduced in MED12Ma¢/ApoE~/~ PMs (Figure
3B). We further performed a rescue experiment by complementarily expressing MED1 in
MED12Mac/ApoE~/~ PMs. Adenovirus-mediated MED1 expression decreased the levels of
pro-inflammatory genes, including IL-1p, IL-6, COX2, and iNOS, whose levels were
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comparable to that in MED1/f/ ApoE~/~ PMs transfected with Ad-null (Figure 3C). In
contrast, complementary expression of MED1 reversed the level of Mrc1, Chi3I3, and
PPARy M2 marker genes (Figure 3D). To test whether MED1 was sufficient for suppressing
M1 marker genes, we conducted a gain-of-function experiment by overexpressing MED1 in
MED1%fl/ApoE~/~ PMs. Compared with Ad-null overexpression, Ad-MED1 overexpression
decreased the mRNA levels of IL-1pB, IL-6, COX2, iNOS, and TNFa in wild-type PMs
(Figure 3E) but increased the expression of Mrc1, Chi3l3, and PPARy M2 marker genes
(Figure 3F).

MED1 deficiency in macrophages increases atherosclerosis in LDLR™~ mice

Given that the monocytes/macrophages residing in the arterial wall emanate from bone
marrow-derived monocytic cells and indeed PMs from MED12Mac/ApoE~/~ mice showed a
phenotype shift from M2 to M1, we used bone marrow transplantation to further explore the
role of MED1 in atherosclerosis. The use of LDLR™~, but not ApoE™~, mice was because
ApoE-sufficient donors can reduce the atherosclerotic phenotype in ApoE-deficient
recipients.2® LDLR™~ mice were lethally irradiated, and then received bone marrow from
MED12Mac or MED1/M donors. After a chow diet for 6 weeks, then a Western diet for 12
weeks, the 2 groups of mice were killed for assessing atherosclerosis. LDLR™~ mice
receiving MED12Mac hone barrow (MED14Mac —| DLLR™") showed a 54% increase in
lesion size as compared with controls receiving MED1/fl bone marrow

(MED1fl—| DLR™) (11.3 £1.2% vs 7.4 +1.1%) (Figure 4A). As well, the aortic root of
MED12Mac —| DLR~~ mice showed a 61% increase in lesion size (165.4+18.1x103 vs
102.7+11.1x103 pm?) and 38% increase in MOMA2-positive areas [54.4+11.1x103 vs
74.9+4.4 x108 um? (Figure 4B)]. With comparable lipid profiles in the 2 groups of animals
(Supplemental Table I11), MED1 deficiency in bone marrow-derived macrophages resulted
in increased atherosclerosis in LDLR™~ mice. Collectively, Figures 1-4 suggest that an
imbalance between pro-inflammatory M1 and anti-inflammatory M2 gene expression caused
by macrophage-specific MED1 silencing is associated with spontaneous and accelerated
atherosclerosis in ApoE™~ and LDLR™~ mice.

