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PU.1-Regulated Long Noncoding RNA Inc-MC Controls Human
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MicroRNA 199a-5p
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Long noncoding RNAs (IncRNAs) are emerging as important regulators in mammalian development, but little is known about their
roles in monocyte/macrophage differentiation. Here we identified a long noncoding monocytic RNA (Inc-MC) that exhibits increased
expression during monocyte/macrophage differentiation of THP-1 and HL-60 cells as well as CD34™ hematopoietic stem/progenitor
cells (HSPCs) and is transcriptionally activated by PU.1. Gain- and loss-of-function assays demonstrate that Inc-MC promotes mono-
cyte/macrophage differentiation of THP-1 cells and CD34* HSPCs. Mechanistic investigation reveals that Inc-MC acts as a competing
endogenous RNA to sequester microRNA 199a-5p (miR-199a-5p) and alleviate repression on the expression of activin A receptor type
1B (ACVR1B), an important regulator of monocyte/macrophage differentiation. We also noted a repressive effect of miR-199a-5p on
Inc-MC expression and function, but PU.1-dominant downregulation of miR-199a-5p weakens the role of miR-199a-5p in the recipro-
cal regulation between miR-199a-5p and Inc-MC. Altogether, our work demonstrates that two PU.1-regulated noncoding RNAs,
Inc-MC and miR-199a-5p, have opposing roles in monocyte/macrophage differentiation and that Inc-MC facilitates the differentiation
process, enhancing the effect of PU.1, by soaking up miR-199a-5p and releasing ACVR1B expression. Thus, we reveal a novel regula-
tory mechanism, comprising PU.1, Inc-MC, miR-199a-5p, and ACVR1B, in monocyte/macrophage differentiation.

Hematopoiesis is a highly orchestrated process wherein the
pluripotent self-renewing hematopoietic stem cells (HSCs)
give rise to all blood cell lineages, including monocytes/macro-
phages (1). Monocytes/macrophages are mononuclear phago-
cytes that play crucial roles in innate immunity and the inflamma-
tory response, and defects in their biogenesis and function can
contribute to a broad spectrum of pathologies (2, 3). Control of
monocyte/macrophage differentiation is a complex process re-
quiring the coordinated expression of stage-specific transcription
factors, cytokines, and noncoding RNAs (4, 5).

PU.1 is a hematopoiesis-specific transcription factor that binds
to a purine-rich sequence (GAGGAA) and regulates lineage-spe-
cific gene expression (6). Homozygous PU.1-deficient mice died
at a late gestational stage, and PU.1 mutant embryos exhibited a
defect in the generation of progenitors for monocytes and granu-
locytes (7). High expression of PU.1 in granulocyte-macrophage
progenitors (GMPs) antagonizes C/EBPa function and favors
monocyte development. Conversely, GMPs with low expression
of PU.1 commit to granulocyte differentiation (8). In addition,
transcription factors RUNX1, KLF4, and MafB are important reg-
ulators in monocyte/macrophage development (9-11). Colony-
stimulating factors (CSF), including granulocyte-macrophage
CSF, granulocyte CSF, and CSF-1, also play fundamental roles in
the early and late stages of the monocyte/macrophage differenti-
ation process (12).

MicroRNAs (miRNAs) are short (20- to 24-nucleotide [nt])
noncoding RNAs that are involved in posttranscriptional regula-
tion of gene expression in multicellular organisms by affecting the
stability or translation of mRNAs (13). A number of miRNAs have
been reported to play crucial roles in hematopoietic lineage differ-
entiation, including monocytopoiesis (14). miRNA 142-3p (miR-
142-3p) and miR-29a, targeting TAB2 and CDKS®, respectively,
and both targeting CCNT2, are important regulators in mono-
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cytic differentiation (15). Downregulation of miR-17-5p, miR-
20a, miR-106a, and miR-26a is required for monocytopoiesis (16,
17). During the induction of THP-1 cells by phorbol myristate
acetate (PMA), increased expression of miR-155, miR-222, miR-
424, and miR-503 was observed, and the combinatorial regulation
of the four miRNAs was demonstrated to influence monocytic
differentiation (18). miR-424 has been reported to be actively
transcribed by PU.1 and to stimulate monocytic differentiation
through translational repression of the transcriptional factor
NFI-A (19). Our previous work showed that PU.1, as a transcrip-
tional repressor, negatively regulates miR-199a-5p expression and
that the downregulation of miR-199a-5p alleviates the repressive
effect on the activin A receptor type 1B gene (ACVRIB), which
consequently activates the transforming growth factor B (TGF-3)
signal pathway and promotes monocyte/macrophage differentia-
tion (20).

