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Abstract

Noncoding RNA (ncRNA) transcripts that did not code proteins but regulate their functions were extensively
studied for the last two decades and the plethora of discoveries have instigated scientists to investigate their
dynamic roles in several diseases especially in cancer. However, there is much more to learn about the role of
ncRNAs as drivers of malignant cell evolution in relation to macrophage polarization in the tumor
microenvironment. At the initial stage of tumor development, macrophages have an important role in directing
Go/No-go decisions to the promotion of tumor growth, immunosuppression, and angiogenesis. Tumor-associated
macrophages behave differently as they are predominantly induced to be polarized into M2, a pro-tumorigenic
type when recruited with the tumor tissue and thereby favoring the tumorigenesis. Polarization of macrophages
into M1 or M2 subtypes plays a vital role in regulating tumor progression, metastasis, and clinical outcome,
highlighting the importance of studying the factors driving this process. A substantial number of studies have
demonstrated that ncRNAs are involved in the macrophage polarization based on their ability to drive M1 or M2
polarization and in this review we have described their functions and categorized them into oncogenes, tumor
suppressors, Juggling tumor suppressors, and Juggling oncogenes.
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Background
The high throughput state-of-art technologies have
made the transcriptome more easily accessible, which
allowed the discovery of the RNA transcripts that do not
encode for proteins termed “non-coding RNAs
(ncRNAs)”, which constitute up to 98% of the tran-
scribed human genome [1]. The complex interactions
between various types of ncRNAs and other DNA/
RNAs, proteins, and lipids [2] can explain their role as
regulators in many cellular pathways including immuno-
logical processes. Furthermore, they are abnormally reg-
ulated in several dreadful diseases including many
cancer types [3]. The broad classification of ncRNAs is

based on their size and divided into two major groups:
small ncRNA (< 200 bp) and long ncRNAs (lncRNAs) (>
200 bp) [4]. The small ncRNAs class includes mainly
microRNAs (miRNAs), small nucleolar RNA (snoRNA),
small interfering RNA (siRNAs), small nuclear RNA
(snRNA), transfer RNAs (tRNAs), and Piwi-interacting
RNAs (piRNAs) [5]. While small ncRNAs like miRNAs
are highly studied for almost two decades, investigation
on lncRNAs realm started in the last decade. Depending
on their location in the genome, lncRNAs can be classi-
fied into multiple categories, such as natural antisense
transcripts (NATs) overlapping in antisense usually pro-
tein coding genes, enhancer-like ncRNAs (eRNAs) from
the enhancer regions, transcribed ultra-conserved re-
gions (T-UCRs) from the ultra-conserved elements, tran-
scribed pyknons (T-PYKs from human-specific regions)
[6] and long intergenic ncRNAs (LINC) from regions be-
tween protein-coding genes [7–9]. lncRNAs have
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important roles as gene regulators in post-
transcriptional and transcriptional, epigenetic chromatin
remodeling, protein functioning, small RNAs’ matur-
ation, and other significant biological processes includ-
ing macrophage polarization occurring from monocytes
[10, 11]. Monocytes are precursor cells of macrophages
produced from progenitor cells in the bone marrow
called monoblasts that are produced from hematopoietic
stem cells [12]. Monocytes are released into the blood-
stream and migrate to the tissues at the periphery,
thereby undergoing differentiation into macrophages
and dendritic cells depending on their unveiling to the
microbial compounds, inflammation-favoring cytokines,
and growth factors [10].
In this review, we summarize recent findings regard-

ing ncRNAs (miRNAs and lncRNAs) that mechanistically
regulate the differentiation process of macrophages,
based on their ability to drive M1 or M2 polarization in
different cancers and broadly categorize them into onco-
genes, tumor suppressors, Juggling tumor suppressors,
and Juggling oncogenes (Fig. 2).

Macrophage polarization is an event of plasticity
Macrophages differentiate into specific phenotypes in re-
sponse to various microenvironmental stimuli and have
specific biological functions [11]. Human peripheral
blood monocytes (HPBM) are classified on the basis of
surface markers CD14 and CD16 into three distinct sub-
groups: classical monocytes with high CD14 and nil
CD16 expression; non-classical monocytes having high
CD16 but with comparatively lower CD14 expression;
and intermediate type having higher CD14 and lower
CD16 expression [13]. Depending on the activation stage
and functional status of the macrophages, they have
been classified into M1 and M2 types (Table 1) [14]. In
fact, all the three subsets mentioned above if incubated
with granulocyte macrophage-colony stimulating factor
(GM-CSF) induces M1 type polarization while macro-
phage colony-stimulating factor (M-CSF) induces M2
type polarization [15]. M1 macrophages are the predom-
inant phenotype in normal immunological responses

