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Monocyte to macrophage differentiation-associated (MMD)
positively regulates ERK and Akt activation and TNF-a

and NO production in macrophages
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Abstract Macrophage activation is modulated by both
environmental cues and endogenous programs. In the
present study, we investigated the role of a PAQR family
protein, monocyte to macrophage differentiation-asso-
ciated (MMD), in macrophage activation and unveiled its
underlying molecular mechanism. Our results showed that
while MMD expression could be detected in all tissues
examined, its expression level is significantly up-regulated
upon monocyte differentiation. Within cells, EGFP-MMD
fusion protein could be co-localized to endoplasmic retic-
ulum, mitochondria, Golgi apparatus, but not lysosomes
and cytoplasm. MMD expression is up-regulated in mac-
rophages after LPS stimulation, and this might be modu-
lated by RBP-J, the critical transcription factor of Notch
signaling. Overexpression of MMD in macrophages
increased the production of TNF-¢ and NO upon LPS

Qiang Liu, Jin Zheng, Dan-Dan Yin, and Jie Xiang have contributed
equally to this study.

Electronic supplementary material The online version of this
article (doi:10.1007/s11033-011-1370-5) contains supplementary
material, which is available to authorized users.

Q. Liu - J. Zheng - D.-D. Yin - L. Liu -

Y.-M. Liang (<) - H. Han

Department of Hematology, Tangdu Hospital, Fourth Military
Medical University, Xi’an 710038, China

e-mail: liangym@fmmu.edu.cn

Q. Liu - J. Xiang - F. He - Y.-C. Wang - L. Liang -
H.-Y. Qin - H. Han

State Key Laboratory of Cancer Biology, Fourth Military
Medical University, Xi’an 710032, China

H. Han (IX)

Department of Medical Genetics and Developmental Biology,
Fourth Military Medical University, Xi’an 710032, China
e-mail: huahan @fmmu.edu.cn

stimulation. We found that MMD overexpression enhanced
ERK1/2 and Akt phosphorylation in macrophages after
LPS stimulation. Blocking Erk or Akt by pharmacological
agent reduced TNF-o or NO production in MMD-over-
expressing macrophages, respectively. These results sug-
gested that MMD modulates TNF-o and NO production in
macrophages, and this process might involves Erk or Akt.
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Introduction

Macrophages are important immune cells in host. These
diverse cell populations act as effector cells via phagocy-
tosis and cytotoxicity in the innate immunity responses,
and also participate in the adaptive immune responses by
antigen presentation and cytokine production. Moreover,
macrophages display notable plasticity and respond to
environmental cues in a polarized manner, giving rise to
different populations of cells with distinct physiological
functions [1]. The polarized macrophages have been
summarily classified into two subgroups: M1 and M2
macrophages. M1 polarization, which is triggered by type 1
inflammatory cytokines such as tumor necrosis factor «
(TNF-o) or bacterial lipopolysaccharide (LPS), enhances
microbicidal or tumoricidal capacity by producing reactive
oxygen species (ROS) and nitric oxide (NO), and promotes
inflammatory immune responses by the production of pro-
inflammatory cytokines such as interleukin (IL)-12 and
TNF-« [1]. In contrast, M2 macrophages play a key role in
the resolution of inflammation via enhancing production of
anti-inflammatory cytokine IL-10 [2, 3].
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The endogenous molecular mechanisms for determining
macrophage polarization are still poorly understood. The
Notch signaling pathway is highly conserved and is
involved in multiple cell fate decisions and differentiation
processes during hematopoiesis. There are five Notch
ligands, including Jagged (Jag) 1 and 2, and delta-like (DIl)
1, 3, 4, and four Notch receptors (Notch1-4) expressed on
mammalian cell membrane. Ligand binding triggers pro-
teolytic cleavages of Notch receptors, releasing the intra-
cellular domain of Notch (NICD) to translocate into the
nucleus, where NICD associates with the transcription
factor RBP-J and recruits other co-activators to activate
target gene expression [4]. Several reports have shown that
Notch signaling participated in the regulation of macro-
phage activation and function [5—13]. Our recent study has
shown that Notch signaling plays a critical role in the
determination of M1 versus M2 polarization of macro-
phages in anti-tumor immune responses [14]. To further
characterize the role of RBP-J-mediated canonical Notch
signaling in macrophage activation, we performed a pre-
liminary comparison of gene expression profiles between
RBP-J deficient and normal macrophages stimulated with
LPS, and the preliminary microarray data suggested that
monocyte to macrophage differentiation-associated
(MMD) was one of the differentially expressed genes
among others (data not shown).