Long noncoding RNAs (IncRNAs) (>200 nucleotides) lack
protein-coding potential and function as versatile regulators
through interaction with DNA, RNA, and proteins to modulate
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gene expression on many levels (21). The mammalian genome
transcribes thousands of IncRNAs, only some of which have been
functionally characterized (22, 23). Although a number of well-
defined IncRNAs have been reported to play crucial roles in many
biological processes and pathological diseases (24, 25), only a few
examples of IncRNAs that regulate hematopoiesis have been re-
ported (26-29). In this study, we screened the potential IncRNAs
involved in myeloid differentiation through combined analysis of
the transcriptome-sequencing (RNA-Seq) data for white blood
cells published by Cabili et al. (30) and the PU.1 chromatin im-
munoprecipitation sequencing (ChIP-seq) data in ChIPBase (31),
and we identified a long noncoding monocytic RNA (Inc-MC)
that is upregulated during the monocyte/macrophage differenti-
ation of THP-1 and HL-60 cells and of CD34" hematopoietic
stem/progenitor cells (HSPCs) and that could be regulated by
PU.1. We also demonstrated that during monocyte/macrophage
differentiation, Inc-MC can be negatively regulated by miR-
199a-5p and that Inc-MC can also soak up miR-199a-5p to allevi-
ate the repression of ACVRI1B, suggesting that Inc-MC may act as
a competing endogenous RNA (ceRNA) to modulate monocyto-
poiesis.

MATERIALS AND METHODS

Cell culture and induction of differentiation. The human acute mono-
cytic leukemia cell line THP-1 was grown in RPMI 1640 medium (Gibco,
BRL, United Kingdom) supplemented with 10% fetal bovine serum (FBS)
(HyClone). The human acute promyelocytic leukemia cell line HL-60 was
maintained in Iscove’s modified Dulbecco’s medium (IMDM) supple-
mented with 10% FBS. Monocyte/macrophage differentiation of THP-1
and HL-60 cells was induced with PMA at a final concentration of 10 nM.
293TN cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% FBS.

Separation and induction culture of CD34* HSPCs. Human umbil-
ical cord blood (UCB) was obtained from normal full-term deliveries at
Beijing Hospital and the First Hospital of Hebei Medical University. In-
formed consent to the performance of the biological studies was obtained
from the individuals examined, and the related study was approved by the
Ethics Committees of the hospitals and the Institutional Review Board of
the Institute of Basic Medical Sciences, Chinese Academy of Medical Sci-
ences. Mononuclear cell (MNC) fractions were isolated from the samples
by Percoll density (d) gradient [d = 1.077 g/ml] centrifugation (Amer-
sham Biotech, Germany), and CD34™ cells were enriched from MNCs
through positive immunomagnetic selection (CD34 MultiSort kit; Milte-
nyi Biotec, Bergisch Gladbach, Germany). Monocyte/macrophage differ-
entiation culture of CD34™ HSPCs was performed as described previously
(15).

RNA extraction and qRT-PCR. Total RNA was extracted from cell
samples by using the TRIzol reagent (Invitrogen) and was quantified us-
ing the NanoDrop 2000 spectrophotometer (Thermo Scientific, Bremen,
Germany). The first strand of cDNA was synthesized by using Moloney
murine leukemia virus (M-MLV) reverse transcriptase (Invitrogen) ac-
cording to the manufacturer’s instructions. Oligo(dT) was used as the
primer for reverse transcription of mRNA. Stem-loop reverse transcrip-
tion primers were used for the reverse transcription of miRNA. U6 and
Inc-MC were reverse transcribed using strand-specific primers. Quantita-
tive real-time PCR (qRT-PCR) was performed in a Bio-Rad CFX96 system
(Bio-Rad, Foster City, CA) using SYBR premix (TransGen Biotech). The
primers used for reverse transcription and qRT-PCR are listed in Table S1
in the supplemental material.

Immunoblot analysis. Cell lysates were subjected to SDS-PAGE (10%
separation gel) and were transferred to a polyvinylidene difluoride
(PVDF) membrane. Primary antibodies against the following proteins
were used: PU.1 (antibody 2258; Cell Signaling Technology), Ago2 (anti-
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body 2897; Cell Signaling Technology), ACVRIB (ab109300; Abcam),
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (catalog no.
10494-1-AP; Proteintech). Horseradish peroxidase-conjugated second-
ary antibodies were used. Signals were detected using an ECL (enhanced
chemiluminescence) kit (Millipore).

Plasmid constructs. The cDNAs of PU.1, pri-miR-199a, and Inc-MC
were amplified and inserted into pmiRNA1 (System Biosciences [SBI],
Mountain View, CA) and pcDNAG6 (Invitrogen) in order to obtain their
expression plasmids. The fragments of Inc-MC containing the miR-
199a-5p binding site and its corresponding mutants were inserted into the
pMIR-Report luciferase reporter vector (Ambion, Austin, TX). The short
hairpin RNA (shRNA) sequences for PU.1 and Inc-MC were synthesized,
annealed, and inserted into pll3.7 (Addgene). Sequences containing two
consecutive miR-199a-5p complementary sequences, used to construct
the miR-199a-5p sensor, were synthesized, annealed, and inserted into the
pGL3-Control luciferase reporter vector (Promega). All the primers and
oligonucleotides used for plasmid construction are listed in Table S2 in
the supplemental material.

Transient transfection and luciferase reporter assay. 293TN cells
were plated into 24-well plates to reach approximately 50% confluence on
the following day. The cells were cotransfected with the pGL3-Control/
pMIR-Report-based constructs, pRL-TK (Promega), and pcDNA6-based
expression plasmids using Lipofectamine Plus (Invitrogen). The transfec-
tion medium was replaced with complete medium after 5 to 6 h. The cells
were cultured at 37°C under 5% CO, for an additional 24 to 48 h. Then the
cells were lysed with passive lysis buffer (Promega), and reporter gene
expression was assessed using the dual-luciferase reporter assay system
(Promega).

