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LncRNA-MM2P Identified as a Modulator of

Macrophage M2 Polarization

Abstract

M2 polarization of macrophages is essential for their
function in immunologic tolerance, which might promote
tumorigenesis. However, the molecular mechanism behind
the polarization process is not fully understood. Given that
several lines of evidence have suggested that long noncod-
ing RNAs (IncRNAs) could be involved in regulating
immune cell differentiation and function, the current study
aimed to identify the IncRNAs that specifically modulate
M2 macrophage polarization. By utilizing a series of cell-
based M2 macrophage polarization models, a total of 25
IncRNAs with altered expression were documented based
on IncRNA microarray-based profiling assays. Among them,

Introduction

Tumors are composed not only of cancer cells but also of an
array of stromal cells such as tumor-associated macrophages
(TAMs), which might regulate tumor growth and progression,
angiogenesis, and adaptive immunity (1). So far, two major
functional types of macrophages have been identified. Macro-
phages that promote the Th1-type inflammatory response and
have microbicidal and tumoricidal activity are called M1 macro-
phages (also known as classically activated macrophages). M2
macrophages (also known as alternatively activated macro-
phages) are immunologic modulators that have little microbio-
cidal activity, can reside and proliferate in tissues, and support
Th2-mediated disease, homeostasis, and thermogenesis (2-4).
Although both M1 and M2 macrophages have been observed in
tumors, evidence suggests that M2 macrophages are the predom-
inant subtype found in tumors and that they tend to promote
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IncRNA-MM2P was the only IncRNA upregulated during
M2 polarization but downregulated in M1 macrophages.
Knockdown of IncRNA-MM2P blocked cytokine-driven M2
polarization of macrophages and weakened the angiogen-
esis-promoting feature of M2 macrophages by reducing
phosphorylation on STAT6. Moreover, manipulating
IncRNA-MM2P in macrophages impaired macrophage-
mediated promotion of tumorigenesis, tumor growth
in vivo, and tumor angiogenesis. Collectively, our study
identifies IncRNA-MM2P as a modulator required for
macrophage M2 polarization and uncovers its role in
macrophage-promoted tumorigenesis.

tumor progression (5, 6). Several groups, including ours, have
reported that both interruption of the cross-talk between TAMs
and tumor cells and suppression of macrophage M2 polarization
can prevent tumorigenesis and metastasis (7-10).

Although several transcription factors, such as Signal Trans-
ducer and Activator of Transcription (STAT) and CCAAT/
Enhancer Binding Proteins B (C/EBPB), that are directly or
indirectly activated by certain cytokines have been identified as
playing roles in the M2 polarization of macrophages, the
molecular mechanism underlying M2 polarization remains
unclear (11). Evidence has indicated that long noncoding RNAs
(IncRNA) regulate many cellular and developmental processes,
including cell proliferation, apoptosis, and differentiation
(12-14). Aberrant expression of IncRNAs is associated with the
progression of pathophysiologic conditions including diabetes,
cancer, tissue fibrosis, and cardiovascular disease (15-17).
Although efforts have been directed at understanding the mech-
anism of IncRNAs in regulating gene expression (18, 19), little
progress has been achieved in characterizing the functional
IncRNAs dictating macrophage M2 polarization.

In the current study, we used a IncRNA microarray-based
profiling assay to document changes in the abundance of
IncRNAs polarized by IL13 in the RAW264.7 cell line and bone
marrow-derived macrophages (BMDM). By examining different
macrophage polarization models, we confirmed that IncRNA-
MM2P was the IncRNA altered during macrophage M2 polar-
ization. Our data suggest that IncRNA-MM2P might play a role
in cytokine-promoted macrophage M2 polarization by main-
taining the activation of STAT6. Knockdown of IncRNA-MM2P
impaired macrophage polarization and reduced the capacity of
macrophages to stimulate angiogenesis both in vitro and in vivo.
Thus, we have shown that IncRNA-MM2P regulates macrophage
M2 polarization.
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Materials and Methods

Reagents

Recombinant murine IL4 and IL13 (210-14 and 200-13) were
purchased from PeproTech, Inc. Lipopolysaccharide (LPS, L2880)
and sodium orthovanadate (Na;VO,, 450243) were purchased
from Sigma-Aldrich. Mouse recombinant M-CSF (300-25-50),
antibodies against STAT1 (9172s), p-STAT1 (9167s), STATG
(9362s), p-ERK (9101s), ERK (4695s), p-p38 (9216s), JAK2
(3230s), p-JAK2 (3776s), PU.1 (2266s), and C/EBPP (3087s)
were purchased from Cell Signaling Technology. Antibodies
against B-actin (sc1615) and p38 (sc7149) were purchased from
Santa Cruz Biotechnology. Antibodies for p-STAT6 (ab54461),
CD31 (ab28364), and CD206 (ab64693) were purchased from
Abcam. Antibodies for flow cytometry including PE-conjugated
anti-mouse CD206 (141706), PE-conjugated anti-mouse CD86
(105008), and FITC-conjugated anti-mouse F4/80 (123108)
were purchased from BioLegend. Antibodies against CD209 were
purchased from eBioscience (Thermo Fisher Scientific Inc.). The
jetPrime transfection agent was obtained from Polyplus (114-15,
850 bd Sébastien Brant 67400 Illkirch FRANCE).

Cell culture

RAW264.7, HUVEC cells, SKOV-3 cells, A2780 cells, K7TM2
cells, and KHOS/NP cells were obtained from the Cell Bank of the
China Science Academy (Shanghai, China) in 2015. All the cell
lines have been tested and authenticated utilizing short tandem
repeat profiling every 6 months. RAW264.7, HUVEC, K7M2,
KHOS/NP, and A2780 cells were cultured in DMEM, and
SKOV-3 cells were cultured in RPMI-1640 medium. All of the
media contain 10% FBS and 100U per mL of penicillin-strepto-
mycin. Cells were grown in a 5% CO, humidified incubator at
37°C. The cell lines used for experiments had been passaged no
more than 20 times and cells were monitored for mycoplasma
contamination every 6 months.