The human MMD (hMMD) gene was first identified in
1995, which is high expressed in mature, in vitro differ-
entiated macrophages but absent in monocytes [15]. While
bioinformatical analysis have shown that hMMD gene
encodes a putative seven transmembrane (7TM) protein
containing 238 amino acid residues, its role in macro-
phages activation has not been elucidated. In the present
study, we report that the monocyte to MMD [15], a
member of the progesterone and adipoQ receptor (PAQR)
family [16], is involved in macrophage activation.

Materials and methods
Cell culture and transfection

Macrophage cell line RAW264.7 and dendritic cell (DC)
line DC2.4 were cultured in RPMI1640 (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (FBS), 2 mM L-glutamine, 50 IU/ml penicillin, and
50 pg/ml streptomycin sulfate. LPS (Sigma, St. Lowis, MI,
USA) was used at 1 pg/ml. In some cases, MEK1 inhibitor
PD98059 (50 uM) or phosphatidylinositol 3-kinase (PI3K)
inhibitor LY294002 (25 uM) (Beyotime Inst. Biotechnol.,
Shanghai, China) was included in the culture medium.
RAW264.7 cells were transfected with Lipofectamine®
LTX reagent or PLUS® reagent (Invitrogen) according to
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the recommended protocols. Cells were then cultured in the
presence of 0.8 mg/ml G418 (Invitrogen) to select stable
cell lines. Positive cells were sorted by FACS for the
expression of enhanced green fluorescence protein (EGFP),
pooled, and were used further analysis. For transient
transfection, the transfected cells were cultured in medium
for 36 h, and were observed under a fluorescent micros-
copy (BX51, Olympus, Tokyo, Japan) with a CCD camera
(DP70, Olympus) or a confocal microscope (FV1000,
Olympus). Organelle staining was performed using differ-
ent tracking kits (Beyotime Inst. Biotechnol., Shanghai,
China) following the manufacturer’s instructions, and
nuclei were stained with DAPI. For immunofluorescence
staining, cells were fixed with 4% paraformaldehyde and
stained with FITC-conjugated anti-Flag (M2, Sigma, St.
Lowis, MI, USA). Images were taken using a fluorescence
microscope.

For the primary culture of bone marrow-derived mac-
rophages (BMDMs), monocytes were isolated from BM of
normal wild type mice, or poly(I)-poly(C)-induced MxCre-
RBP-J7 (RBP-J7/7) or MxCre-RBP-J™' (control) mice
[14], by using anti-Grl (Ly-6G) magnetic beads (Miltenyi
Biotec GmbH, Germany). Cells were cultured in the
presence of mouse granulocyte macrophage-colony stim-
ulating factor (mGM-CSF, 40 ng/ml) (Pepro Tech Inc.) for
7 days to generate macrophages [14].

Reverse transcription-polymerase chain reaction
(RT-PCR) and real-time PCR

Total RNA was extracted from mouse tissues or cells with
the TRIzol reagent (Invitrogen) and was reverse transcribed
using a PrimeScript 1st Strand cDNA synthesis kit (TaKaRa,
Dalian, China) according to the manufacturer’s instructions.
The cDNA of MMD was amplified by PCR using primers
5'"TGGATCAATGCGGTTCAGGA-3' and 5'-GCAATTG
GCAGCATGTTCGTAG-3'. The ff-actin cDNA was ampli-
fied with 5-CATCCGTAAAGACCTCTATGCCAAC-3'
and 5-ATGGAGCCACCGATCCACA-3', as a reference
control. The PCR products were analyzed by agarose gel
electrophoresis. Real-time PCR was performed using a kit
(SYBR Premix EX Taq, TaKaRa) and the ABI PRISM 7500
real-time PCR system following the manufacturer’s proto-
col, with ff-actin as a reference control. Other primers used in
real-time PCR included: TNF-o, 5'-CAGGAGGGAGAAC
AGAAACTCCA-3' and 5'-CCTGGTTGGCTGCTTGCTT-
3’; iNOS, 5-GCAGAGATTGGAGGCCTTGTG-3' and
5'-GGGTTGTTGCTGAACTTCCAGTC-3'.