Flow cytometry analysis. The infected THP-1 cells and CD34 " HSPCs
were induced toward monocyte/macrophage differentiation and harvested at
different time points of differentiation. The cells were rinsed twice with phos-
phate-buffered saline (PBS) and were resuspended in 100 pl PBS. Then the
cells were incubated with phycoerythrin (PE)- and allophycocyanin (APC)-
conjugated anti-CD14 (eBioscience) at 4°C for 30 min. The cells were washed
with 1 ml PBS, resuspended in 200 pl PBS, and analyzed immediately using
an Accuri C6 flow cytometer (BD Biosciences, San Jose, CA).

May-Griinwald-Giemsa staining. The infected THP-1 cells and
CD34" HSPCs were induced toward monocyte/macrophage differentia-
tion and were harvested at different time points of differentiation. The
cells were rinsed twice with PBS and resuspended in FBS, and then the
freshly prepared and air-dried cell smears were fixed in methanol for 10
min. The slides were stained in pure May-Griinwald solution for 5 min,
washed in distilled water for 2 min, and incubated in a 10% Giemsa-water
solution for 20 min. The slides were then washed in distilled water, air
dried, and observed under a BX51 optical microscope (Olympus, Tokyo,
Japan).

Lentivirus production and cell infection. The recombinant lentivi-
ruses for overexpression and knockdown were produced using pmiRNA1-
and pll3.7-based constructs. Lentivirus packaging was performed by using the
pPACKHI lentiviral vector packaging kit (LV500A-1; SBI, Mountain View,
CA) according to the manufacturer’s instructions. The virus particles were
condensed using the PEG-it virus precipitation solution (SBI, Mountain
View, CA). The THP-1 cells and CD34 " HSPCs were infected with lentivirus
in 6-well plates containing 5 .g/ml Polybrene (Sigma-Aldrich). After 24 h of
infection, the cells were placed in fresh medium and induced toward mono-
cyte/macrophage differentiation.

ChIP and RIP. THP-1 and HL-60 cells were plated onto 10-cm plates
and grown to approximately 90% confluence. Then the cells were col-
lected, and chromatin immunoprecipitation (ChIP) was performed as
described previously (20). The precipitated DNA was amplified by PCR.
All the primers used for ChIP-PCR are listed in Table S3 in the supple-
mental material. THP-1 cells were plated onto 10-cm plates and grown to
approximately 80% confluence. Then the cells were induced toward
monocyte/macrophage differentiation for 48 h, and RNA immunopre-
cipitation (RIP) was performed by using the Magna RIP RNA-binding
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protein immunoprecipitation kit (product code 17-700; Millipore) ac-
cording to the manufacturer’s instructions. Primary antibodies against
the following proteins were used: PU.1 (antibody 2258; Cell Signaling
Technology), Ago2 (antibody 2897; Cell Signaling Technology), and rab-
bit IgG (catalog no. PP64B; Millipore).

Pulldown assay with biotinylated DNA probe. The pulldown assay
was performed as described previously (32) with minor modifications.
The biotinylated DNA probe complementary to Inc-MC was synthesized
and dissolved in 400 pl of wash/binding buffer (0.5 M NaCl, 20 mM
Tris-HCI [pH 7.5], and 1 mM EDTA). The probes were incubated with
streptavidin-coated agarose beads (product no. S1638-1ML; Sigma) at
4°Cfor 10 h to generate probe-coated agarose beads. The THP-1 cell lysate
was precleared by incubation with 40 pl of avidin-agarose beads (catalog
no. 20219; Pierce) at 4°C for 1 h and was then incubated with probe-
coated beads. After washing with the wash/binding buffer, the RNA com-
plexes bound to the beads were eluted and extracted for quantitative real-
time PCR. The following primer sequences were used: Inc-MC pulldown
probe, 5'-GCCTGTAATTCCAATGTGATACCC-3'; random pulldown
probe, 5'-GTGATGTCTAGCGCTTGGGCTTTG-3'.

RNA fluorescence in situ hybridization (FISH). THP-1 cells were
induced with PMA toward monocyte/macrophage differentiation and
were harvested at 50 h of induction. The cells were rinsed briefly in PBS
and were resuspended in FBS. Then the freshly prepared and air-dried cell
smears were fixed in 4% formaldehyde plus 10% acetic acid in PBS (pH
7.4) for 15 min at 20°C. The cell smears were permeated with PBS con-
taining 0.2% Triton X-100 for 5 min at 20°C and were then washed in PBS
(3 times, for 10 min each time). Hybridization was carried out using a
biotin-labeled DNA probe (Tianyi Biotech) in a moist chamber at 37°C
for 12 to 16 h. After being washed in PBS (5 times, for 10 min each time),
the cell smears were incubated with fluorescein isothiocyanate (FITC)-
conjugated streptavidin (catalog no. SA1001; Life Technologies) for 2 h at
20°C. Then the cell smears were washed in PBS (5 times, for 10 min each
time), air dried, and covered with glass slides using DAPI (4',6-di-
amidino-2-phenylindole) Fluoromount-G mounting medium (South-
ernBiotech). Fluorescence images were acquired with a BX51 optical mi-
croscope (Olympus, Tokyo, Japan).