and involved in TH1 (type I T helper cells) response
against different pathogens and produce pro-
inflammatory cytokines with tumor-cell and microbe-
killing activities [15, 16]. IFN-γ or lipopolysaccharide
(LPS) are involved in the classical activation of M1 and
in the production of proinflammatory cytokines that
leads to phagocytosis of microbes, thereby initiating an
immune response while IL-4, IL-13, or IL-10 cytokines
help in activating M2 macrophages [17]. M2s induce im-
munosuppression, tumorigenesis, elimination of para-
sites, and are involved in wound repair [17]. The
oncogene MCT-1 (Multiple Copies in T-cell Malignancy
1) stimulates the secretion of IL-6 that enhances the
polarization of THP-1 monocytes into the M2 subtype
[18]. The polarization of macrophages can occur at any
point during the inflammatory processes and is triggered
by various factors including epigenetic, tissue micro-
environment; and extrinsic factors like microbial bypro-
ducts and inflammatory cytokines [11]. M2 macrophages
can be divided into three subgroups namely M2a, M2b,
M2c, and M2d (Fig. 1) [19–22]. The M2a subtype differ-
entiation is triggered by mast cells’ secretion of IL-4 and
IL-13, Th2 lymphocytes, and basophils [22]. Several
mediators such as pro-inflammatory molecules (tumor
necrosis factor-alpha (TNF-α), IFN-γ, IL-6, IL-12, IL-1β)
and superoxide anions are negatively regulated by IL-4
and IL-13 cytokines, and M2a cells are reported to be in-
volved in tissue repair and wound healing [22]. M2b
subtype has anti-inflammatory and immune regulatory
roles. In fact, their differentiation is mediated by the
interaction between immune complexes (IC) with LPS
or IL-1R ligand that reduces the synthesis of IL-12 and
increases the production of IL-10 [23]. M2c subtype dif-
ferentiation is promoted by TGF-β, IL-10, and glucocor-
ticoids. M2c plays an important role in
immunosuppression and tissue remodeling. The last
subtype, M2d, is activated by the presence of tumor-
associated factors. They promote tumor growth and
angiogenesis and hence, this subtype is a major constitu-
ent of tumor-associated macrophages (TAMs) in the
tumor microenvironment (TME) [24]. TME is composed

Table 1 Important features that help in differentiating M1 from M2 macrophages

Factors M1 Macrophage M2 Macrophage

Action Pro-inflammatory, anti-microbial Anti-inflammatory,
Induce extracellular matrix

Action in tumor-microenvironment Anti-tumorigenic Pro-tumorigenic

Activation Classical (Th1) Alternative (Th2)

Stimuli IFN-y, LPS, GM-CSF IL-4, IL-13, M-CSF, Glucocorticoids

Cytokines and chemokines release IFN-γ, IL-8, TNF-α, IL-1β, RANTES
(CCL5), CXCL10

IL-10, IL-13, CCL17, CCL18, CCL22

Antigen presentation Yes No

Nitric oxide and ROS production High Low
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of malignant cells, non-malignant cells, such as immune
and stromal cells (i.e, cancer stem cells (CSC), cancer-
associated fibroblasts, cancer-associated adipocytes),
endothelial cells, fibroblasts, neurons [25, 26], and non-
cellular components include extracellular matrix (ECM)
proteins, growth factors, cytokines, and metabolites that
promotes tumor proliferation, angiogenesis, and metas-
tasis [27–29]. The exact composition of TME differs be-
tween different types of cancers. TAMs play an
important role in suppressing the immune response and
favoring tissue remodeling and consequentially metasta-
sis, and drug resistance [30]. They originate from
monocytes after being recruited by factors (i.e,
MCP1) released from the stromal and neoplastic
cells at the tumor site [16]. Majority of TAMs are
associated with Th2 response, secreting IL-10,
CCL17, CCL2, CCL22, and TGF-β that favor cancer
cell survival, and CCL22 that suppresses antitumor
immunity by Treg action [16, 30].
From a mechanistic point of view, it has been demon-

strated that the equilibrium between activating pathways

of STAT1 and STAT3/STAT6 are responsible for the
regulation of macrophage polarization and functions
[31]. The activation of M1 macrophage polarization is
promoted by the increased expression of NF-κB and
STAT1, conferring cytotoxic and inflammatory func-
tions. On the other side, the activation of M2 macro-
phage polarization is mediated by a predominance of
STAT3 and STAT6, resulting in immune suppression
and tumor progression [32]. Furthermore, peroxisome
proliferator-activated receptors (PPAR) such as PPARγ
and PPARδ are involved in M2 macrophage activation
and oxidative metabolism while KLF4, cooperating with
STAT6, induces M2 genes such as Arg-1, Mrc1, Fizz1,
PPARγ and inhibits M1 genes (i.e, TNFa, Cox-2, CCL5,
iNOS) by sequestering NF-κB coactivators. Then, KLF2
majorly regulates macrophage activation by promoting
the inhibition of NF-κB/HIF-1α activities [33]. IL-4 leads
to induction of c-Myc, thereby providing control over
genes such as Mrc1, Scarb1, and Alox15 involved in acti-
vating M2 type including other downstream pathways
[32]. Also, IL-4 inhibits IRF5-mediated M1 polarization

Fig. 1 Advanced subtypes of M2 macrophage based on their roles in tumor microenvironment. M2a is known to be induced by IL-13, IL-4 and
helps in tissue repair and wound healing. M2b is induced by IC, TLRs, IL-1R and helps in anti-inflammatory effects and immunoregulation. M2c is
induced by IL-10 and glucocorticoid and helps in tissue repair and wound healing. M2d is induced by leukemia inhibitory factor (LIF), IL-6,
adenosine and helps in the induction of angiogenesis and tumor progression