MED1 deficiency in macrophages potentiates innate immune stimulation

With results from animal experiments in Figures 1-4 suggesting the atheroprotective role of
MED1 in macrophages, we then investigated the involved mechanism. Firstly, we performed
quantitative RT-PCR (gPCR) analysis for MED1 expression in PMs after stimulation with
LPS, an innate immune stimulation that is well known to induce M1 polarization. The
expression of MED1 and PPAR~y was strongly repressed by LPS treatment (Supplemental
Figure 1V).30 Next, the differential gene expression in MED1/fl and MED12Mac pps
stimulated with or without LPS was analyzed using mouse atherosclerosis PCR array. The
heat map in Figure 5A reveals that the expression of 20 genes involved in innate immune
response and M1 polarization was significantly higher in MED1AMac than MED1 I/l
macrophages after LPS treatment. Upregulated genes in MED12Mac macrophages were the
pro-inflammatory genes MCP-1, chemokine (C-C motif) ligand 5 (CCL5), Grol, IFNy,
IL-1a, IL-1pB, and TNFa; adhesion molecules CD44, ICAM-1, integrin subunit a2 (i.e.,
ITGA?2), thrombospondin 4 (i.e., THBS4), and VCAM-1; apoptosis-related genes BCL2-
related protein Ala (BCL2Ala), caspase-8 (i.e., CASP8) and FADD-like apoptosis
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regulator (i.e., CFLAR), and TNFa-induced protein 3 (TNFalP3, also known as A20); and
extracellular molecules, including leukemia inhibitory factor LIF, PDGFB, serpin family B
member 2 (SERPINB2), serpin family E member 1 (SERPINE1), and tenascin C (TNC).
Conversely, downregulated genes were PPAR-y, RXRa, and BCL2, and Bcl-2-like 1
(BCL2L1) anti-apoptosis genes. Using gPCR, we further validated the mRNA expression of
M1 marker genes in MED1/fl and MED12Mac macrophages challenged with LPS. Levels of
M1 markers, including IL-1pB, IL-6, COX2, MCP-1, iNOS, Grol, TNFa, NLRP3, VCAM-1,
ICAM-1, and CCLS5, were confirmed to be higher in LPS-treated MED12MaC than MED1 I/
macrophages (Figure 5B). The protein levels of these inflammatory markers, such as COX2,
MCP-1, iNOS, and TNFa were consistently increased in MED12Mac macrophages treated
with LPS (Figure 5C). Cytoscape software was then used to construct an MED1-related gene
regulatory network that consolidated the results in Figure 5A and B. Such in silico analysis
shown in Figure 5D demonstrated that MED1 deficiency downregulated PPAR~y and
concurrently upregulated molecules facilitating a pro-inflammatory and dysregulated redox
state, which potentiated the phenotype switch from M2 to M1 macrophages. The pro-
inflammatory nature of MED12Mac pMs is also supported by the nuclear portion of p65 NF-
xB being slightly increased in MED12MaC pMs and the C/EBPB mRNA level increased in
LPS-stimulated MED12Mac p\s (Supplemental Figure V).

PPARY induction of M2 marker genes depends on MED1

Because PPARYy is required for the maturation of M2 macrophages and MEDL is essential
for PPARy-regulated transactivation,12: 13. 31 we then studied how MED1 is involved in the
PPAR-y-mediated M2 phenotype switch. We first used ChIP assay to examine the effect of
MED1 on the binding of PPARy to the PPRE in the promoter region of M2 marker genes
including PPARYy, Argl, Mrcl, and Chi3/3 (Figure 6A). PGCla lacking the PPRE in the
promoter was used as positive control (Supplemental Figure VI). MED1 deficiency in
MED12Mac macrophages significantly decreased the binding of PPARy to the PPRE in the
promoter region of PRARYy, Argl, Mrc1and Chi3/3 (Figure 6B). Consistently, MED1
knockdown significantly decreased the binding of PPARy to the PPRE in the promoter
region of PPARy, Argl, Mrcland Chi3/3 (Supplemental Figures V11 and VII1).

We then investigated whether the agonist-enhanced PPAR-y activity depends on MED1 by
transfecting RAW264.7 cells with PPRE-TK-luc reporter constructs together with control or
MED1 siRNA. The transfected cells were then stimulated with PPAR-y agonist rosiglitazone.
As shown in Figure 6C, rosiglitazone treatment significantly induced the PPRE-driven
transcriptional activity in RAW?264.7 cells transfected with control siRNA. However, this
induction was attenuated in cells with MED1 knocked down. In line with this result,
rosiglitazone treatment increased the expression of the PPARy-regulated genes, including
CD36, ABCAL, and ABCG1 in MED1fl \when compared with MED12Ma¢ macrophages
(Figure 6D).

Transcriptional activation is associated with a euchromatin state in the promoter and/or
enhancer regions. Indeed, macrophage-unique PPARy binding sites in the genome coincide
with the active histone marker H3K9ac.32 Accordingly, we used ChIP-gPCR assay to
investigate whether MED1 regulates the expression of M2 genes by modulating the
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chromatin states at the promoter and/or enhancer region of the M2 marker genes. Nuclear
extracts were immunoprecipitated first with antibodies for H3K4me1l (recognizing both
active enhancers and promoters) and H3K27ac (recognizing active enhancers). With PPARy
and Arg1 as representative M2 marker genes, we profiled the promoter and enhancer regions
of these genes defined in ENCODE data (Figure 6E). Primer sets were then designed for
gPCR assessment of the enrichment of H3K4mel and H3K27ac in these upstream regions.
Compared to control RAW264.7 cells, MED1 knockdown significantly reduced the
enrichment of H3K4me1 at both promoter and enhancer regions, whereas H3K27ac was less
abundant in the enhancer region of PPARy and Arg1 (Figure 6F).