Statistical analysis. Student’s ¢ test (two-tailed) was performed to an-
alyze the data. Statistical significance was set at a P value of <0.05.

RESULTS
Inc-MC is identified as a potential IncRNA involved in myeloid
differentiation. To identify IncRNAs involved in myeloid dif-
ferentiation, we comprehensively analyzed the RNA-Seq data
for white blood cells (30) and the PU.1 ChIP-seq data (31), and
we finally obtained 390 candidate IncRNAs (Fig. 1A). Inc-MC
was chosen for further investigation on the basis of its relatively
high abundance in 22 tissues and cell lines (Fig. 1B) and the
PU.1, H3K27Ac (histone H3 acetylated on Lys27), and
H3K4Mel (histone H3 monomethylated on Lys4) ChIP-seq
signals on the Inc-MC locus (Fig. 1C). Inc-MC is also known as
Inc-TRIP10/TCONS_00026873/XLOC_012931; it is annotated
in LNCipedia (33), and its gene is located at chromosome 19,
positions 6656385 to 6662832. Its conservation was analyzed
using the UCSC Genome Browser (http://genome.ucsc.edu
/index.html) and is presented in Fig. 1D, which shows that
Inc-MC is conserved only among some primates (such as the
chimpanzee). The coding potential of Inc-MC was analyzed
using ORF Finder and the Coding Potential Assessment Tool
(CPAT), which suggested that Inc-MC tends to be a noncoding
RNA (Fig. 1E).

Inc-MC mediates PMA-induced monocyte/macrophage dif-
ferentiation. Next, we performed qRT-PCR and semiquantitative
PCR to detect Inc-MC expression during the PMA-induced
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monocyte/macrophage differentiation of THP-1 and HL-60 cells
and during the all-trans-retinoic acid (ATRA)-induced granulo-
cyte differentiation of HL-60 and NB-4 cells. The results showed
that Inc-MC was upregulated significantly during the PMA-in-
duced time course of THP-1 and HL-60 cell differentiation (Fig.
2A). No significant changes were seen in Inc-MC expression over
the time course of the ATRA-induced granulocyte differentiation
of HL-60 and NB-4 cells (data not shown). The expression spec-
trum of Inc-MC suggests that it may play a positive role in mono-
cyte/macrophage differentiation. To investigate the effect of
Inc-MC on monocyte/macrophage differentiation, THP-1 cells
were infected with a recombinant lentivirus expressing either
short hairpin RNAs specific for Inc-MC (lenti-shlnc-MC) or
Inc-MC (lenti-Inc-MC), followed by PMA induction for 50 h.
Real-time PCR analysis revealed that lenti-shlnc-MC infection
significantly decreased the levels of Inc-MC and the monocyte/
macrophage differentiation markers (CD11B, CD14, and CSF1R)
(Fig. 2B) from levels with the lentivirus control (lenti-ctrl) infec-
tion. Flow cytometry analysis also showed decreased CD14 ex-
pression in lenti-shlnc-MC-infected THP-1 cells (Fig. 2C). In ad-
dition, May-Griinwald-Giemsa staining demonstrated that upon
PMA induction, lenti-shlnc-MC-infected THP-1 cells exhibited a
lower proportion of differentiated monocytes/macrophages (with
clear cytoplasm and a bean-shaped nucleus) than lenti-ctrl-in-
fected cells (Fig. 2D). These results suggested that knockdown of
Inc-MC in THP-1 cells impaired PMA-induced monocyte/mac-
rophage differentiation.

In contrast, enhanced expression of Inc-MC in THP-1 cells
promoted PMA-induced monocyte/macrophage differentiation.
Compared with the lenti-ctrl-infected THP-1 cells, the lenti-Inc-
MC-infected cells exhibited significant expression of Inc-MC,
which increased the mRNA levels of the monocyte/macrophage
differentiation markers (CD11B, CD14, and CSF1R) (Fig. 2E).
The overexpression of Inc-MC also resulted in increased CD14
expression (Fig. 2F) and a higher proportion of differentiated
monocytes/macrophages (Fig. 2G).

Taken together, both knockdown and overexpression of
Inc-MC have significant effects on PMA-induced monocyte/mac-
rophage differentiation, suggesting that Inc-MC functions as a
crucial regulator in monocyte/macrophage differentiation.

PU.1 modulates Inc-MC expression during monocyte/mac-
rophage differentiation. PU.1 is a master transcriptional factor
that is essential for monocyte progenitor commitment from
GMPs and for monocyte/macrophage maturation (4) and that
regulates gene transcription both positively (19) and negatively
(34). To evaluate whether PU.1 modulates Inc-MC expression
during monocyte/macrophage development, we first detected the
expression of PU.1 and Inc-MC during PMA-induced monocyte/
macrophage differentiation of THP-1 and HL-60 cells. The results
showed that both Inc-MC and PU.1 were upregulated (Fig. 3A),
suggesting that PU.1 may positively regulate Inc-MC expression
during monocyte/macrophage development.