Mohapatra et al. Molecular Cancer           (2021) 20:24 Page 3 of 15



by inducing the M2-polarizing Jmjd3-IRF4 axis. Thereby,
IL-10 helps in promoting M2 type polarization by way of
inducing the c-Maf, STAT3, and p50 NF-κB homodimer
activities [31].
Various reports in cancer have demonstrated a differ-

ence in NF-kB activation between early and late stages
of cancer progression: a higher NF-kB in M1 macro-
phage has antitumoral action in initial stages while in
the most advanced stages TAMs have a lower NF-kB ac-
tivation but higher immunosuppression activity [34].
TAM-M2s secrete various pro-angiogenic factors includ-
ing vascular endothelial growth factor-A (VEGF-A),
TNFα and produces different factors responsible for the
induction of lymphangiogenesis [35], thereby supporting
tumor cell proliferation, angiogenesis, invasion, and can-
cer stem cell functions [36]. Recent studies have shown
ncRNAs to be one of the key regulators of TME, cancer
progression, and cancer cell signaling through exosomes
[27, 37]. Exosomes are a type of extracellular vesicles
that play a significant role in establishing intercellular
communication network between cancer cells, tumor
immune and stromal cells [38]. Exosomes carrying
tumor associated cargo such as ncRNAs are demon-
strated to have the potential of becoming novel bio-
markers and targets in progression of cancer as they
play significant roles in inducing angiogenesis, metasta-
sis, immune response, and therapeutic resistance [38].

microRNAs regulating M1 or M2 macrophage-type
polarization in different cancers
miR-16 expression was reported to be upregulated by
epigallocatechin gallate (one of the polyphenols in green
tea having anti-tumorigenesis effect) in 4 T1 murine

breast cancer (BC) cells and involved in repolarization of
M1 macrophages by regulating the TAMs in the TME
through reduction of IL-6 and TGF-β and high TNFα
[39]. The findings elucidated the anti-tumor activity of
miR-16 by inhibiting TAM infiltration and M2
polarization thereby promoting the repolarization of
M1-like macrophages [39].
miR-19a-3p is involved in inducing the M2- like macro-

phage phenotype by regulating the Fra-1 proto-oncogene
involved in breast tumor progression and invasion [40].
Overexpression of miR-19a-3p induces inhibition of BC
progression and metastasis through macrophage regula-
tion, indicating the potential of therapeutic applications
using this miRNA [41]. miR-19a-3p is also involved in the
promotion of colitis-associated colorectal cancer (CRC) by
regulating the TNFα loops which were majorly found in
macrophage and dendritic cells [40]. However, the mech-
anism behind miR-19a-3p in the induction of M2-like
macrophages has not been elucidated to date [40].
miR-21 containing exosomes increased the M2

polarization compared to M1 and were found to be
engulfed by CD14+ human monocytes [42]. miR-21
knockdown in the Snail-expressing head and neck can-
cer (HNC) cells also reduced the Snail-induced M2
polarization which further mitigated the tumor growth
and angiogenesis. miR-21 repressed the expression of
programmed cell death protein 4 (PDCD4) and IL12A
which resulted in M2-type macrophage polarization.
The authors provided significant findings that shed light
on epithelial to mesenchymal(EMT)-mediated M2
polarization mechanisms potentially serving as a tumor
progression biomarker and a good target for the TME
remodeling mediated through EMT [42].

Fig. 2 Categorization of ncRNAs into four major types based on their roles in macrophage polarization in different cancer types. This
categorization shows the classification of ncRNAs that we have proposed based on their studied roles in polarizing macrophages into M1 or M2
subtype in various types of cancers listed above
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miR-29a-3p is often upregulated in the exosomes de-
rived from oral squamous cell carcinoma (OSCC) cells.
Exosomes enriched in miR-29a-3p are transported to the
unpolarized macrophages and are differentiated into
M2-subtype through the activation of SOCS1/STAT6
signaling, eventually leading to invasion and tumor cell
proliferation [43].
miR-34a was reported for the inhibition of MCT-1-

promoted IL-6R expression and the polarization of M2
which depicts the potential of miR-34a in driving M1
polarization [44, 45]. Another report also demonstrated
that the expression of miR-34a in triple-negative BC me-
diate M1 polarization while antagomiR-34a promotes
M2 plasticity [18]. miR-34a is also known for stimulating
CRC invasion and metastasis by the IL6R/STAT3/miR-
34a feedback loop through its interaction with STAT3
and IL-6R [45].
miR-142-3p is a tumor-suppressor and supports the

M1 phenotype of macrophage polarization. This miRNA
is often overexpressed in the gliomas and has been dem-
onstrated to be involved in apoptosis of M2 macrophage
and inhibits glioma-infiltrating macrophages which in
turn inhibits glioma growth [46]. It was reported that
miR-142-3p is downregulated in glioblastoma infiltrating
macrophages and M2 type showed lower expression of
miR-142-3p [46]. M2 macrophages overexpressing miR-
142 selectively modulate the transforming growth factor
beta receptor 1 that triggered apoptosis of M2 type sub-
set [46].
miR-145 plays an important role in polarizing M2-like

macrophages in CRC cells [47]. CRC cells secreting
miR-145 in extracellular vesicles were involved in pro-
moting the M2-like phenotype by downregulating the
class of enzymes that remove acetyl groups from histone
(including histone deacetylase 11) [47]. These have been
further demonstrated to be involved in growth of tumors
in mice and miR-145 was found to be acting as a com-
munication tool between the TAMs and cancer cells,
leading to induction of tumor-promoting TME [47].
miR-155 has been one of the most extensively studied

miRNAs in different cancers and is found to be involved
in driving the M1 polarization of the macrophages which
are generally known to be pro-inflammatory in action
[48, 49]. Recently, exosome-mediated expression of miR-
155 and miR-125b-2 were reported to be involved in
repolarization to M1 macrophages in the transfected
pancreatic cancer (PANC) cells [50]. Furthermore, it was
shown that modified tumor derived exosomes can repro-
gramme macrophage polarization in PANC TME [50].
miR-195-5p is involved in tumor suppression in CRC