Bone marrow-derived macrophage (BMDM) isolation and
differentiation

BMDMs were produced as previously described with small
modification (20). Six-week-old C57BL/6 mice were sacrificed
by cervical dislocation and sterilized with 75% ethanol. The skin
at the root of hind legs was incised, and muscle tissue was
removed with scissors from the bones. Then, the bones were cut
from both ends and flushed with medium using a 5-mL syringe.
The bone marrow cells blown off were pipetted up and down in a
culture dish to be uniform suspension. Bone marrow cells were
cultured in DMEM containing 10% FBS and 50 ng/mL M-CSF for
3 days to obtain BMDMs.

Flow cytometry

RAW264.7 and BMDMs were collected with a scraper, blocked
with 3% BSA for 45 minutes, and then incubated with PE-
conjugated anti-mouse CD86 (1:200), PE-conjugated anti-mouse
CD206 (1:200), PE-conjugated anti-mouse CD209 (1:200) or
FITC-conjugated anti-mouse F4/80 (1:200), according to the man-
ufacturers' instructions. For each sample, at least 1 x 10* cells were
analyzed using the BD FACSCalibur cytometer (Becton Dickinson).

Microarray analysis

RAW264.7 cells and BMDMs were treated with IL13 at the
indicated time points. Total RNA from cells of each group was
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isolated using TRIzol, respectively. RNA expression profiling was
performed using the Agilent mouse IncRNA + mRNA microarray
V2.0 platform. Quantile normalization and subsequent data
processing were performed using Agilent Gene Spring Software
11.5. Heat maps representing differentially regulated genes were
generated using Cluster 3.0 software. Microarray data have been
deposited in NCBI's Gene-Expression Omnibus database under
accession numbers GSE107979 and GSE107952.

Plasmids and cell transfection

The siRNA sequence duplexes were produced by Genepharma,
Co. The siRNA sequences used were as follows:

siRNA-IncRNA-MM2P #1: sense: 5'-CACGAAGACUGGAAUG-
CAATT,

antisense: 5'-UUGCAUUCCAGUCUUCGUGTT;

siRNA-INCRNA-MM2P #2: sense: 5'-GUAGAUGUGUCAAGC-
GUGUTT,

antisense: ACACGCUUGACACAUCUACTT;

Scramble siRNA: sense: 5'-AUCCGCGCGAUAGUACGUATT,

antisense: 5'-TTUAGGCGCGCUAUCAUGCAU;

The transfection was performed using siRNA and jetPrime
according to the manufacturer's recommendations.

To express gene-specific ShRNAs under the U6-RNA promoter,
sense and antisense oligonucleotides 60 bp in length were ligated
into pLKO.1/U6 (Addgene). The sequences of the oligonucleo-
tices were the same as siRNA mentioned above. The resulting
plasmids were termed shRNA-MM2P #1 and shRNA-MM2P #2,
respectively.

The lentiviral vector pCDH-EF1-Puro plasmid was obtained
from System Biosciences and the IncRNA-MM2P (sequence can be
found in Supplementary Table S1) was cloned into pCDH plas-
mid by CloneEZ PCR cloning kit (GenScript) with the following
primers: forward-GATTCTAGAGCTAGCGAATTCGTACTGGGA-
AATGAATCCGG, reverse-ATCCTTCGCGGCCGCGGATCCACA-
TITGTTAAGTTITGTTTATT.

All lentiviral vectors with expression constructs, including
shRNA-MM2P #1, shRNA-MM2P #2, and control shRNA, pRD8.9
packaging plasmids, and pMD.G envelope plasmids, were trans-
fected into 293FT cells for packaging. The virus particles were
harvested 24 hours after transfection of 293FT cells. For stable
transfection, cells were grown in 6-well plates at 50% confluency,
and 1 mL of viral supernatant was added with 1 uL polybrene (21).

Quantitative PCR assay

Total RNA from RAW264.7 and BMDMs was extracted from
cultured cells using the TRIzol reagent (Invitrogen) according to
the manufacturer's instructions. First-strand cDNA was synthe-
sized with Transcript One-Step gDNA Removal and cDNA Syn-
thesis SuperMix (AT311-03, Transgene Biotech Co., Ltd) and
analyzed by real-time quantitative PCR with SYBR Premix Ex
TaqTMo (RR420A, TaKaRa). The reaction mixtures containing
SYBR Green were composed following the manufacturer's proto-
col. Relative expression of the target genes was normalized to that
of the control gene 18s rRNA.

The sequences of the primers used for quantitative real-time-
PCR were as follows:

IncRNA-MM2P:  forward-TAGCTCCCACGAAGACTGGAAT,
reverse-CTATGCTCGTGATITATAAAACGCAAGTG;

Fizz-1: forward-CCCTGCTGGGATGACTGCTA, reverse-TGC-
AAGTATCTCCACTCTGGATCT;
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PPAR-y: forward-TTCGATCCGTAGAAGCCGTG, reverse-TTG-
GCCCTCTGAGATGAGGA;
MRC1: forward-AAGGCTATCCTGGTGGAAGAA, reverse-AG-

GGAAGGGTCAGTCTGTGTT;

ARG1: forward-AAGAATGGAAGAGTCAGTGTGG, reverse-
GGGAGTGTTGATGTCAGTGTG;

YM1: forward-AGACTTGCGTGACTATGAAGC, reverse-ATG-
AATATCTGACGGTTCTGAGG,;

18s rRNA: forward-CGGCTACCACATCCAAGGAA, reverse-
GCTGGAATTACCGCGGCT.