We identified a potential PU.1 binding signal upstream of
Inc-MC gene loci using the UCSC Genome Browser (Fig. 1C).
In addition, we predicted all potential PU.1 binding sites in a
3-kb region near Inc-MC gene loci according to the PU.1 bind-
ing motif, as depicted in Fig. 3B. Next, a PU.1 ChIP assay was
performed in THP-1 and HL-60 cells to validate the predic-
tions. As shown in Fig. 3C, only one site (indicated by a vertical
arrow in Fig. 3B) upstream of Inc-MC gene loci was verified as
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the true binding site of PU.1; the others were not bound by
PU.1, in agreement with the result from the UCSC Genome
Browser. Furthermore, enhanced PU.1 binding to this site was
noted after PMA induction of THP-1 or HL-60 cells (Fig. 3D).
Then we infected THP-1 cells with lenti-shPU.1, which signif-
icantly downregulated PU.1 expression (Fig. 3E, top). PU.1
knockdown also decreased Inc-MC expression during PMA-
induced monocyte/macrophage differentiation (Fig. 3E, bot-
tom). On the other hand, PU.1 overexpression by pcDNAG6-
PU.1 transfection in THP-1 cells (Fig. 3F, top) remarkably
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increased Inc-MC expression during PMA-induced monocyte/
macrophage differentiation (Fig. 3F, bottom). These results
demonstrated that upregulation of Inc-MC during PMA-in-
duced monocyte/macrophage differentiation was at least par-
tially due to transcriptional activation of Inc-MC by PU.1.

To further confirm that Inc-MC is regulated by PU.1 during
monocyte/macrophage differentiation, we performed rescue as-
says. CD34" HSPCs were infected with lenti-shPU.1 or lenti-ctrl.
Twenty-four hours later, the cells were reinfected with lenti-
Inc-MC or lenti-ctrl, followed by induction of monocyte/macro-
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Inc-MC and monocyte/macrophage differentiation marker CD11B, CD14, and CSFIR mRNAs in THP-1 cells infected with lenti-shlnc-MC or lenti-ctrl,
followed by PMA induction for 50 h. Three independent experiments were performed, and data are means * standard deviations. Asterisks indicate significant
differences by Student’s ¢ test (*, P < 0.05; **, P < 0.01). (C) CD14 expression was evaluated by cytometric analysis in infected and PMA-induced cells. (Top)
Results of a representative experiment. Red and black curves show results for untreated cells and anti-CD14 antibody-stained cells, respectively. (Bottom)
Statistical analysis of three experiments. (D) May-Griinwald-Giemsa staining analysis of infected and PMA-induced cells. (Left) Results of a representative
experiment. The arrows point to differentiated monocytes/macrophages. (Right) Statistical analysis of counts of differentiated monocytes/macrophages in five
fields. (E) qRT-PCR detection of Inc-MC and CD11B, CD14, and CSFIR mRNAs in THP-1 cells infected with lenti-lnc-MC or lenti-ctrl, followed by PMA
induction for 50 h. Three independent experiments were performed, and data are means * standard deviations. (F) CD14 expression was evaluated by cytometric
analysis in infected and PMA-induced cells. (Top) Results of a representative experiment. Red and black curves show results for untreated cells and anti-CD14
antibody-stained cells, respectively. (Bottom) Statistical analysis of three experiments. (G) May-Griinwald-Giemsa staining analysis of infected and PMA-
induced cells. (Left) Results of a representative experiment. (Right) Statistical analysis of counts of differentiated monocytes/macrophages in five fields.

phage differentiation. As expected, reinfection with lenti-lnc-MC
alleviated the downregulation of Inc-MC resulting from lenti-
shPU.1 treatment (Fig. 3G, left, d versus b). In agreement with the
expression of Inc-MC, reinfection with lenti-lnc-MC also amelio-
rated the blockade of monocyte/macrophage differentiation

caused by lenti-shPU.1 infection, a finding presented as CD14
expression detected through flow cytometry (Fig. 3G, center and
right, d versus b). These results demonstrate that the master tran-
scription factor PU.1 controls monocyte/macrophage differenti-
ation partially by modulating Inc-MC expression.
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Inc-MC can be negatively regulated and antagonized by miR-
199a-5p. To investigate the molecular mechanism of Inc-MC in-
volvement in monocyte/macrophage differentiation, we first de-
termined the subcellular location of Inc-MC. RNA FISH (Fig. 4A)
and semiquantitative PCR of nuclear and cytoplasmic fractions
(Fig. 4B) suggested that Inc-MC was distributed mainly in the
cytoplasm. Some IncRNAs have been reported to interact with
miRNAs and regulate each other reciprocally (35). Since miRNAs
are a class of very important posttranscriptional regulators, we
sought to determine whether Inc-MC can regulate monocyte/
macrophage differentiation through association with miRNAs.
We next analyzed the miRNAs downregulated during mono-
cyte/macrophage differentiation by using miRNA array data
together with the data for published miRNAs that have been
demonstrated to negatively regulate monocyte/macrophage
differentiation (20). Finally, we focused on miR-199a-5p,
which was predicted, by use of the RNAhybrid Web tool, to
bind to Inc-MC stably (Fig. 4C). To investigate the effect of
miR-199a-5p on Inc-MC, miR-199a-5p was overexpressed in
THP-1 and HL-60 cells by using a miR-199a-5p mimic and in
CD34 " HSPCs by using lenti-miR-199a. The enhanced expres-
sion of miR-199a-5p decreased Inc-MC expression signifi-
cantly (Fig. 4D and E). Then we produced a luciferase construct
of Inc-MC (Inc-MC wt), a mutated form (Inc-MC mut), and a
deleted form (Inc-MC del) (Fig. 4F). A luciferase reporter assay
revealed that miR-199a-5p could suppress the luciferase activ-
ity of Inc-MC wt but had less effect on Inc-MC mut and Inc-MC
del (Fig. 4G).