by directly regulating the NOTCH2 expression and
thereby inhibiting CRC metastasis and M2-like
polarization of macrophages. In turn, miR-195-5p/
NOTCH2 was found to inhibit the M2-like TAMs

polarization by suppressing the GATA3-mediated IL-4
secretion pathway in CRC cells, in turn helping in M1-
type polarization. In summary, miR-195-5p/NOTCH2-
GATA3/IL-4 axis can lead to be an impending thera-
peutic target [51].
miRNA-224 is involved in the inhibition of the pro-

gression of prostate cancer (PC) by downregulation of
TRIB1 [52]. It was further reported that TRIB1 is re-
sponsible for the induction of M2 like-macrophages by
IKB-zeta inhibition in the PC that was validated both
in vitro and in vivo in mice models [53]. In summary,
miR-224 downregulates TRIB1, which induces M2
phenotype macrophages and leads to the inhibition of
the IKB-zeta in PC.
miR-301a-3p: The hypoxic exosomal miR-301a-3p

promotes metastasis phenotype in PANC cells by indu-
cing differentiation of M2 macrophage from the stromal
macrophage [54]. The level of miR-301a-3p was en-
hanced under hypoxia conditions in both the PC cell-
derived exosomes and PANC cells [54]. The genes re-
sponsible for the abovementioned regulation were HIF-
1a and HIF-2a [54]. Further, knocking down miR-301a-
3p in exosomes weakened the polarization of macro-
phages into M2 type significantly, thereby reducing inva-
sion and the migration capability, and metastatic ability
of the PANC cells both in vivo and ex vivo [54].
miR-503 was shown to play a vital role in promoting

brain metastasis by programming the microglia inducing
M1 to M2 macrophage polarization in BC patients [55].
All these events are initiated when XIST (X-inactive-spe-
cific transcript) expression is decreased in BC that acti-
vates MSN-c-Met which increases tumor cell stemness
[55]. XIST knockout in the mammary glands of mice
was significantly promoting the primary tumor growth
and metastasis in the brain. These investigations vali-
dated the role of miR-503 in regulating M2 polarization
in the microglia [55].
miR-1246: Hypoxic glioma cell-derived exosomes

dispense miR-1246 in inducing the M2-like macro-
phage polarization [56], while in ovarian cancer (OC)
miR-1246 confers chemoresistance by targeting
through the M2-type macrophage polarization [57].
The target of miR-1246 in glioma cancer cells was
TERF2IP via the NF-kB and STAT3 pathways [56]
while in OC it was mediated through Cav1/p-gp/M2-
type macrophage axis [57].
miRNA Let-7b has an important function in the

modulation of macrophage polarization, which in turn
enhances the presence of TAMs in PC [58]. The upregu-
lation of miR-let-7b was a signature event in PC-TAMs
and downregulation in TAMs changed the inflammatory
cytokines expression profiles [58]. The magnitude of this
function was high, and it led to a reduction of the mobil-
ity and angiogenesis of prostate carcinoma cells when
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treated with let-7b inhibitors [58]. Let-7 expression can
be suppressed by STAT3 through the direct instigation
of LIN28A/LIN28B expression by the process of
inflammation-stimulated EMT [59]. Let-7c regulates in-
flammation and associated cytokines through sputum
macrophages in the initiation and progression of lung
cancer (LC) [60]. Recently it was reported that the Lin-
28B-let-7-HMGA2 axis was involved in inducing BC
stem cells by M1 macrophage activation [61]. miR-let-7a
is shown to be involved in M2 macrophage polarization
and enhances oxidative phosphorylation activity in the
hypoxic melanoma B16-F0 cells which were further
engulfed into bone marrow macrophages [62].

Long non-coding RNAs regulating M1 or M2
macrophage-type polarization in cancers
lncRNA ANCR, an anti-differentiation ncRNA, is signifi-
cantly upregulated in gastric cancer (GC). The overex-
pressed lncRNA ANCR inhibited FOXO1 expression
and affected macrophage polarization [63]. Previous
studies showed that FOXO1 is mediator of the produc-
tion of inflammatory factors by macrophages favoring
M1 macrophage polarization and hence, leading to anti-
tumor environments [64]. The upregulation of lncRNA
ANCR in GC enhanced the migration and the invasion
of the tumor, inhibiting macrophage M1 by targeting
FOXO1 and by reducing the concentrations of IL-6 and
IL-1β in the cells [63].
lncRNA BCRT1 is upregulated and correlated with

poor prognosis through its involvement in tumor growth
and metastasis in BC patients. It was shown that lncRNA
BCRT1 acts as a tumor promoter by competitively bind-
ing to miR-1303 and thereby preventing the degradation
of the miRNA target gene PTBP3, a tumor promoter in
BC [65]. Overexpression of lncRNA BCRT1 promotes
M2 macrophage polarization through exosome-mediated
transfer experiments [65].
lncRNA CCAT1(colon cancer-associated transcript-