IL-4 induces activation of alternative M2 macrophages with attendant increase in the
expression of PPAR~y and other prototypical target genes that characterize the M2
phenotype.20 To further explore the role of MED1 in PPARy-dependent M2 transition, we
compared the mRNA level of M2 marker genes in MED1/fl and MED12Mac macrophages
with or without IL-4 stimulation. At the basal level (without IL-4 treatment), the expression
of M2 markers, including PPARy, Argl, and Chi3I3, was comparable between MED14Mac
and MED1/f macrophages, whereas Mrc1 expression was lower in MED124Mac
macrophages (Figure 7A). With IL-4 treatment, the expression of these M2 markers was
strongly induced in MED1f/fl macrophages. However, such IL-4 induction of M2 genes was
significantly attenuated in MED12Mac macrophages (Figure 7A). The decreased expression
of M2 markers was also recapitulated in RAW264.7 cells transfected with MED1 siRNA
(Supplemental Figure 1X).

Because MED1 was essential for the euchromatin state of the upstream region of the M2
genes such as PPARy and Arg1 (Figure 6D), we next explored the effect of IL-4 on MED1
binding to the PPRES in PPARy, Argl, Chi3/3, and Mrcl. IL-4 treatment indeed greatly
increased the enrichment of MEDL to the PPRESs of these genes (Figure 7B). Of note, with
IL-4 treatment, the level of PPARy and MEDL increased in RAW264.7 cells (Figure 7C).
Coimmunoprecipitation revealed that MEDL interacted with PPAR-y to a similar extent with
or without IL-4 treatment (Figure 7D). However, MED1 had little, if any, interaction with
either p65 NF-kB or C/EBP with or without IL-4 treatment (Supplemental Figure X). Thus,
IL-4 induction of the M2 marker genes would be caused by the increased amount of MED1/
PPARYy that transactivated the target genes.

Discussion

The principal finding of this study is that MED1 in macrophages is essential for an
atheroprotective phenotype, which is mainly supported by the increased atherosclerosis in
ApoE~~ or LDLR™~ mice with MED1 deficiency in bone marrow-derived macrophages.
These results reveal a new function for MED1 in macrophages in addition to its roles in
lipogenesis in liver and insulin sensitivity in muscle. The underlying mechanism is that
MED1, functioning as a transcriptional coactivator, is essential for the PPARy-mediated M2
polarization. Previous study by Odegaard et al. indicated that PPAR-y preferentially binds to
the PPRE located at the promoter region of M2 marker genes (e.g., Arg1).31 Our results
further demonstrate that such transactivation of PPARy on M2 marker genes depends on
MED1 serving as a coactivator (summarized in Figure 7E).

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bai et al. Page 8

Given that PPARy is a master transcription factor for the monocytic lineage, MED1 may be
an integrated part of the PPAR-y transcriptional machinery in macrophages. However, MED1
also participates in the transcriptional activation regulated by several pro-inflammatory
transcription factors such as NF-xB and C/EBP.%: 33 Although MED1 in macrophages
facilitates PPARy-mediated M2 gene expression, this positive effect seems to be omitted in
regulating pro-inflammatory genes, including M1 markers that are regulated by NF-xB and
C/EBPB. Regarding possible mechanism, data presented in Supplemental Figure X
demonstrated that MED1 had little interaction with either p65 NF-xB or C/EBP in
RAW?264.7 cells under basal condition. Moreover, neither p65 NF-xB nor C/EBP increased
their interaction with MED1 during the IL-4-induced M2 polarization. Consistently, the
reciprocal ChIP experiments revealed no detectable binding of p65 NF-xB to the upstream
region of M1 marker genes including COX2, iNOS, and TNFa in RAW264.7 cells treated
with IL-4 or infected with Ad-MED (data not shown). Thus, MED1 repression of the M1
genes may not involve a direct binding of NF-xB or C/EBP.

MED1, acting as a super-enhancer, may change the euchromatin status of M2 genes via
histone modification and enhancer activity, which also depends on the expression level or
activity of lineage-dependent transcription factors such as PPAR7y in macrophages.3*
Although MEDL is ubiquitously expressed, tissue-related functions depend on the MED1-
enhanced expression of genes regulated by tissue-related master transcription factors.3
Hence, MEDL1 interacting with PPAR-y to maintain an optimal level of M2 genes is essential
to maintain macrophage homeostasis. Conversely, MED1 deficiency in macrophages would
lead to impaired maturation of PPARy-driven M2 macrophages. Data presented in Figure
7C showed that M2 stimuli (e.g., IL-4) increased the level of MED1 and PPAR-y in
RAW264.7 cells. On the other hand, M1 stimuli (e.g., LPS) suppressed the expression of
MED1 and PPARY in macrophages (Supplemental Figure 1V).20 Thus, it is reasonable to
infer that the abundance of the MED1/PPAR~y complex contributes to M1 versus M2
polarization. In terms of atherosclerosis, an optimal level of MED1 in monocytes/
macrophages would be athero-protective. This postulation is supported by an increase in the
M1-like macrophages in the early stage of atherosclerosis in MED12Mac/ApoE~/~ mice
(Supplemental Figure I1I).