Ago2, the core component of the RNA-induced silencing com-
plex (RISC), associates with miRNAs to form miRNA ribonucle-
oprotein complexes (miRNPs) and is indispensable for miRNA
function (36, 37). To test whether Inc-MC could associate with
Ago2, RIP was carried out using an antibody against Ago2 and
extracts of PMA-induced THP-1 cells. The specificity of the anti-
Ago2 antibody was confirmed by immunoprecipitation (IP) and
immunoblotting (Fig. 4H, top). As revealed by the RIP semiquan-
titative PCR (Fig. 4H, center) and RIP-qPCR (Fig. 4H, bottom),
Inc-MC was preferentially enriched in Ago2-containing miRNPs
relative to control IgG immunoprecipitates.

To further investigate the effect of Inc-MC modulation by
miR-199a-5p on monocyte/macrophage differentiation, we de-
signed rescue assays. THP-1 cells were infected with lenti-miR-
199a or lenti-ctrl. Twenty-four hours later, the cells were rein-
fected with lenti-lnc-MC or lenti-ctrl and were exposed to a
medium with PMA. As expected, infection with lenti-miR-199a
significantly increased miR-199a-5p expression (Fig. 41, top right,
b versus a), decreased Inc-MC expression (Fig. 41, top left, b versus
a), and impaired monocyte/macrophage differentiation as re-
vealed by CD14 expression (Fig. 41, bottom). However, reinfec-
tion with lenti-Inc-MC not only recovered the expression of
Inc-MC (Fig. 41, top left, d versus b) but also ameliorated the
blockade of monocyte/macrophage differentiation resulting from
lenti-miR-199a infection, as revealed by CD14 expression de-
tected through flow cytometry (Fig. 41, bottom). A lower Inc-MC
level was also observed in cells coinfected with lenti-miR-199a and
lenti-Inc-MC than in cells coinfected with lenti-ctr] and lenti-
Inc-MC (Fig. 41, top left, d versus c), again demonstrating the
inhibitory effect of miR-199-5p on Inc-MC expression. Collec-
tively, these results demonstrated that Inc-MC could be negatively
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regulated and its function disturbed by miR-199a-5p during
monocyte/macrophage differentiation.

Inc-MC negatively regulates miR-199a-5p expression and ac-
tivity. Having demonstrated that Inc-MC is a target of miR-199a-
5p, we wanted to determine whether Inc-MC might also act as a
sponge to sequester miR-199a-5p. For this purpose, we performed
luciferase reporter assays using a miR-199a-5p sensor (Fig. 5A).
The repressive effect of miR-199a-5p on the luciferase activity of
the miR-199a-5p sensor was ameliorated by the cotransfection of
increasing amounts of pcDNA6-Inc-MC (Fig. 5B, left) but was not
influenced by increasing amounts of pcDNA6-Inc-MC-mut (con-
taining Inc-MC with the miR-199a-5p binding site mutated) (Fig.
5B, right). In addition, inhibition of Inc-MC by lenti-shlnc-MC
infection in THP-1 cells (Fig. 5C, top left) had less effect on miR-
199a-5p expression (Fig. 5C, top right), which may be due to the
gradual decrease in endogenous miR-199a-5p levels during differ-
entiation and the further knockdown of Inc-MC on the basis of the
low abundance of endogenous Inc-MC. Infection of THP-1 cells
by lenti-shinc-MC significantly decreased the protein level of
ACVRIB (the target of miR-199a-5p) (Fig. 5C, bottom). How-
ever, overexpression of Inc-MC by lenti-Inc-MC infection (Fig.
5D, top left) decreased miR-199a-5p expression significantly (Fig.
5D, top right), leading to the upregulation of ACVR1B (Fig. 5D,
bottom), while infection with lenti-Inc-MC-mut had less effect on
miR-199a-5p expression (Fig. 5D, top right) and the ACVR1B
level (Fig. 5D, bottom), suggesting that Inc-MC influences
ACVRIB expression by soaking up miR-199a-5p. In addition, the
inhibitory effect of Inc-MC on miR-199a-5p expression was also
observed after coinfection with lenti-miR-199a and lenti-Inc-MC
(Fig. 41, top right). A decrease in endogenous miR-199a-5p levels
was detected in cells infected with lenti-ctr] and lenti-Inc-MC
compared with cells infected with lenti-ctrl only (Fig. 41, top right,
cversus a), and a decreased miR-199a-5p level was also observed
in cells coinfected with lenti-miR-199a and lenti-Inc-MC com-
pared with cells coinfected with lenti-miR-199a (d versus b). To
further demonstrate the physical interaction between Inc-MC and
miR-199a-5p, RNA pulldown was carried out using a biotin-labeled
DNA probe (Fig. 5E). Inc-MC and miR-199a-5p were preferentially
enriched in the Inc-MC-probe pulldown components versus ran-
dom-probe pulldown components, whereas the enrichment of actin
and miR-938 (used as negative controls) showed no difference be-
tween the two groups (Fig. 5F). Taken together, these results strongly
suggest that Inc-MC interacts physically with miR-199a-5p and reg-
ulates its expression and activity.