Fluorescence in situ hybridization (FISH) assay

Cells were fixed for 10 minutes with 4% (w/v) fresh parafor-
maldehyde in phosphate-buffered saline (PBS) and subsequently
washed with PBS. Cells were permeabilized with 0.5% (v/v)
Triton X-100 in precooled PBS for 5 minutes and incubated with
prehybridization buffer. Before hybridization, the hybridization
buffer needed to be at 37°C. Then, the IncRNA, U6 snRNA, and
18S rRNA FISH probes were mixed with hybridization buffer.
Prehybridization buffer was aspirated and hybridization mix
containing probes was added at 37°C in a humidified incubator
overnight. After hybridization, the chamber was washed with 4x
SSC (0.6 M NaCl, 0.068 M citric acid, pH 7.0) for several times in
the dark. Then incubated with DAPI nuclear stain (5 ng/mL DAPI
in PBS) to counterstain the nuclei. The chamber was mounted
with an antifade agent. The cells were observed under a confocal
microscope (FV1000, Olympus). The IncRNA oligonucleotide
probes used for FISH were CY3 labeled. The anti-U6, anti-18S,
or anti-IncRNA-MM2P oligodeoxynucleotide probe was designed
and synthesized by RiboBio. Prehybridization buffer and hybrid-
ization buffer were taken from the Ribo Fluorescent In Situ
Hybridization Kit (RiboBio).

Conditioned medium preparation

Macrophage polarization was obtained by culturing cells in
DMEM medium supplemented with 10% FBS and 10 ng/mL
IL4 or IL13 for 2 days. Polarized RAW264.7 cells or BMDMSs
were incubated in serum-free medium for 24 hours, after which
culture supernatants were collected as conditioned medium
(CM). CM was centrifuged at 3,000 rpm to remove debris and
then stored at —80°C.

Tube formation assay

HUVEC cells (3 x 10* cells per well) were seeded in 96-well
plates that were filled with 50 uL Matrigel and solidified at
37°C. The cells were cultured in CM supplemented with 2.5%
FBS for 6 hours. To observe the formation of tube-like struc-
tures, 5 optical fields (10x magnification) per well were ran-
domly chosen and analyzed by a LEICA DMI 4000B microscope
with Leica Application Suite software.

Transwell assay

The cell migration assay was performed in a Transwell
Boyden chamber. The cell suspension (2 x 10* cells/mL) was
placed in the upper chamber. The lower compartment con-
tained 0.6 mL of CM. After 12- or 24-hour incubation at 37°C,
cells were fixed with 75% EtOH and then stained with crystal
violet. The stained cells were subsequently photographed.

Western blot analysis
After treatment with reagents for the indicated times, the
macrophages were harvested. Cells were resuspended in lysis
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buffer (50 mmol/LTris-HCl, 150 mmol/L NaCl, 2 mmol/LEDTA,
2 mmol/L EGTA, 25 mmol/L NaF, 25 mmol/L B-sodium glycer-
ophosphate, 0.3% NP-40, 0.3% Triton X-100, 0.25% Leupeptin,
0.1% PMSF, 0.1% Nas3VO,). Cell lysates were centrifuged at
13,200 rpm for 30 minutes at 4°C. Proteins were separated in
8% to 12% SDS-PAGE and blotted onto PVDF membranes, then
incubated with primary antibodies followed by HRP-labeled
secondary antibodies. Protein was detected using an ECL-plus
kit and visualized on autoradiography film. Quantity One 1-D
analysis software (Bio-Rad) was used for quantification of the
Western blot band intensity.

Mice study

BALB/c mice (4-5 weeks old) were obtained from the National
Rodent Laboratory Animal Resource (Shanghai, China). All ani-
mal experiments were carried out in accordance with the Institu-
tional Animal Use and Care Committee (P-IACUC-003 and
P-IACUC-003R).

For the experiment with RAW264.7 cells, mice were randomly
chosen and assigned to 3 groups (7 animals per condition).
Groups are divided as follows: K7M2 cells + RAW264.7-control,
K7M2 cells + RAW264.7-shMM2P #1, K7M2 cells + RAW264.7-
shMM2P #2. K7M2 cells (1 x 10°) mixed with conditioned
macrophages (3 x 10°) were implanted subcutaneously into
armpits of the mice for 6 weeks. At the termination of the
experiment, tumor tissues were harvested and weighted, and the
percentage of M2 macrophage were assessed. For the experiment
with BMDMs, mice were randomly chosen and assigned to 4
groups (8 animals per condition). Groups are divided as follows:
K7M2 only, K7M2 cells + BMDMs-control, K7M2 cells +
BMDMs-shMM2P #1, K7M2 cells + BMDMs-shMM2P #2.
K7M2 cells (1 x 10°) mixed with conditioned BMDMs (6 x
10°) were implanted subcutaneously into armpits of the mice for
6 weeks. At the termination of the experiment, tumor tissues were
harvested and weighed, and the percentage of M2 macrophage
were assessed.

Histology and IHC analysis

Tumor tissues were fixed in 4% PFA for 1 hour, dehydrated
overnight at 4°C and then frozen in OCT compound. 8-um sections
from all tissues were cut and stained with hematoxylin and eosin
(H&E). All sections were reviewed by a pathologist. Briefly, all steps
were performed by the automated instrument according to the
manufacturer's instructions in the following order: 30% peroxide
block, incubation with mouse monoclonal anti-CD206 (dilution
1:200, ab64693, Abcam), or anti-CD31 (dilution 1:200, ab28364,
Abcam), incubation with secondary antibodies (PV-6001,
ZSGB-BIO), color development with a DAB detection kit
(ZL1-9018, ZSGB-BIO), hematoxylin counterstaining, hydrochloric
acid alcohol differentiation, and mounting of the slides.

Statistical analysis

Values are presented as means =+ standard deviation (SD). Two-
tailed and unpaired Student t tests were used for statistical
analysis, and differences were considered significant for P values
less than 0.05.