MED1 also seems to regulate signal-dependent transcription factor (SDTF)-dependent
expression.3® In accordance with the concept of SDTFs, PPARYy induced by IL-4 (Figure
7E) can be considered SDTF-dependent regulation during the M2 polarization. In the
context of epigenetic regulation, the IL-4 induction of PPARy level seems to increase
PPARYy binding to the PPRE at the upstream region of various M2 genes.?? Thus, the
enhanced atherosclerosis in MED12Mac/ApoE~~ mice (Figure 1) would be due mainly to
the impaired MED1/PPARY regulation of M2 polarization in monocytes/macrophages.
Intriguingly, MED1 deficiency in mouse liver causes hypercholesterolemia (Borensztajn and
Reddy, unpublished results) and therefore MED1 would regulate cholesterol metabolism in
hepatocytes, which in turn affects the lipoprotein profile in the circulation. In the current
study, lipid profiles were comparable between MED12Mac/ApoE~'~ mice and their
MED1f/fl/ApoE~' littermates under a chow diet or atherogenic Western diet (Supplemental
Tables I and 11), so MED1 in macrophages may not alter lipoprotein metabolism in the
circulation. Although increased cholesterol content is implicated in macrophage M1
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polarization,38 cellular cholesterol level in MED1/fl and MED124Mac pMs with or without
oxLDL stimulation seemed to be comparable (Supplemental Figure XI). Given the technical
limitations in our analysis of cellular cholesterol content, a contribution of cellular
cholesterol and lipid raft cholesterol to changes in macrophage signaling and M1/M2
phenotypic change should not be excluded.

Besides PPAR+y, MEDL1 can interact with many other nuclear receptors, some of which have
been shown to exert anti-inflammatory effects in macrophages.3” Using bioinformatics, we
found that the promoter regions of the M2 genes (e.g., PPARy, Arg1, Mrcl and Chi3/3) do
include the putative binding sites for RXRa, RARa, RORa, FXR, and HNF4a
(Supplemental Figure X11A). Similar approach has been used to infer the binding sites of
NF-xB, C/EBPB, RXRa, RARa, RORa, FXR, and HNF4a in the promoters of M1 marker
genes (e.g., COX2Z, iNOS and TNF) (Supplemental Figure XIIB). This in silico analysis
suggests that these nuclear receptors may also be involved in the anti-inflammatory effect
exerted by MED1 in macrophages.

Super-enhancers were originally defined by the differential level of MED1 enrichment at
multiple loci in the genome.3 MED1 interacting with BRD4, an epigenetic reader that
recognizes acetylated lysines, is involved in the inflammatory response in myeloma tumor
cells.38 Inhibition of BRD4 by the thienotriazolodiazepine JQ1 reduces the MED1
enrichment, especially in the super enhancer regions.38 JQ1 also attenuates TNFa-induced
NF-xB activation in endothelial cells, thereby decreasing atherosclerosis.3? This observation
may seem contradictory to our finding that MED1 deficiency was pro-ML1, or pro-
atherosclerotic, whereas suppression of MED1 binding to enhancers by JQ1 is anti-
atherosclerotic.3 39 A multitude of explanations may rationalize such paradox. First, our
experimental approaches involved tissue-specific MED1 ablation in macrophages, whereas
in the previous study, BRD4 inhibition decreased MED1 super enhancer binding in
endothelial cells. These differential results in macrophages versus endothelial cells agree
with the notion that MED1-modulated gene expression is tissue-dependent. Nonetheless, the
paradox is that neither study can justify why only a certain set of genes can be
transcriptionally activated, given that MED is ubiquitously important in the Mediator
complex. Thus, pro- and anti-inflammatory stimulating cues combined with tissue-specific
signals may cause a unique recruitment of pioneer transcription factors, co-activators, and/or
co-suppressors to the MED1-associated Mediator complex so that a set of genes are
selectively activated. An alternative explanation is that distinct signals may result in
conformational changes of MED1, which in turn affect the genomic loci of MED1 super
enhancer binding that may direct long-distance chromatin remodeling and ensuing gene
expression.