1) has been studied in several cancer types and shown
to be overexpressed in GC, multiple myeloma (MM),
and BC [66]. lncRNA CCAT1 promotes cell prolifera-
tion and migration by interacting with miR-148a and
regulates PIK3IP1 in OS [67]. lncRNA CCAT1 is
highly expressed by M1 macrophages than TAM
(M2-like) macrophages. Furthermore, M1 macro-
phages are characterized also by a higher expression
of PKCζ that is negatively correlated with miR-148a
expression level because PKCζ is the target gene of
that miRNA [68]. In PC, miR-148a has been reported
to be upregulated [69], while the expression of
lncRNA CCAT1 has been reported to be varying by
IL-4 stimulation. lncRNA CCAT1 downregulation
promotes polarization towards to M2 and tumor inva-
siveness by increasing miR-148a expression that

favored M2 macrophage polarization by decreasing
PKCζ expression level [68].
lncRNA Cox-2 expression is induced by toll-like re-

ceptors (TLR) and it regulates the expression of different
genes such as Ccl5, Tlr7, Stat1, IkB, and Icam1 involved
in immune regulations [70]. It is also regulated by the
nuclear antisense ncRNA PACER, transcribed 300 bp
upstream COX-2 transcriptional start site, that interact
with the homodimer NF-kB repressor p50/p50, inhibit-
ing its interaction with the promoter and favoring the
activating interaction of heterodimer p50/p65 that in-
duce lncRNA Cox-2 transcription [71]. lncRNA Cox-2
has been studied in HCC and is highly expressed in M1
macrophages compared to M2 macrophages [72]. Inhib-
ition of lncRNA Cox-2 decreases levels of certain cyto-
kines including IL-12, iNOS, and TNFα in M1
macrophages and increases the levels of Arg-1, IL-10,
and Fizz-1 in M2 macrophages [73, 74]. lncRNA Cox-2
normally inhibits EMT, evasion of immune cells, migra-
tory, and invasive abilityof HCC cells advancing M1
macrophage polarization and inhibiting the M2 macro-
phage phenotype. Inhibition of Cox-2 can setback the
inhibition of M1-type macrophages on tumor prolifera-
tion, metastasis, migration, and invasion while increasing
the polarization to M2 macrophage in HCC simultan-
eously [72].
lncRNA GAS5 is involved in the inhibition of

tumor progression in different cancer types such as
CRC, non-small-cell lung carcinoma (NSCLC), low-
grade gliomas, and GC [75–78]. lncRNA GAS5 has a
role in macrophage polarization in CRC macrophages
and is highly expressed in M1 macrophages. Its inhib-
ition has been shown to promote macrophages to-
wards M2 phenotype, suggesting its role in
polarization to M1. Nevertheless, recent reports dem-
onstrated that lncRNA GAS5 inhibits the CRC cell
proliferation, promotion of apoptosis and migration
[76]. However, the mechanism of action of this
lncRNA seems to be ambiguous and needs to be fur-
ther elucidated [76]. Some studies showed that GAS5
is correlated with poor prognosis in several cancer
types including NSCLC and GC [77, 78]. Later studies
suggested that lncRNA GAS5 can be used as a pre-
dictor of patient survival in glioblastoma brain cancer
patients [79, 80]. Low expression of lncRNA GAS5
has also been to be associated with poor survival in
low-grade glioma [81].
lncRNA GNAS-AS1 is overexpressed in TAMs, tumor

tissues, cell lines and positively correlates with poor pa-
tient survival and metastatic free survival in NSCLC pa-
tients [82]. lncRNA GNAS-AS1 can promote M2
polarization and enhance expression of TAM markers
(IL-10 and Arg-1) [82]. lncRNA GNAS-AS1 induces
NSCLC cell proliferation, migration, and invasion
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through its ability to inhibit miR-4319 and thereby pro-
moting the expression of miR-4319 that targets as N-
terminal EF-hand calcium-binding protein 3 (NECAB3)
[82]. GNAS-AS1-overexpression induces macrophage
differentiation of THP-1-monocytic cells and promotes
cell viability, migration, and invasion of NSCLC cells
[82]. The role of GNAS-AS1 as a promoter of M2
polarization has been also studied in ER-positive BC
[83]. GNAS-AS1 is overexpressed in ER+ breast cancer
tissues and M2 macrophages. GNAS-AS1 mediates
sponging of miR-433-3p and accelerates M2 macrophage
polarization and promotes cell proliferative, migration,
and invasive ability of ER-positive breast cancer cells
[83]. One of the targets of miR-433-3p is GATA3 that
could be positively regulated by GNAS-AS1 [83].
lncRNA LINC00662 is mainly located in the cytoplasm

and its expression is similar to the levels of miR-15a/16/
107 [84]. LINC00662 acts as an oncogene in different
human cancers such as acute myeloid leukemia (AML),
GC, PC, LC [84–87], and HCC [88]. This lncRNA has
strong expression in HCC tissues when matched to nor-
mal liver tissues and its expression is associated with
poor prognosis [88]. LINC00662 can interact as ceRNA
that binds to miR-15a, miR-16, and miR-107, inhibiting
their action on the target genes and inducing the activa-
tion of Wnt/β-catenin signaling in HCC cells and mac-
rophages [88]. In HCC cells, activation of Wnt/β-catenin
signaling occurs in an autocrine mode and it induces the
proliferation and invasion ability in HCC cells while in
macrophage the Wnt/β-catenin signaling is activated in
paracrine mode, thereby promoting M2 polarization
[88].
lncRNA MALAT1 (Metastasis-Associated Lung