Plasmid construction

The coding region of the mouse MMD c¢DNA was ampli-
fied by RT-PCR from the total RNA of the mouse
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macrophage cell line RAW264.7 using the forward primer
5-ATGCGGTTCAGGAATCGATTCCAG-3' and the reverse
primer 5-TCATAAATGCCGAATAAAGTCTGTGGGAC-3'.
To construct the pIRES2-EGFP-MMD plasmid, the MMD
cDNA fragment was cloned into pIRES2-EGFP vector
(Clontech) and was confirmed by sequencing. The MMD
cDNA was also inserted in frame into pEGFP-NI or
pEGFP-C2, to construct pEGFP-N1-MMD and pEGFP-
C2-MMD, which express MMD-EGFP and EGFP-MMD,
respectively. To fuse Flag tag with MMD at N terminus,
MMD cDNA was inserted in frame into pFlag-CMV2,
to obtain pFlag-CMV2 MMD. C terminal Flag fusion
was achieved by PCR and was expressed in pcDNA3.1(+).
The pIRES2-EGFP-NIC plasmid was described previously
[17].

Enzyme-linked immunosorbent assay (ELISA)

The protein level of TNF-« in culture supernatant was
assayed using ELISA with an ELISA Kit (NeoBiosciences,
Shanghai, China) according to the manufacturer’s
instructions.

NO production

The level of NO in culture supernatant was assayed by
Griess reaction with a Nitric Oxide Assay Kit (Beyotime
Inst. Biotechnol.). The culture supernatants (50 pl) were
added to 50 pl Griess reagent I and 50 pl Griess reagent 11,
and the absorbance at 540 nm was measured with a
microplate reader.

Western blot analysis

To detect the expression and phosphorylation of Akt and
ERK1/2 in macrophages, western blot analysis was per-
formed routinely, with primary antibodies including: anti-
Akt, anti-phospho-Akt (Ser473) (Signalway Antibody,
Pearland, TX, USA), anti-p44/42 MAPK, anti-phospho-
p44/42 MAPK (Thr202/Tyr204) (Cell Signaling Technol-
ogy, Boston, MA, USA), or anti-f-actin (Sigma, St. Louis,
MO, USA). As secondary antibodies, horseradish peroxi-
dase (HRP)-conjugated anti-rabbit-IgG or anti-mouse-IgG
(Boster BioTec) was used.

Statistics

The statistical analysis was performed with the SPSS 11.0
program. Results were expressed as the means £ SD.
Comparison between groups was undertaken using the
unpaired student’s ¢ test. P < 0.05 was considered statis-
tically significant.

Results

The expression pattern and intracellular localization
of MMD

To further investigate the molecular mechanisms of Notch
signaling in macrophage activation, we preliminarily
compared the gene expression profiles between RBP-J-
deficient (RBP-J™/7) and control (RBP-J™"7) BMDMs [14]
after LPS stimulation by using microarray analysis. The
data suggested that MMD was one of the differentially
expressed genes among others (data not shown).

To examine the expression pattern of MMD, we pre-
pared total RNA from different adult tissues, and per-
formed RT-PCR. As shown in Fig. la, MMD mRNA
could be detected in all examined tissues. However, when
we performed similar experiment using RNA from dif-
ferent cell lines and sorted hematopoietic cells [14], we
found that MMD was expressed in macrophages, DCs,
T-lymphocytes, but not monocytes (Fig. 1b), suggesting
that MMD expression might be activated during mono-
cyte differentiation into macrophages and DCs. Indeed,
when BM-derived monocytes were induced to differenti-
ate into macrophages, the expression of MMD was up-
regulated significantly (Fig. 1c), consistent with previous
result [15].

We then examined the intra-cellular localization of
MMD. RAW264.7 macrophages were transfected tran-
siently with expression vectors in which MMD was
fused with EGFP at either N- or C-terminus, and were
observed under a fluorescence microscope. The result
showed that the fusion protein had a dotted distribution
within cells (supplemental Fig. S1). Similar results were
obtained when cells were transfected with MMD fused
with Flag tag at either N- or C-terminus (supplemental
Fig. S1). We co-localized MMD-EGFP with different
organelle trackers. The results showed that MMD-EGFP
was co-localized to endoplasmic reticulum (ER), mito-
chondria, and Golgi apparatus, but not to lysosomes
(Fig. 2). These data suggested that MMD localized to
ER-Golgi apparatus and mitochondria, but not to lyso-
somes or cytoplasms.