Results

LncRNA profiling in M2 polarized macrophages
To screen for functional IncRNAs involved in macrophage
M2 polarization, we utilized the cellular model of IL13-driven

Cancer Immunology Research

220z 1snbny 2z uo 1senb Aq ypd z62/8821S€2/262/2/./4Pd-801e/SaijounwiwIaoued/b1o sjeuinolioee;/:dpy wolj papeojumoq



INncRNA-MM2P Regulates M2 Macrophage Polarization

RAW 264.7
A RAW 264.7 BMDMs B i
: s s . 50 _ rywy I = 50
{ - * ||..b... | | - & / - ] | T l.'.‘_'. ] e_‘
@ Sl Sl e o S 540 | o o 40
Ctl 24h 48h 72h Ctrl  IL13(24h) & 30 S 30
(=1
IL13 & 20 220
o
g g 0
M2 marker M2 marker 0l ol
(CD206 & CD209) (CD206 & CD209) 40 40
Figure 1. 2 . —_ ;| | g
Li 30
Expression profiles of INcRNAs in M2 RNA extraction RNA extraction %3 30 il o o bl
macrophage polarization. A, Schematic ) . § 20 a 20
representation of profiling gene IncRNA analysis IncRNA analysis S g
expression in RAW264.7 cells and | Overlay | 10 e 10
BMDMs. B, RAW264.7 cells or BMDMs 0l L
were eqused to IL13 (10 ng/mL) for target IncRNAs IL13(h) O 24 48 72 Ctrl 1L13
indicated time and harvested for M2
macrophage cell-surface marker c D RAW 2647 BMDM:
X s
(CD206- and CD209-positive
expression) analysis by flow cytometry. RAW 264.7 BMDMs IL13(h) 0 24 48 72 0 24 AKOB0592
The statistical data are from four 47 505 = 1 AK141943
A : ) 47,046 o
independent experiments, and the bar : = AK155293
indicates the SD values (*, P < 0.05; @ 9 = 0 AKD41735
** P<0.01;***, P< 0.001). C, Schematic g’ [ :mg;g‘;g
representation of comparing gene- 1IL13 vs. Ctrl IL13 vs. Ctrl 3 i [ 5730422E09RIK
expression profiles in M2-polarized 22 or<0.5 22 or<0.5 - ' AK084280
macrophages (2-fold difference, IL13 vs. | Overlay | g_'S AK 136608
control) and overlay analysis. D, Heat = AKO075683
map of 25 IncRNAs correlated with O AK157208
M2 polarization from two macrophage iﬁ?iggg;
M2 polarization models. ) AK142750
® AK140116
2 AK020205
® AK133643
c
mcnmsl § AK038046
Cluster 1 =2 AK142423
- o AK158474 Logz
@ AK141016 i 4
I AK078054
- O AK044715
Clustsr 2 == AK13g9e5 -4

macrophage M2 polarization (22). As shown in Fig. 1A,
RAW264.7 cells and mouse BMDM cells were harvested after
stimulation with IL13 (10 ng/mL) for the indicated times. To
monitor M2 polarization, we assessed the expression of pheno-
typic markers associated with M2 macrophages, including CD206
and CD209, by flow cytometry (23). As expected, the positive
expression rate of the M2-type marker CD206 in RAW264.7 cells
was significantly increased after 72 hours of administration of
IL13, from 2.62% =+ 1.00% to 27.37% = 3.80%, and the positive
expression rate of CD209 was increased from 3.47% =+ 0.88% to
20.35% =+ 7.14% (Fig. 1B). In line with the results from the
RAW?264.7 cells, an increase in the proportion of both F4/80"
CD206" and F4/80% CD209™ cells was also observed in BMDMs
(Fig. 1B). These results confirmed the success of the cellular M2
polarization model we used.

Next, time-course samples of IL13-treated RAW264.7 cells
(0, 24, 48, and 72 hours) and BMDM samples (0 and 24 hours)
were subjected to IncRNA microarray analysis (Fig. 1A). As
shown in Fig. 1C, in RAW264.7 cells, expression of 2,509 genes
changed by at least 2-fold (1,556 genes were upregulated and
953 genes were downregulated) after IL13 treatment (Supple-
mentary Table S2). Expression of 6,912 genes changed by at
least 2-fold (3,839 genes were upregulated and 3,073 genes
were downregulated) during IL13-driven M2 polarization in
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BMDMs (Fig. 1C; Supplementary Table S3). Among the genes
with altered expression, 25 IncRNAs (12 IncRNAs were upre-
gulated and 13 IncRNAs were downregulated) were identified
from the two data sets and are shown as heat maps in Fig. 1D
(the upregulated IncRNAs were defined as cluster 1, and the
downregulated IncRNAs were cluster 2).

LncRNA-MM2P may be involved in M2 macrophage
polarization

In order to characterize the IncRNAs involved in the M2
polarization process of macrophages, we further examined the
expression of the 25 IncRNAs with altered expression in both
IL4-driven M2 macrophage polarization and LPS-driven M1
macrophage polarization cell models (Fig. 2A).

First, we treated RAW264.7 cells with IL4, a cytokine used to
induce M2 macrophages. As shown in Supplementary Fig. S1A,
IL4 induced an increase of CD206 and CD209 expression, as
expected. The expression of 22 IncRNAs showed similar trends as
those in the IL13-induced M2 macrophage polarization model
(Fig. 1D). Expression of 8 IncRNAs (AK157208, AK075683,
AK136608, AK041735, AK155293, AK139309, AK157674, and
5730422E09RIK) changed more than 2-fold during IL4-induced
M2 macrophage polarization (Fig. 2B; Supplementary Fig. S1B).
Next, we tested the expression of these 25 IncRNAs in the
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Figure 2.