Role and mechanism of Inc-MC in monocyte/macrophage
differentiation of CD34% HSPCs. To confirm the function of
Inc-MC in monocyte/macrophage differentiation of HSPCs, we
first determined Inc-MC expression during monocyte/macro-
phage induction culture of CD34 ™ HSPCs derived from UCB. The
results showed a time course increase in Inc-MC expression dur-
ing differentiation (Fig. 6A), in agreement with the results in
THP-1 and HL-60 cell lines. Next, CD34" HSPCs were infected
with lenti-ctrl or lenti-Inc-MC and were then induced toward
monocyte/macrophage differentiation for 24 days. The lenti-
Inc-MC infection increased Inc-MC expression significantly over
that with the lenti-ctrl infection (Fig. 6B, left). Overexpression of
Inc-MC promoted monocyte/macrophage differentiation, as re-
vealed by increased mRNA expression of the differentiation mark-
ers CD14 and CSFIR (Fig. 6B, center and right), elevated CD14
expression as evaluated by flow cytometry (Fig. 6C), and a higher
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September 2015 Volume 35 Number 18 Molecular and Cellular Biology mcb.asm.org 3219


http://mcb.asm.org

Chen et al.

A

Xbal

@)

[miR-199a-5p reverse complement sequence |
— Fsel

5'-CTAG|GAACAGGTAGTCTGAACACTGGG|GAACAGGTAGTCTGAACACTGGG|CCGG-3' c 1.29 c 1.5
o Kk
7] °
SV40 2% 2 3 1.2-
v 5 0.94 o
miR-199a-5p sensor pA 3 0 % o
g o 3
B > 1.27 > 1.27 e X & 0.6
= = o 2
B B = 0 o 0.3
0.9- 0.9- K =
3 3 3 E
© © 0.0- 0.0-
kS o S ® S ®
g 0 5 06 Ienti-‘ & Ienti-‘ &
= = S 8
[ [
2 0.3 2 0.3
o xS .
2 2 lenti-  ctrl shinc-MC
0.0- 0.0- ACVR1B
miR-199a-5p sensor + + + + miR-199a-5p sensor + + + +
pcDNA6 + - - - pcDNAG6 + - - - GAPDH @
pcDNA6-199a - + + + pcDNAG-199a - + + +
pcDNA6-Inc-MC - - 03 05pg pcDNA6-Inc-MC-mut - - 03 05ug

D

streptavidin-agarose beads
biotin-probe

cell lysates

[T
miRNA
L

RNA extraction, quantitative detection

Relative Inc-MC expression

Relative miR-199a-5p expression

n

[ bio-random W bio-Inc-MC
%k
= a0 — + 8.0 H*k
@ %10 E 2
E 8 E 6.4
& = 2
o o & 6 S a8
. Q ,@ «@ o ko]
Ient|-| &S N & L 4 S 3.2
R = o °
ACVRIB | m s s | 2 2 2 16
e o g T
e e — € o & 0.0 e
- @) & & R
ox‘ ,bd‘\ & o ) Q_qu’
& Q S
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expression (bottom), in THP-1 cells infected with lenti-shinc-MC or lenti-ctrl, followed by PMA induction. (D) qRT-PCR analysis of Inc-MC (top left) and
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proportion of differentiated cells (monocyte/macrophage-like
cells with clear cytoplasm and the nucleus located on one side)
(Fig. 6D). Since we have demonstrated that Inc-MC can interact
directly with miR-199a-5p, which can suppress monocyte/macro-
phage differentiation through its repressive effect on ACVRIB, we
determined the expression of miR-199a-5p and ACVRI1B at day
15 and day 24 after lenti-Inc-MC and lenti-ctrl infection and in-
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duction culture. The results revealed that enhanced expression of
Inc-MC decreased miR-199a-5p expression remarkably at day 24
of differentiation (Fig. 6E); meanwhile, the expression of ACVR1B
was increased (Fig. 6F). These results demonstrated that Inc-MC
can promote monocyte/macrophage differentiation of HSPCs by
decreasing the expression and disturbing the function of endoge-
nous miR-199a-5p, leading to the release of ACVRIB expression.
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FIG 6 Role and mechanism of Inc-MC in monocyte/macrophage differentiation of CD34" HSPCs. (A) qRT-PCR analysis of Inc-MC expression during
monocyte/macrophage differentiation of CD34* HSPCs. D, day. (B) qRT-PCR analysis of Inc-MC and monocyte/macrophage differentiation marker CD14 and
CSF1R mRNAs during induction culture of CD34 " HSPCs infected with lenti-Inc-MC or lenti-ctrl. Asterisks indicate significant differences (*, P < 0.05; **, P <
0.01) by Student’s ¢ test. (C) CD14 expression during induction culture of infected CD34* HSPCs was evaluated by flow cytometry analysis. (Left) Histograms
showing results of a representative experiment. The red and black curves indicate untreated cells and anti-CD14 antibody-stained cells, respectively. (Right) The
results from two independent experiments were statistically analyzed and are presented as means = standard deviations. (D) May-Griinwald-Giemsa staining
analysis during induction culture of infected CD34* HSPCs. (Left) Results of a representative experiment. (Right) Statistical analysis of counts of differentiated
monocytes/macrophages in five fields. (E) qRT-PCR analysis of miR-199a-5p expression during induction culture of infected CD34" HSPCs. (F) Immunoblot
analysis of ACVRIB expression during induction culture of infected CD34™ HSPCs.