LPS up-regulated MMD expression in macrophages,
which was modulated by RBP-J

To investigate whether MMD is involved in macrophage
activation, RAW?264.7 cells were treated with LPS for 2 h,
and the expression of MMD was analyzed by real-time
PCR. As shown in Fig. 3a, LPS mildly but significantly up-
regulated MMD expression in macrophage. Activation of
Notch signaling by the overexpression of NICD also up-
regulated MMD mRNA (Fig. 3b). Moreover, primary
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Fig. 1 MMD expression is up-regulated upon monocyte differenti-
ation. a Total RNA was prepared from the indicated tissues, reverse
transcribed, and cDNA fragment of MMD was amplified by PCR,
with f-actin as a reference control. b The cDNA fragment of MMD
was amplified by PCR from RNA of the indicated cell lines and sorted

MMD-EGFP Organelle Tracker

Merge

Fig. 2 The intracellular localization of MMD. RAW264.7 cells were
transiently transfected with pEGFP-MMD. Cells were labeled with
different organelle trackers, and were observed under a confocal

BMDMs with RBP-J disruption exhibited decreased MMD
expression compared with the control macrophages
(Fig. 3c). These data suggested that LPS up-regulated
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were cultured in the presence of GM-CSF to differentiate into
macrophages, and mRNA expression of MMD was detected by real-
time RT-PCR on the indicated days. Data are means &+ SD of three
independent experiments
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fluorescence microscope. Nuclei were stained blue with DAPI. (Color
figure online)

MMD gene expression in macrophages, and this process
was could be modulated by the RBP-J-mediated Notch
signaling.
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Fig. 3 Notch signaling regulated MMD expression in macrophage.
a RAW264.7 cells were stimulated with LPS for 12 h. b RAW-CON
and RAW-NICD cells were stimulated with LPS for 12 h. ¢ BMDMs

MMD overexpression increased TNF-o¢ and NO
production in RAW?264.7 cells

LPS stimulates the production of various inflammatory
mediators such as TNF-o and NO [1, 18]. To examine whe-
ther MMD is involved in these processes, RAW264.7 mac-
rophages were stably transfected with MMD-expression
vector (RAW-MMD). No change in cell growth or death was
noticed in MMD-overexpressing RAW264.7 cells (data not
shown). RAW-MMD and the control RAW-CON cells were
stimulated with LPS for 12 h. qRT-PCR analysis for TNF-«
and iNOS expression showed that the expression of TNF-a
and iNOS mRNA in the RAW-MMD cells was increased
(Fig. 4a, b). In agreement with the mRNA expression, the
RAW-MMD cells stimulated with LPS produced more TNF-
o and NO (Fig. 4c, d). These results indicated that MMD
promoted LPS-stimulated production of TNF-o and NO.

MMD increased ERK1/2 and Akt phosphorylation
in macrophages

It has been shown that LPS modulates TNF-o and NO
production by activating multiple signaling pathways such
as MAPK and PI3K signaling [18]. So, we stimulated the
RAW-MMD and RAW-CON cells with LPS for indicated
periods of time, and examined the effects of MMD over-
expression on the phosphorylation of ERK1/2 and Akt by
western blot analysis. As shown in Fig. 5a, LPS induced a
notable ERK1/2 phosphorylation in RAW-CON cells after
stimulation with LPS for 30 min, and lasted for a short
time but can hardly be detected at 1 h after the stimulation.
In contrast, ERK1/2 phosphorylation can be slightly
detected in unstimulated RAW-MMD cells. Upon LPS
stimulation, the level of phosphorylated ERK1/2 increased
quickly, reached its highest levels at 1 h, and sustained up
to 2 h. Furthermore, RAW-MMD cells displayed increased
level of Akt phosphorylation as compared with the control
cells. These results suggested that MMD increases ERK1/2
and Akt phosphorylation in macrophages.

Subsequently, RAW-MMD cells were treated with
MEKT inhibitor PD98059 or PI3K inhibitor LY294002,
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with LPS for 12 h. MMD expression was analyzed by qRT-PCR.
Data are means + SD of three independent experiments. *P < 0.05
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Fig. 4 MMD overexpression promoted TNF-o and NO production by
LPS-stimulated RAW264.7 cells. RAW264.7 cells were stably
transfected with MMD-expressing (RAW-MMD) and control
(RAW-CON) vector, and stimulated with LPS for 12 h. The mRNA
expression of TNF-o (a) and iNOS (b) were analyzed by qRT-PCR.
The culture supernatants of the cells were harvested for the
determination of TNF-« (¢) and NO (d). Data are means 4+ SD of
three independent experiments. *P < 0.05

and were stimulated with LPS for 12 h. The culture
supernatants were harvested and measured for the pro-
duction of TNF-o and NO. As shown in Fig. 5b, c,
blockade of ERK1/2 phosphorylation with PD98059 sig-
nificantly decreased TNF-o production, whereas blockade
of Akt phosphorylation with LY294002 significantly
decreased NO production in LPS-stimulated RAW-MMD
cells. These results suggested that MMD increased TNF-«
and NO production in LPS-stimulated macrophages, but
might through different signaling pathways.