LncRNA-MM2P is identified as a potential INcRNA involved in M2 macrophage polarization. A, Schematic representation of identifying the IncRNAs
specifically determined by M2 polarization from 25 potential IncRNAs. Gene expression in RAW264.7 cells and BMDMs. B, Validation of expression of
25 IncRNAs in IL4 or LPS-treated RAW264.7 cells by gRT-PCR. RAW264.7 cells were treated with IL4 (10 ng/mL) or LPS (10 ng/mL) for 24 hours, and the
relative gene expression is normalized to the control group (without treatment) and the number indicates the mean value from triplicates. C, The
genomic information of IncRNA-MM2P. D, E, BMDMs were treated with IL4 or LPS for 72 hours and flow-cytometric analysis was performed to analyze
the percentage of F4/80"CD206" or F4/807CD86™ cells. BMDMs were treated with IL4 or LPS for 24 hours and the expression of INcRNA-MM2P was
analyzed by gRT-PCR. The statistical data are from four independent experiments and the bar indicates the SD values (*, P< 0.05; ***, P< 0.001). F, The FISH
assay was conducted to confirm the expression of INcRNA-MM2P. RAW264.7 cells were exposed to IL4 (10 ng/mL) or IL13 (10 ng/mL) for indicated
time and test the INncRNA-MM2P expression. The representative images are shown. G, The localization of U6 snRNA and 18S rRNA was tested by FISH
assay in RAW264.7 cells. H, Quantitative analysis of F. The statistical data are from five independent experiments and in each experiment at least 20 cells
are analyzed. The bar indicates the SD values (**, P < 0.01; ***, P < 0.001).
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LPS-driven M1 polarization model. M1-type marker CD86 was
used to confirm M1 polarization (Supplementary Fig. S1C).
Expression of 17 IncRNAs (AK044715, AK079054, AK158474,
AK050576, AK133643, AK038046, AK020205, AK142750,
AK140116, AK140093, AK157208, AKO075683, AK041735,
AK084280, AK155293, AK139309, and AK157674) changed by
more than 2-fold as observed during M2 polarization (Fig. 2B;
Supplementary Fig. S1D), suggesting that the changes in the
expression of these IncRNAs were associated with the polarization
process, regardless of type (M1 or M2).

After merging the data from the three macrophage polariza-
tion models, 5730422E09RIK was the only IncRNA up-
regulated during M2 polarization and downregulated in the
M1 macrophages (Fig. 2A and B). Given that the function of
5730422e09Rik has not yet been documented and that the
expression spectrum of 5730422E09Rik is determined by M2
polarization, we referred to 5730422E09Rik as IncRNA-MM2P
(IncRNA-Macrophages M2 Polarization) in our later experi-
ments (Fig. 2A).

As shown in Fig. 2C, the genomic locus of IncRNA-MM2P is
on chromosome 5 between himgb1 and usp11 and is 62,472 base
pairs in length. LncRNA-MM2P contains 3 exons, and the
transcript is 1,715 base pairs long (Fig. 2C). After searching
the NONCODE database (24, 25), we found four noncoding
transcripts with homology to IncRNA-MM2P that were more
likely to be distributed in immune organs such as the thymus
and spleen, and macrophage-enriched tissues such as lung
tissue, than in other tissues, suggesting the role of IncRNA-
MM2P in immune cells, such as M2 macrophages (Supplemen-
tary Fig. S2A and S2B).

To validate the specific expression of IncRNA-MM2P in M2
macrophages, we used BMDMs treated with either IL4 or LPS
(26, 27). Again, IncRNA-MM2P was upregulated in IL4-driven
M2 polarization and was decreased under the administration
of LPS in BMDMs (Fig. 2D and E). Additionally, both fenre-
tinide and all-trans retinoic acid (ATRA), which block mac-
rophage M2 polarization (7, 8), inhibited IL13-induced
IncRNA-MM2P expression in RAW264.7 cells (Supplementary
Fig. $2C).

To better characterize the expression and subcellular localiza-
tion of IncRNA-MM2P, we performed a FISH assay. As shown
in Fig. 2F-H, both IL4 and IL13 were able to significantly increase
the expression of InCRNA-MM2P in RAW264.7 cells. In addition,
our data further suggest that IncRNA-MM2P was predominantly
localized in the cytosol (Fig. 2F). The U6 snRNA and 18S rRNA
were used as controls, as they are localized in the nucleus and
cytosol, respectively (Fig. 2G).

Collectively, our data demonstrate that expression of
IncRNA-MM2P is dictated by M2 polarization.

LncRNA-MM2P required for IL-induced macrophage
M2 polarization

As expression of IncRNA-MM2P is determined by M2 polari-
zation, we asked whether IncRNA-MM2P can affect macrophage
M2 polarization. To investigate this possibility, two siRNA
sequences were introduced to knock down the expression of
IncRNA-MM2P, followed by IL13 or IL4 induction for 72 hours.
Quantitative real-time PCR (qRT-PCR) was used to evaluate the
knockdown efficacy of the siRNAs. As shown in Fig. 3A, two
different IncRNA-MM2P siRNA sequences were able to silence
expression of IncRNA-MM2P in both RAW264.7 cells and
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BMDMs. Flow cytometry results showed that IL13-induced
CD206 expression in RAW264.7 cells was significantly decreased
after silencing of IncRNA-MM2P (Fig. 3B and C). Similarly, under
IL4 stimulation, CD206 expression in RAW264.7 cells was sig-
nificantly decreased (Fig. 3B and C). Similar trends were also
observed in the IL4- and IL13-induced BMDMs M2 polarization
cell models (Fig. 3D and E). To confirm our findings, we examined
the expression of M2-phenotype marker genes. In line with the
flow cytometry results, the qRT-PCR results showed less mRNA
for five M2-phenotype markers (Fizz-1, PPAR-y, MRC1, ARGI,
and YM1) compared with those in the negative control group
when IncRNA-MM2P was silenced in both RAW264.7 cells and
BMDMs (Fig. 3F; Supplementary Fig. S3A). Additionally, the role
of IncRNA-MM2P in macrophage M1 polarization was investi-
gated, and knockdown of IncRNA-MM2P expression was per-
formed followed by LPS induction for 72 hours. No significant
difference in the expression of CD86, a marker of macrophage
M1 polarization, was found after silencing IncRNA-MM2P in
RAW264.7 cells (Supplementary Fig. S3B). Collectively, these
data indicate that IncRNA-MM2P is required for IL4- and IL13-
induced macrophage M2 polarization.

To test whether IncRNA-MM2P acts in trans, we overex-
pressed IncRNA-MM2P in RAW264.7 cells (Fig. 3G), followed
by IL13 or IL4 treatment. As shown in Fig. 3H and I, over-
expression of IncRNA-MM2P significantly increased IL4- and
IL13-induced CD206 expression. Even without the interleukin
treatment, overexpression of IncRNA-MM2P slightly but signi-
ficantly increased CD206 expression (Fig. 3I). On the other
hand, no significant difference in the expression of CD86 was
found in the LPS-triggered M1 polarization cell model after
overexpression of IncRNA-MM2P (Supplementary Fig. S3C).
These data further suggest that IncRNA-MM2P can act in trans
to regulate macrophage M2 polarization.