In summary, our data strongly support that MED1 in macrophages is anti-atherosclerotic
because of PPARy-dependent M2 polarization. However, the detailed molecular insights of
the selective induction of M2 marker genes require further investigation to interpret the
epigenetic landscapes of MEDL1 interactions at the whole genome level with functionally
opposing stimuli.
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TNFa Tumor necrosis factor a

MCP-1 Monocyte chemoattractant protein 1

PPRE PPAR-responsive element
LDLR Low-density lipoprotein receptor
Argl Arginase 1

Mrcl Mannose receptor C type 1

NLRP3 NLR family pyrin domain-containing 3
COX2 Cyclooxygenase 2

iNOS Inducible nitric oxide synthase

Retnla Resistin-like molecule a

VCAM-1  Vascular cell adhesion molecular 1
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Highlights

. MEDL1 deficiency in macrophages results in the increase of atherosclerosis in
ApoE~~ and LDLR™~ mice.

. MED1 regulates the M1/M2 phenotype switch of macrophage.

. MED1 facilitates the binding of PPARy to the PPRE in the promoter region
of M2 marker genes, such as Argl, Mrcl and Chi3I3.
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Figure 1. MED1 deficiency in monocytes/macrophages promotes atherosclerosis in mice
Eight-week old MED1/f/ApoE~/~ male mice and age-matched MED12Mac/ApoE~/~ male

littermates were fed a chow (n=11 and n=12, respectively) or Western diet (n=15 and n=21,
respectively) for 12 weeks. (A, B) £n face Oil Red O staining of aortic specimens. (C, D)
Cross sections of aortic roots from mice stained with hematoxylin and eosin (H&E), Oil Red
O (atherosclerosis), or MOMAZ2 (macrophage) antibody (n =8-12 mice per group). Data are
mean+SEM. * p<0.05.
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Figure 2. MEDL1 deficiency in monocyte/macrophages aggravates inflammatory response in the
aorta
(A) RT-gPCR analysis of the mRNA level of M1 marker genes (IL-1B, IL-6, COX2, iNOS,

and Grol), MCP-1, TNFa, and NLRP3 and (B) M2 marker genes (Argl, Mrcl, Retnla,
Chi3l3, and PPARYy) in aortas of MED1/fl/ApoE~~ mice and their MED12Mac/ApoE~/~
littermates (n=8 in each group) fed a Western diet for 12 weeks. (C) ELISA of the plasma
level of IL-18 in MED1f/ApoE~~ and MED12Ma¢/ApoE~/~ mice (n=17 and n=22,
respectively). Data are mean+SEM from 3 independent experiments. In (A, B), the levels of
mRNA are compared with those in MED1/fl/ApoE~/~ mice set to 1. *p< 0.05.
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Figure 3. MEDL1 deficiency promotes macrophage M1 polarization
(A, B) Peritoneal macrophages were isolated from MED1/fl/ApoE~/~ mice and MED12Mac/

ApoE~'~ littermates (n=6 in each group). RT-qPCR analysis of the mRNA level of M1 and
M2 marker genes in pooled macrophages. (C, D) Peritoneal macrophages pooled from 6
MED12Mac/ApoE~~mice or 6 MED1/fl/ApoE~'~ littermates were infected with Ad-null (50
multiplicity of infection [MOI]) or Ad-MED1 (50 MOI). (E, F) RT-gPCR analysis of mRNA
levels of (E) IL-1B, IL-6, COX2, iNOS, TNFa and (F) Mrcl, Chi3I3, and PPARYy in
MED1%/f/ApoE~~ macrophages infected with Ad-null or Ad-MED1. In (A-D), the levels of
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mRNA were compared to those in MED1/fl/ApoE~/~ macrophages set to 1. In E and F, the
Ad-null infected levels were set to 1. Data are meanSEM from 3 independent experiments.
*

p< 0.01.
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Figure 4. MED1 deficiency in macrophages increases atherosclerosis in LDLR ™" mice
Bone marrow from MED1f/fl or MED12Mac donor mice were transplanted to 8-week-old

and lethally irradiated LDLR™~ male mice [MED1%/fl—|DLR~~ (n=7) and
MED12AMac—| DR/~ (n=8)]. After a 6-week chow diet then 12-week Western diet,
recipient mice were killed. Atherosclerotic lesion areas in the aorta tree (A) and aortic roots
(B) were analyzed and data are presented as mean+SEM. * p<0.05.
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Figure 5. MED1 deficiency in macrophages potentiates an inflammatory response
Peritoneal macrophages isolated from MED1f/fl and MED12Mac mice were treated with or