Discussion
In an attempt to identify gene downstream to Notch sig-

naling in the regulation of macrophage activation, we
isolated MMD that might be involved in macrophage
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Fig. 5 MMD enhanced ERK1/2 and Akt phosphorylation. a Western
blot analysis for the level of phospho-ERK1/2 and phospho-Akt in
RAW-MMD and control RAW-CON cells, unstimulated or stimu-
lated with LPS for indicated periods of time. Data represented three
independent experiments. b, ¢ RAW-MMD cells were treated with

differentiation [15]. Although the mRNA expression of
MMD is up-regulated in Notch activating macrophages and
down-regulated in RBP-J deficient macrophages, Notch
signaling appears not modulate the transcription of MMD
directly, because bioinformatical analysis did not reveal
RBP-J- nor Hes-binding site in the promoter of MMD.
Notch signaling might indirectly influence the expression
of MMD through other pathways [4], but further experi-
ments are necessary to validate this speculation.

The exact biological function of MMD is not clear so
far. The hMMD gene was first identified in 1995, which is
high expressed in mature, in vitro differentiated macro-
phages but absent in monocytes [15]. Bioinformatical
analysis shows that hMMD gene encodes a putative 7TM
protein containing 238 amino acid residues [15]. In 2004, a
macrophage/microglia activation factor (MAF) was iden-
tified, which is actually a MMD orthologue in rat and is
expressed in lesion-associated microglial cells after brain
trauma [19, 20]. Later, the MMD protein and other 10 7TM
protein members sharing a common conserved 7TM motif
were classified as a new protein family, the PAQR family,
which is structurally and topologically different from the G
protein-coupled receptor (GPCR) family [16]. According
to the phylogenetic analysis, PAQR10 and 11, also known
as MMD2 and MMD respectively, have exceptionally
evolutionary rooting with substantially greater sequence
similarity with the bacterial hemolysin III type protein. The
MMD protein sequence is high conserved in different
species, sharing 99% amino acid sequence identity between
the orthologue of human and mouse [15]. The deep evo-
lutionary rooting and high conservation of MMD protein
suggest that MMD plays an important role, likely via
effecting on some primary signaling pathways just as
PAQR3, another PAQR member. PAQR3, also known as
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DMSO PD98059 L'Y294002

PD98059 (50 uM), LY294002 (25 nM) or DMSO (control) and were
stimulated with LPS for 12 h. The culture supernatants were
harvested for measuring TNF-o (b) and NO (c¢). Data are means £+ SD
of three independent experiments. *P < 0.05

Raf kinase trapping to Golgi (RKTG), localizes at the
Golgi apparatus and blocks the Ras/Raf/MEK/ERK sig-
naling cascade via sequestrating Raf-1 to the Golgi appa-
ratus and thus inhibits the proliferation and tumorigenicity
of tumor cells [21-23]. Taking into consideration that LPS
modulates TNF-a and NO production by activating multi-
ple signaling pathways such as MAPK and PI3K signaling
[24, 25], MMD might increase the production of TNF-o
and NO in LPS-stimulated macrophages through ERK1/2
and Akt phosphorylation.

It has been generally known that the Ras/Raf/MEK/ERK
signaling cascade takes place on the plasma membrane
(PM). However, the PM is not the only platform for Ras/
Raf/MEK/ERK signaling induction. Apart from the PM,
Ras/Raf/MEK/ERK signaling induction also takes place in
endomembranes, such as endosomes, the ER, and the Golgi
apparatus [26-28]. The various biological consequences of
ERK activation depend on not only the magnitude, but also
the kinetics and subcellular compartment of ERK activity.
For example, ERK activation stimulated by growth factor
is transient from the PM but sustained from endosomes [29,
30]. During the negative versus positive selection of thy-
mocytes, ERK activation from the PM induces pro-
grammed cell death, whereas ERK activation from the
Golgi induces proliferation [31]. Our data showed that
MMD overexpression in macrophages can not only
increase the phosphorylation level of ERK, but also
introduce a slower but more sustained ERK activation
mediated by LPS compared with a rapid and transient
signaling as control. This activation characteristic as well
as the localization of MMD protein in endomembranes
suggests that MMD presumably take part in the compart-
mentalization of ERK signaling. Moreover, our data
showed that MMD also increased the phosphorylation level
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of Akt. It has been reported that in addition to Raf-1, Ras
effectors also include PI3K, which leads to Akt activation
[32]. So, we presume that MMD may spatially regulate
activation of Ras, the common up-stream kinase of ERK
and Akt.
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