Angiogenic features of M2 macrophages require
IncRNA-MM2P

The next question was whether inhibition of M2 polarization
through the inhibition of IncRNA-MM2P could subsequently
disturb the biological function of M2 macrophages. First, the
effect of IncRNA-MM2P on the migration of tumor cells was
evaluated by Transwell assay. RAW264.7 cells or BMDMs were
transfected with siRNAs for IncRNA-MM2P, followed by IL13 or
IL4 induction for 48 hours. The culture medium was replaced
with fresh medium without serum. Then, 24 hours later, the
supernatant medium was collected (referred to as CM). To eval-
uate the impact of the CM on tumor cell migration, three cell lines,
SKOV3, A2780, and KHOS/NP, were treated with the CM for
24 hours. As shown in Fig. 4A-D and Supplementary Fig. S4A-
S4D, the CM from both IL13- and IL4-treated RAW264.7 cells
and BMDMs increased the number of migrated cells in these
cell lines. However, no significant difference was found in the
IncRNA-MM2P siRNA group compared with the control group
(Fig. 4A-D; Supplementary Fig. S4A-S4D).

Next, we evaluated the angiogenesis-promoting effect of
IncRNA-MM2P by examining the tube formation of HUVEC.
HUVEC cells were seeded in a 96-well plate precoated with
Matrigel, then capillary-like structures in the presence of different
supernatants of macrophages were counted. As shown in Fig. 4E
and F, the CM from both IL13- and IL4- treated RAW264.7 cells
significantly increased the number of luminal formations. How-
ever, in the IncRNA-MM2P knockdown groups, compared with
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Figure 3.

LncRNA-MM2P mediates macrophage M2 polarization. A, The knockdown efficiency of siRNAs against INCRNA-MM2P in RAW264.7 cells and BMDMs was
validated by gRT-PCR. The statistical data are from three independent experiments, and the bar indicates the SD values (*, P < 0.05; **, P < 0.01; n.s.,

no significant difference). B and C, RAW264.7 cells were transfected with siRNAs specifically targeting INcRNA-MM2P or control siRNAs for 12 hours and then
stimulated with IL13 (10 ng/mL) or IL4 (10 ng/mL) for 72 hours. Flow-cytometric analysis was performed to analyze the percentage of CD206™ cells. The
statistical data are from three independent experiments, and the bar indicates the SD values (*, P < 0.05, n.s., no significant difference). D and E, BMDMs

were transfected with siRNAs specifically targeting INcRNA-MM2P or control siRNAs for 12 hours and then stimulated with IL13 (10 ng/mL) or IL4 (10 ng/mL) for
72 hours. Flow-cytometric analysis was performed to analyze the percentage of F4/807CD206™ cells. The statistical data are from three independent
experiments, and the bar indicates the SD values (**, P < 0.01; ***, P < 0.001; n.s., no significant difference). F, mRNA of M2 polarization marker genes in
RAW264.7 cells was quantified by gRT-PCR and normalized to 18s rRNA expression. The data are shown as fold change compared with the control group.
The statistical data are from three independent experiments and the bar indicates the SD values (*, P< 0.05; **, P< 0.01; ***, P< 0.007; n.s., no significant difference).
G, The overexpression efficiency of INCRNA-MM2P in RAW264.7 cells was validated by gRT-PCR. The statistical data are from three independent experiments
and the bar indicates the SD values (***, P < 0.001). H, I, Flow-cytometric analysis was performed to analyze the percentage of CD206™" cells after
overexpression of INCRNA-MM2P in RAW264.7 cells treated with either IL4 or IL13. The statistical data are from three independent experiments, and the bar
indicates the SD values (*, P < 0.05; **, P < 0.01; ***, P < 0.001).
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Knockdown of INncRNA-MM2P eliminates angiogenesis-
promoting feature of M2 macrophages. A-D, A2780 cells
were treated with CM from RAW264.7 cells (A) or BMDMs
(C) for 24 hours and cell migration was assessed by
Transwell assay. Representative images are shown, the
statistical data are from three independent experiments,
and the bar indicates the SD values (*, P < 0.05; n.s., E
no significant difference) (E-H) HUVEC cells formed
capillary-like structures in the presence of the indicated
CM from RAW264.7 cells (E) or BMDMs (G). The
representative images are shown. The statistical data
are from three independent experiments, and the bar
indicates the SD values (**, P < 0.01; ***, P < 0.001).
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the control group, the number of luminal formations in each field
of view significantly decreased (Fig. 4E and F). The effect was
observed for the CM from both IL13- and IL4-treated BMDMs
(Fig. 4G and H). These results support the idea that knockdown
of IncRNA-MM2P affects the angiogenesis-promoting feature of
M2 macrophages.

Knockdown of IncRNA-MM2P affects phosphorylation of
STATG6

The activation of stimulus-specific transcription factors with-
in the macrophage genome landscape is likely to dictate the
functional polarization of macrophages through effects on
inducible gene promoters. To gain insight into mechanisms
underlying the regulatory role of IncRNA-MM2P, we asked
whether IncRNA-MM2P could affect the transcription factors
or signaling pathways that regulate M2 polarization of
macrophages, such as C/EBPp, the ERK signaling pathway, and
JAK-STAT phosphorylation (11, 28, 29).

RAW264.7 cells were transfected with siRNAs for IncRNA-
MM2P, followed by IL13 or IL4 induction for 30 minutes.
Knockdown of IncRNA-MM2P did not affect activation of the
ERK signaling pathway or the p38 signaling pathway as no
significant changes in phosphorylated ERK and phosphorylated
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p38 were observed after knockdown (Supplementary Fig. S5A
and S5B). On the other hand, the knockdown of IncRNA-MM2P
did not affect C/EBPPB or PU.1 expression (Supplementary
Fig. S5C and S5D), suggesting that the C/EBPB/PU.1 axis is not
involved in IncRNA-MM2P-mediated M2 polarization.