Adenocarcinoma Transcript 1) plays a vital role in the
developmental stages of various cancer types as liver
cancer [89] and renal carcinoma [90]. It plays a role as a
modulator of angiogenesis and immune response in sev-
eral cancer types, including human neuroblastoma [91]
and thyroid cancer by modulating the secretion of fibro-
blast growth factor (FGF2) from TAM promoting angio-
genesis [92]. In HCC cells, MALAT1 and VEGF-A are
both overexpressed compared to healthy normal cells.
The interaction between VEGF-A and miR-140 and be-
tween miR-140 and MALAT1 is validated where
lncRNA MALAT1 acts as a molecular sponge against
miR-140 [93]. MALAT1 has a negative correlation with
miR-140, hence, the inhibition of miR-140 in HCC in-
duces angiogenesis in HCC cells while favoring macro-
phage M2 polarization [93].
lncRNA MM2P: According to the lncRNA microarray-

based profiling assay, lncRNA-5730422e09Rik, then
named lncRNA MM2P, has been shown to promote M2
polarization [94]. During polarization of M2-type macro-
phages, this lncRNA was upregulated while in contrast

was downregulated during the M1-type polarization.
Furthermore, knocking down of lncRNA MM2P blocked
the cytokine-driven M2-type macrophage polarization
and reduced the strength of the angiogenesis-promoting
characteristics of M2-type macrophages by inhibiting the
STAT6 phosphorylation [94]. lncRNA-MM2P may be
able to maintain the activation of STAT6 and so it might
be involved in macrophage M2 polarization [94].
lncRNA NEAT1 (nuclear paraspeckle assembly tran-

script 1) is overexpressed in many cancerous conditions
and exerts oncogenic functions [95]. Furthermore, it reg-
ulates the accumulation of miR-214 by molecular spon-
ging in endometrial carcinoma cells [96]. lncRNA
NEAT1 induces tumor cell proliferation and induces M2
TAM polarization via molecular sponging of miR-214
and regulates the expression of B7-H3 (immune check-
point regulator) [97]. B7-H3 can also regulate M2
macrophage polarization via the JAK2/STAT3 signaling
but the underlying molecular mechanism has not been
fully elucidated yet [98].
lncRNA NIFK-AS1 is often downregulated in the

TAMs in endometrial cancer (EC) [99]. NIFK-AS1 over-
expression inhibits IL4-induced M2 polarization by
NIFK-AS1/miR-146a through targeting Notch1 that
helps in the expression of pro-inflammatory cytokines in
M1 macrophages [99]. Overexpression of miR-146a fa-
vors the expression of M2-inducing genes like IL-10 and
Arg-1, thereby affecting tumor growth and TAM recruit-
ment [100]. LncRNA NIFK-AS1 negatively regulates
miR-146a, increasing the expression of Notch1 in mac-
rophages and so it is involved in estrogen-induced pro-
liferation, invasiveness, and migration of EC cells.
However, overexpression of miR-146a reduces the in-
hibitory action of NIFK-AS1 on M2 polarization sug-
gesting the important role of both these ncRNAs in the
M2 polarization process [99].
LincRNA p21 has been studied in several diseases in-

cluding cancers such as NSCLC where it’s involved in
angiogenesis and has been linked to poor prognosis in
resected NSCLC patients [101]. It also plays a vital role
in atherosclerosis where it is found to modulate p53-
dependent target genes [102]. LincRNA p21 plays a crit-
ical role in p53/MDM2 stability by directly interacting
with p53 and abolishing MDM2 degradation to p53.
This event favors the M2-like TAM polarizing pheno-
type in BC patients [103]. LincRNA p21 knockout re-
verses the M2-like TAM phenotype towards an anti-
tumor function, mediated by the interaction of p53 with
MDM2 leading to induction of NF-κB and STAT3 sig-
naling pathway activation [104].
lncRNA RPPH1 is upregulated in CRCs and associated

with poor patient prognosis [105]. RPPH1 can promote
tumor cell migration and invasiveness in CRC. LncRNA
RPPH1 interacts with TUBB3 and inhibits its
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ubiquitination, leading to enhancement of its stability.
TUBB3 activates the Snail pathway and induces EMT
that promotes metastasis. RPPH1 is also transported
through exosome to macrophages in TME favoring their
M2 polarization and its upregulation is observed in the
plasma of CRC patients, suggesting its potential as a
therapeutic target and diagnostic marker in CRC [105].
lncRNA RPPH1 acts as an oncogene also in BC [106]
and acute myeloid leukemia (AML) [107].
lncRNA RP11-361F15.2 is highly expressed in osteo-

sarcoma (OS) tissues and correlated with cytoplasmic
polyadenylation element binding protein 4 (CPEB4)
[108]. lncRNA RP11-361F15.2 acts as a ceRNA that
binds to miR-30c-5p, blocks the inhibitory action of this
microRNA on CPEB4 and thereby increases its expres-
sion levels [108]. The upregulation of CPEB4 leads to in-
creased cell motility and migration, proliferation, and
invasive ability in OS [108]. Upregulation of RP11-
361F15.2 and CPEB4 is responsible for increase in the
expression of many polarization markers of M2 such as
CD206, Arg1, and Ym1 [108]. All together RP11-
361F15.2 fosters tumor progression through CPEB4 and
inhibits M2-Like polarization of TAMs using miR-30c-
5p in OS [108].
lncRNA TUC339 is an HCC-derived exosomal

lncRNA [109] involved in regulating the macrophage
polarization of M1/M2 in the TME. This lncRNA has a
positive association with IL-4 (M2-type) macrophage
polarization. Its overexpression is linked to the downreg-
ulation of the FcR-mediated phagocytosis pathway and
the actin cytoskeleton pathway, thus concedes phagocyt-
osis. TUC339 overexpression also affects cell motility
and migration of macrophage’s progenitors, reduces the
pro-inflammatory cytokines production while decreasing
co-stimulatory molecules expression by the interaction
with THP-1 monocytic cells [110].
lncRNA XIST act as an oncogene by promoting tumor

growth and EMT in several cancer types such as colo-
rectal cancer and retinoblastoma where it is demon-
strated to be a marker of poor prognosis [111–113]. In
LCs, it has been demonstrated that lncRNA XIST plays
an essential role for invasion, migration and proliferation
of LC cells by modulating miR-186-5p [55]. Further-
more, the expression of lncRNA XIST is regulated by
TCF-4 (Transcription factor 4) and it positively regulates
M2 macrophage polarization making themselves poten-
tial targets for gene therapy in LCs [114].