without LPS (50 ng/ml) for 6 hr. (A) Heat map from microarray assay shows up- and
downregulation of selected atherosclerosis-related genes. (B) gPCR analysis of the mRNA
level of the indicated genes. All experiments were repeated 3 times (n=6 per group). *
p<0.05. (C) Western blot analysis of the expression of COX2, MCP-1, iNOS, and TNFa.. B-
actin was used as loading control. Samples were pooled from 6 animals in each of the
indicated groups. * p<0.05. (D) Cytoscape reconstruction of the MED1-related gene
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regulatory network summarizing results in A and B. Red and green circles represent up- and
downregulated genes with MED1 deficiency in macrophages.
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Figure 6. MED1 mediates PPARy-induced M2 genes
(A) Bioinformatics analysis of PPREs in the upstream region of M2 marker genes (PPARYy,

Argl, Mrc1, and Chi3l3). (B) PMs were isolated from MED1%/fl and MED12Mac mice, and
then nuclear extracts were obtained. ChIP assay was performed with the use of anti-PPARy
to detect PPAR+y enrichment at the upstream region of the PRARYy, Arg1, Mrcl, and Chi3I3
gene. 1gG was used as the isotype control. The primer sets used in gqPCR were sequences
adjacent to the predicted PPREs. Bar graphs represent the binding of PPAR~y as % of input.
(C) RAW264.7 cells were transfected with PPRE-TK-luc reporter constructs together with
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control or MED1 siRNA. The transfected cells were then stimulated with PPARy agonist
rosiglitazone (Rosi) (10 mM) for 24 hr. Luciferase activity was measured and normalized to
that of B-gal. (D) gPCR was performed to detect the mRNA level of CD36, ABCAL and
ABCG1 in MED1f/fl and MED12Mac macrophages treated with Rosi. Graphs represent
mean+SEM from 6 mice per group. * p<0.05. (E) The epigenetic landscapes of the upstream
region of mouse PPARy and Arg1 [obtained from http://epgg-test.wustl.edu/d/mm9/
ENCFF001JY 1.bigWig,(H3K4mel), http://epgg-test.wustl.edu/d/mm9/
ENCFF001JYV.bigWig,(H3K27ac) and http://epgg-test.wustl.edu/d/mm9/
ENCFF001JYO.bigWig (H3K4me3)]. The red, green, and blue boxes represent the locations
of primers detecting the respective PPRE, promoter, and enhancer. (F) RAW264.7 cells were
transfected with control or MED1 siRNA. ChlIP assay of the respective enrichment of
H3K4mel and H3K27ac on the promoter and enhancer; H3K27ac on the enhancer of the
PFPARy and Argl gene. Data represent as % of input and are mean+SEM from 3
independent experiments * p<0.05.
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Figure 7. IL-4 induction of M2 marker genes is MED1-dependent
Peritoneal macrophages isolated from MED1f/fl and MED12Mac mice (A) and RAW264.7

cells (B-D) were treated with or without IL-4 (10 ng/ml) for 16 hr. (A) RT-gPCR of the
mRNA level of PPARy, Argl, Chi3I3, and Mrc1 compared with MED1/fl without IL-4 set

to 1. (B) ChIP assay was performed to detect the enrichment of MED1 at the predicted

PPREs of PPARy, Arg1, Chi3l3, and Mrcl. 19G was used as the isotype control. Bar graphs
represent the binding of MED1 as % of input. (C) Western blot analysis of the protein level
of MED1 and PPARYy. Histone bands indicate the loading control. (D) MED1 was
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immunoprecipitated, then immunoblotted with anti-MED1 or anti-PPARy antibody. In (A-
D), data are mean+SEM from at least three independent experiments, * p<0.05. The bar
graphs represent the comparison with those without 1L-4 treatment set to 1. (E) A graphic
presentation of the mechanism by which MED1 in macrophages is atheroprotective through
its regulation of macrophage polarization.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2018 August 01.



	Abstract
	Introduction
	Materials and methods
	Results
	MED1 deficiency in macrophages increases atherosclerosis
	MED1 deficiency promotes macrophage M1 polarization
	MED1 deficiency in macrophages increases atherosclerosis in LDLR−/− mice
	MED1 deficiency in macrophages potentiates innate immune stimulation
	PPARγ induction of M2 marker genes depends on MED1

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7