STAT signaling is required to drive M2 macrophage polari-
zation during Th2 cell-mediated immune responses in the
presence of IL13 or IL4. As shown in Fig. 5A and B, in
RAW264.7 cells, the phosphorylation status of STAT6, but not
STAT1, was increased after treating cells with IL13 or IL4 for
30 minutes. The increase in phosphorylated STAT6 was inhib-
ited by knockdown of IncRNA-MM2P, although no difference
in phosphorylated STAT1 was observed after knockdown of
IncRNA-MM2P (Fig. 5A and B). The effect of IncRNA-MM2P
knockdown on STATG6 phosphorylation was also detected in
BMDMs (Fig. 5C and D). Our data further suggest that STAT6
might participate in IncRNA-MM?2P-mediated polarization of
M2 macrophages.

Because our FISH data suggested that IncRNA-MM2P is pre-
dominantly localized in the cytosol (Fig. 2F), we were interested
in deciphering how IncRNA-MM2P regulates STAT6 phosphory-
lation. The phosphorylation status of STATG6 is regulated by the
upstream kinase JAK2 and by phosphatase. We thus first analyzed
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Figure 5.

STATG6 participated in INcRNA-MM2P-mediated M2 macrophage polarization in response to IL13 or IL4. A, RAW264.7 cells were transfected with siRNAs
specifically targeting INcRNA-MM2P or control siRNAs for 12 hours and then 12 hours later stimulated with IL13 or IL4 for 30 minutes. Western blot
detected the expression of p-STAT1, STATI, p-STAT6, and STAT6 in RAW264.7 cells. B, Quantitative analysis of A. The statistical data are from three
independent experiments and the bar indicates the SD values (*, P < 0.05; **, P < 0.01; ***, P < 0.001; n.s., no significant difference). C, BMDMs were
transfected with siRNAs specifically targeting INcRNA-MM2P or control siRNAs for 12 hours and then 12 hours later stimulated with IL13 or IL4 for 30 minutes.
Western blot detected the expression of p-STAT6, and STAT6 in BMDMs. D, Quantitative analysis of C. The statistical data are from three independent
experiments and the bar indicates the SD values (**, P < 0.01). E, RAW264.7 cells were transfected with siRNAs specifically targeting INCcRNA-MM2P or
control siRNAs for 12 hours and then 12 hours later stimulated with IL13 or IL4 for 30 minutes. Western blot detected the expression of p-JAK2, JAK2, p-STAT6,
and STAT6 in RAW264.7 cells. F, Quantitative analysis of E. The statistical data are from three independent experiments and the bar indicates the SD
values (**, P < 0.01; n.s., no significant difference). G, RAW264.7 cells were transfected with siRNAs specifically targeting INcRNA-MM2P or control
siRNAs for 12 hours and then 12 hours later treat with 0.5 mmol/L NazVO, for 10 minutes followed by IL13 or IL4 treatment for another 30 minutes. Western
blot detected the expression of p-STAT6, and STAT6 in RAW264.7 cells. H, Quantitative analysis of G. The statistical data are from three independent
experiments, and the bar indicates the SD values (*, P < 0.05; ***, P < 0.007; n.s., no significant difference).
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changes in phosphorylation of JAK2. In RAW264.7 cells, phos-
phorylated JAK2 could be detected even without IL13 or IL4
treatment, and knockdown of IncRNA-MM2P induced no
changes (Fig. 5E and F), suggesting that IncRNA-MM2P might
not affect the JAK2-mediated phosphorylation of STAT6.
Next, we focused on the dephosphorylation step. By using
NazVO,, a tyrosine phosphatase inhibitor, we found that the
decrease in p-STAT6 caused by knockdown of IncRNA-MM2P
was partially reversed (Fig. 5G and H). Therefore, our data support
the idea that the dephosphorylation of STATG6 is regulated by
IncRNA-MM2P.

LncRNA-MM2P loss affected M2-driven tumorigenesis and
angiogenesis

Given the role of M2 macrophages in promoting tumori-
genesis and angiogenesis (8), we investigated the impact of
IncRNA-MM2P on functional macrophage-tumor cell cross-talk.
RAW264.7 cells infected with shRNA-MM2P #1, shRNA-MM2P
#2, or control lentivirus were mixed with KZM2 WT osteosarcoma
cells and then implanted subcutaneously into the armpits of mice
for 6 weeks. Lentiviral transduction enabled the stable knock-
down of IncRNA-MM2P compared with the control virus-trans-
duced cells (Fig. 6A). As expected, the growth of primary tumors
after subcutaneous injection of the cell mixture was different
between the control group and the IncRNA-MM2P knockdown
group (Fig. 6B and C), without differences in the body weight of
the mice (Fig. 6D). We found that the vector group was the first to
develop tumors (Fig. 6E), which illustrates the positive function of
IncRNA-MM2P in tumorigenesis.

To explore whether IncRNA-MM2P played a role in M2 mac-
rophage polarization and angiogenesis, IHC analysis was
performed to evaluate the expression of CD206. As shown
in Fig. GF, less CD206 was detected in the tumor region in the
IncRNA-MM2P knockdown group than in the control group.
Quantitative results were further determined using the log IOD
in Image-Pro Plus 6.0, indicating that the amount of CD206
correlated with the tumor growth (Fig. 6G). Because the in vitro
data suggested that the tumor vessels may also be affected, we
further tested whether fewer M2 macrophages would affect vessel
numbers in tumor tissues. CD31 staining revealed that tumor
vessel numbers were decreased in tumors when IncRNA-MM2P
was knocked down (Fig. 6H and I).

To validate these results, we used BMDMs for our mouse
study. Indeed, we observed that the addition of BMDMs increas-
ed the K7M2 tumorigenesis and tumor growth (Fig. 7A-E).
Moreover, knockdown of IncRNA-MM2P affected the BMDMs-
promoted K7M2 tumorigenesis and angiogenesis of cancer
cells (Fig. 7B-I). Collectively, these observations suggest that
IncRNA-MM2P regulates macrophage M2 polarization angio-
genesis, and subsequently promotes tumorigenesis and tumor
growth.