Complexities and contradictions in this field
ncRNAs are functionally categorized as regulatory mole-
cules that are involved in many cellular processes. They
can interact with each other and generate a complex
regulatory network that can affect target genes [2, 3,
115]. These properties make the ncRNA biology more

complex and harder to understand their differential role
in cancer cells and TME, as some ncRNAs act as tumor
suppressors or oncogenes depending on the target genes,
cancer type and the genetic make-up of the cells [116].
Regarding the roles of ncRNAs in regulating M1/M2
polarization, some of them show dual macrophage
polarization behavior in different cancer types (Table 2).
Let7a-5p is involved in M1 macrophage reprogramming
in lung adenocarcinoma cells [119, 120] while let-7a in
hypoxic melanoma B16-F0 cells is involved in M2
macrophage polarization and enhances oxidative phos-
phorylation activity through regulation of mTOR signal-
ing pathway in macrophages [62, 121]. miR-21 is
involved in TLR activation, activation of pro-
inflammatory cytokine signaling, and NF-kB in NSCLC
cells [122] and CRC cells which are M1-type functional
characteristics of macrophages [123]. However, in gli-
oma cells, miR-21 has been reported to induce prolifera-
tion, tumor promotion, and immunosuppression that
shows M2-type functional characteristics [124].
Among the lncRNAs involved in M1/ M2 polarization,

some have both tumor-suppressive or oncogenic behav-
ior depending on cancer type; for example, lncRNA
ANCR regulates M1 polarization in GC by promoting
migration and invasion of tumors. However, some of the
previous studies demonstrated that ANCR inhibits
tumor metastasis by acting as a tumor suppressor in dif-
ferent cancer types as CRC [125], BC [126], and NSCLC
[127]. In NSCLC, ANCR acts as an upstream regulator
of TGF-β, the downregulation of which normally pro-
motes EMT, suggesting an oncogenic function [127].
Also, lncRNA NEAT1 induces M2 TAM polarization
and promotes proliferation of tumor cells in MM [97],
while it exerts tumor suppressive behavior in other can-
cers such as colon, lung and BC where the reduced ex-
pression is associated with poor prognosis by
transcriptionally regulating p53-dependent pathways
[128]. MALAT1 is one of the most studied lncRNA in
the last decade and has been shown to promote M2
polarization via VEGF-A and angiogenesis in HCC [93].
It acts as oncogenes also in many other cancer types, in-
cluding liver cancer [89] and renal carcinoma [90]. How-
ever, in colon and BC, tumor-suppressive role of MALA
T1 has been discovered [129]. MALAT1 is a down-
stream target of PTEN, and it is localized in the nucleus
and perinuclear space where it is modulated by PTEN-
targeting microRNAs such as miR-17, 20a, and 106b
[129]. MALAT1 and PTEN are downregulated in BC
and CRC, inhibiting their invasiveness and migration by
regulating pro-migratory gene expression, as EPCAM
and ITGB4 [129]. All these discoveries emphasize the
cancer type-specific role of MALAT1 in tumor develop-
ment [92]. lncRNA CCAT1 is an essential regulator of
M2 polarization and tumor cell invasion in PC, where
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Table 2 Summary of all the ncRNAs that are currently reported to be involved in regulating macrophage polarization in different
types of cancer

ncRNA Cancer type Macrophage polarization Targets/signaling pathways Categorization Reference

miR-34-a BC Promote M1 Polarization,
Inhibit M2 Polarization

IL-6R, STAT3 Juggling Tumor Suppressor [44, 45]

miR-16 BC Promote M1 Polarization,
Inhibit M2 Polarization

IL-6, TGFβ, TNFα Juggling Tumor Suppressor [39]

miR-503 BC Promote M2 Polarization,
Inhibit M1 Polarization

STAT3 phosphorylation,
NF-kB

Juggling Oncogene [55]

miR-19a-3p BC Promote M2 Polarization Fra-1 proto-oncogene,
TNFα, NF-kB

Oncogene [40, 41]

lncRNA GNAS-AS1 BC, NSCLC Promote M2 Polarization p53 Oncogene [82, 83]