DISCUSSION

Monocytes/macrophages are critical effectors and regulators of
inflammation and the innate immune response (38). Abnor-
mal biogenesis and function of monocytes/macrophages can
lead to a broad spectrum of pathological diseases, such as leu-
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kemia, immunological disorders, and atherosclerosis (39, 40).
Monocyte/macrophage differentiation, an important branch
of hematopoiesis, involves a number of important regulators.
In the past few years, IncRNAs have attracted much attention
for their versatile regulatory functions. IncRNAs can contrib-
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ute to protein-DNA interaction (24), organize nuclear archi-
tecture (41), regulate miRNA biogenesis (42), influence mRNA
stability and translation (43), and directly alter protein func-
tion (44), and they participate in various biological and path-
ological processes, such as the maintenance of pluripotency
(45), regulation of neurogenesis (24), muscle differentiation
(22), and cancer development (46). However, only a few In-
cRNAs that are involved in hematopoietic lineage differentia-
tion have been reported. Murine linc-EPS inhibits apoptosis by
repressing Pycard expression and confers erythroid differenti-
ation (28). The IncRNA EGO regulates eosinophil granule pro-
tein transcript expression (26), and HOTAIRM1 shows specific
expression in the myeloid lineage and regulates retinoic acid
(RA)-driven granulocytic differentiation (27). Wang et al. re-
ported that during dendritic cell differentiation, Inc-DC pro-
motes STAT3 signaling by interacting with the C terminus of
STATS3 to prevent the dephosphorylation of STAT3 Y705 by
SHP1 (47). To date, few IncRNAs have been reported to par-
ticipate in monocyte/macrophage differentiation. In this
study, we demonstrated that Inc-MC facilitates monocyte/
macrophage differentiation in both PMA-induced THP-1 cells
and normal CD34" HSPCs.

PU.1, a master transcription factor in hematopoietic lineage
differentiation, plays a critical role in monocytic lineage commit-
ment and monocyte/macrophage maturation (8). PU.1 has been
reported to direct a broad spectrum of gene expression during
monocyte/macrophage differentiation, including the expression
of protein-coding genes, such as the macrophage colony-stimu-
lating factor receptor gene (CSFIR) (48), and noncoding genes,
such as miR-424 (19). Our previous work has demonstrated that
miR-199a-5p negatively regulates monocyte/macrophage differ-
entiation by targeting ACVRIB and that miR-199a-2 is transcrip-
tionally repressed by PU.1 (20). Here we revealed that Inc-MC
could also be directly activated by PU.1 during monocyte/macro-
phage differentiation. In addition, Inc-MC could antagonize miR-
199a-5p and further enhance the role of PU.1 during differentia-
tion.

ceRNAs were recently introduced as RNA transcripts that af-
fect each other’s expression levels through competition for their
miRNA coregulators. Salmena et al. proposed a ceRNA hypothe-
sis, that transcripts “talk” to each other using miRNA response
elements (MREs) as letters of new languages (49). In the past few
years, further publications on ceRNAs have extended ceRNA cat-
egories into pseudogenes, IncRNAs, circular RNAs (circRNAs),
small noncoding RNAs, and even mRNAs (50). For the hemato-
poietic system, Guo et al. reported that IncRNA-BGL3, which reg-
ulates Bcr-Abl-mediated chronic myeloid leukemia (CML), acts
as a ceRNA to soak up miR-17, miR-20a, miR-20b, miR-93, miR-
106a, and miR-106b and alleviate their repression of PTEN (52).
Here we demonstrated that Inc-MC could interact directly and
physically with miR-199a-5p, functioning as a ceRNA to release
ACVRIB expression. We have shown previously that ACVR1B
promotes the activation of the TGF-B signaling pathway by in-
creasing the levels of phosphorylated Smad2 and Smad3, which
increases C/EBPa expression and finally facilitates monocyte/
macrophage differentiation (20).

On the basis of our results, we constructed a model for the
involvement of Inc-MC in the regulation of monocyte/macro-
phage differentiation (Fig. 7). Following monocytic/macrophagic
induction of HL-60 and THP-1 cells as well as HSPCs, the in-
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FIG 7 Schematic representation of the involvement of Inc-MC in the regula-
tion of monocyte/macrophage differentiation. Inc-MC, transcriptionally acti-
vated by PU.1, facilitates monocyte/macrophage differentiation by acting as a
ceRNA to sequester miR-199a-5p and release ACVR1B expression.

creased PU.1 expression, on one side, represses miR-199a-5p ex-
pression (20) and, on the other side, activates Inc-MC expression.
The upregulation of Inc-MC further strengthens the role of PU.1
by reducing miR-199a-5p expression and activity, which alleviates
the repression of ACVRIB expression. The increased ACVR1B
expression promotes monocyte/macrophage differentiation. Tak-
ing the findings together, our study demonstrated positive regu-
lation of monocyte/macrophage differentiation by Inc-MC and
uncovered an elaborate regulation mechanism composed of PU.1,
Inc-MC, miR-199a-5p, and ACVRIB.
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