Discussion

It is believed that the polarization of macrophages is a
dynamic process of development and heterogeneity. The phe-
notypes and functions of macrophages are influenced by the
microenvironment (30). LPS induces M1 macrophages (classic
activated macrophages), and IL4 or IL13 induces M2 macro-
phages (alternatively activated macrophages). In the polariza-
tion process, transcription factors, which regulate cellular func-
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tion, undergo changes (31-33). However, the molecular deter-
minants of the control of macrophage plasticity are unknown.
Prompted by the progress in genome technology, changes of
macrophage transcripts and epigenetics during normal and
pathologic conditions have been found to affect macrophages.
Determining the factors in macrophage polarization will
improve understanding of macrophage regulation in disease.

Although IncRNAs have attracted much attention for their
versatile regulatory functions, the role of IncRNAs in macro-
phage activation has only begun to be appreciated (34-37).
This is because the diversity in macrophage phenotypes and
functions is subject to genome-wide transcriptional modula-
tions. Thus far, only a few IncRNAs have been reported to be
involved in macrophage polarization. Chen and colleagues
found that IncRNA-MC acts as a competing endogenous RNA
(ceRNA) to modulate monocytopoiesis (34). Huang and col-
leagues investigated the IncRNAs expression profiles in macro-
phage polarization in human monocyte-derived macrophages
(38). Roux and colleagues identified 204 human and 210
mouse IncRNAs that are differentially expressed following
exposure to LPS or IL1f (39). Sun and colleagues demonstrated
that IncRNA-GAS5 suppresses transcription of TRF4 to inhibit
M2 polarization and exacerbate demyelination (40). In our
study, we used cell model-based microarray analysis to profile
IncRNAs participating in M2 polarization. Though thousands
of IncRNAs were found with greater than 2-fold changes in
two cell models, only 25 IncRNAs were altered across different
cell lines. Moreover, we found that most of these 25 IncRNAs
exhibited the same trends during LPS-triggered M1 polariza-
tion, which might suggest that most of these IncRNAs are
related to the overall polarization process instead of the specific
(M1 or M2) polarization direction. Functional characterization
of IncRNA-MM2P generated more insight beyond its identifi-
cation through high-throughput profiling.

Here, IncRNA-5730422e09Rik was identified as the unique
IncRNA specifically upregulated during M2 macrophage polar-
ization from our profiling analysis. LncRNA-5730422e09Rik
mediates M2 polarization as well as M2 macrophage-promoted
angiogenesis, tumorigenesis, and tumor growth both in vitro
and in vivo. We therefore renamed it IncRNA-MM2P (IncRNA-
Macrophage M2 Polarization). The mechanism of action of
IncRNAs is complex and has not yet been fully defined. In our
study, we found that IncRNA-MM?2P affected the phosphory-
lation of STATG6: the phosphorylation of the tyrosine residue at
its Y641 site initiates the transcription of the downstream gene
to regulate M2 gene expression in macrophages. Nevertheless,
the mechanism of IncRNA-MM2P-regulated STAT6 activation
remains elusive. Studies have shown that Inc-DC regulates
dendritic cell differentiation and function. Unlike the reported
mechanisms for other IncRNAs, Inc-DC promotes STAT3 sig-
naling by interacting with the C-terminus of STAT3 to prevent
dephosphorylation of STAT3 Y705 by SHP1 (41). In our
experiments, we observed that the dephosphorylation of STAT6
was regulated by IncRNA-MM2P using the phosphatase inhib-
itor NazgVO,. Although there was no evidence to show the
mechanism of IncRNA-MM2P, the cytosolic localization of
IncRNA-MM2P raises the possibility that interaction between
phosphatases such as SHP1 or SHP2 and STAT6 may be a
potential mechanism.

In summary, we identified IncRNA-MM2P as a specific reg-
ulator of M2 polarization that acts by modulating STAT6
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Figure 6.

Knockdown of INncRNA-MM2P impairs RAW264.7 cell-induced tumor growth and angiogenesis of cancer cells. A, Expression of INCRNA-MM2P after
RAW264.7 cells were infected with ShARNA-MM2P lentivirus. The mean value was shown from three experiments. B and C, The tumors formed in mice at the
endpoint of mice study. The statistical analysis of tumor weight in three groups (n = 7 per group). D, Body weight of each group was measured during
the time course. E, The tumorigenesis of each group according time course. F, Representative histopathologic and IHC image of tumor tissues. M2
macrophages diminished when IncRNA-MM2P was knocked down, as indicated by CD206. G, The expression scores of CD206 in the tumor tissues were
analyzed by Image-Pro Plus 6.0. H and I, Representative IHC CD31 stains in tumor borders. Quantification of CD31 positive cells in the tumor tissues. **, P< 0.01;
*** P < 0.001 (n = 7 for the control group, n = 5 for ShARNA-MM2P #1, and n = 4 for shRNA-MM2P #2 in all statistical analysis).
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Knockdown of INcRNA-MM2P impairs BMDM-induced tumor growth and angiogenesis of cancer cells. A, Expression of INCRNA-MM2P after BMDMs

were infected with shRNA-MM2P lentivirus. B and C, The tumors formed in mice at the endpoint of mice study. The statistics of tumor weight were
analyzed in four groups (n = 8 per group). D, The tumorigenesis of each group according time course. E, Body weight of each group was measured during
the time course. F, Representative histopathologic and IHC image of tumor tissues. G, The expression scores of CD206 in the tumor tissues were
analyzed by Image-Pro Plus 6.0. H and I, Representative IHC CD31 stains in tumor borders. Quantification of CD31 positive cells in the tumor tissues. **, P< 0.01;
** P < 0.001 (n = 4 for the K7M2-only group, n = 7 for control group, n = 5 for shRNA-MM2P #1, and n = 4 for shRNA-MM2P #2 in all statistical

analysis).
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phosphorylation. Knockdown of IncRNA-MM2P inhibited
macrophage-promoted angiogenesis and impaired tumorigen-
esis and tumor growth both in vitro and in vivo. Our work
identifies a IncRNA that regulates macrophage M2 polarization
and may have relevance to clinical diseases involving M2
macrophage polarization.
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