LincRNA p21 BC Promote M2 Polarization miR-1303 sponging,
PTBP3

Oncogene [101–104]

lncRNA BCRT1 BC Promote M2 Polarization miR-433-3p sponging,
IL-10 and Arg-1

Oncogene [65]

miR-Let-7b PC Promote M2 Polarization IL-12, IL-23, TNFα Oncogene [58–62]

miR-224 PC Promote M2 Polarization TRIB1, IKB-zeta Oncogene [52, 53]

lncRNA CCAT1 PC Promote M1 Polarization,
Inhibit M2 Polarization

lncRNA CCAT1/
miR-148a/PKCζ axis

Juggling Tumor Suppressor [66–68]

miR-301a-3p PANC Promote M2 Polarization PTEN/PI3Kgamma Oncogene [54, 117]

miR-155 PANC, leukemia Promote M1 Polarization C/EBPβ Tumor Suppressor [48–50]

miR-1246 glioma, OC Promote M2 Polarization NF-kB-STAT3-TERF2IP
axis

Oncogene [56]

miR-142-3p glioma Promote M1 Polarization TGF-β Tumor Suppressor [46, 118]

lncRNA LINC00662 HCC Promote M2 Polarization Wnt/β-catenin Oncogene [84, 85, 88]

lncRNA MALAT1 HCC Promote M2 Polarization,
Inhibit M1 Polarization

miR-140, VEGF-A Juggling Oncogene [92, 93]

lncRNA TUC339 HCC Promote M2 Polarization IL-1 β, TNFα Oncogene [109, 110]

lncRNA COX-2 HCC Promote M1 Polarization,
Inhibit M2 Polarization

IL-12, iNOS, and
TFN-alpha(M1),
Arg-1, IL-10, and
Fizz-1(M2)

Juggling Tumor Suppressor [71, 72]

miR-145 CRC Promote M2 Polarization IL-12p40, IL-10,
HDAC11

Oncogene [47]

miR-195-5p CRC Promote M2 Polarization miR-195-5p/NOTCH2
-GATA3/IL-4 axis

Oncogene [51]

lncRNA GAS5 CRC Promote M1 Polarization,
Inhibit M2 Polarization

IRF4 Juggling Tumor Suppressor [75, 76]

lncRNA RPPH1 CRC Promote M2 Polarization TUBB3 Oncogene [105–107]

lncRNA MM2P OS Promote M2 Polarization STAT6 Oncogene [94]

lncRNA RP11-361F15.2 OS Inhibit M2 Polarization miR-30c-5p, CPEB4 Tumor Suppressor [108]

miR-29a-3p OSCC Promote M2 Polarization SOCS1/STAT6 signaling Oncogene [43]

miR-21 HNC Promote M2 Polarization PDCD4, IL12A Oncogene [42]

lncRNA NIFK-AS1N EC Promote M1 Polarization,
Inhibit M2 Polarization

NIFK-AS1/miR-146a/
NOTCH1 axis

Juggling Tumor Suppressor [99]

lncRNA ANCR GC Inhibit M1 Polarization FOXO1 Oncogene [63]

lncRNA NEAT1 MM Promote M2 Polarization lncRNA NEAT1/miR-214
/B7-H3/JAK2-STAT3 axis

Oncogene [95, 96]

lncRNA XIST LC Promote M2 Polarization IL-4, TCF-4 Oncogene [111, 114]
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it’s less expressed while its target gene miR-148a is
highly expressed and so it inhibits PKCζ [68]. However,
CCAT1 is also well known as an oncogenic lncRNA that
is overexpressed in different cancer types as CRC, HCC,
OC, LC, GC, and bladder cancer where it enhances
tumor cell proliferation, invasiveness, and migration
[66]. Studies performed on cancer patients of the above-
mentioned types also demonstrated that an elevated ex-
pression of the lncRNA CCAT1 correlated with poor
prognosis [130]. Overall, these studies suggest that the
role of ncRNAs in macrophage polarization in different
cancers are complex and need to be extensively studied
in multiple types of cancer that will help in better under-
standing and in proposing a new systematic
categorization.

Juggling tumor suppressors vs Juggling oncogenic
ncRNAs
As described above, various ncRNAs play different
roles in TAM-M2 polarization in cancer. We have de-
noted them as “Oncogenes” for the ncRNAs that pro-
mote M2 polarization or inhibit M1 polarization. This

category includes miR-19a-3p, miR-21, miR-29a-3p,
miR-145, miR-195-5p, miR-224, miR-301a-3p, miR-
1246, miR-let-7, lncRNA BCRT1, lncRNA GNAS-
AS1, LINC00662, LincRNA-p21, lncRNA MM2P,
lncRNA NEAT1, lncRNA RPPH1, and lncRNA
TUC339 for M2 promotion and lncRNA ANCR for
M1 inhibition. We denoted another ncRNA category
as “Tumor Suppressor” for all those ncRNAs that
promote M1 polarization or inhibit M2 polarization
such as miR-142-3p and miR-155 for M1 promotion
and lncRNA RP11-361F15.2 for M2 inhibition. The
other two categories of ncRNAs are designated as
“Juggling Tumor Suppressors” or “Juggling Onco-
genes”; the juggling tumor suppressors are ncRNAs
that promote M1 and inhibit M2 polarization while
the juggling oncogenes promote M2 and inhibit M1
polarization (Fig. 2) because the juggling attribute de-
scribes the multitasking abilities of these ncRNAs.
The juggling tumor suppressor ncRNA category in-
cludes miR-16, miR-34a, miR-142-3p, lncRNA
CCAT1, lncRNA COX2, lncRNA GAS5, and lncRNA
NIFK-AS1 while the category of juggling oncogene

Fig. 3 Regulation of macrophagic polarization by ncRNAs (miRNAs and lncRNAs) reported in different types of cancers. The schematic figure
illustrates ncRNAs acting as oncogenes or tumor suppressors that play an important role in macrophagic activation and polarization. The
cytokines driving the M1 and M2 polarization are listed. ncRNAs acting as tumor suppressors or oncogenes in driving the M1 and M2 polarization
respectively have been shown. The “juggling” oncogenes or tumor suppressors have dual roles as mentioned in the figure. The pro-inflammatory
and anti-inflammatory cytokines listed are produced by M1 and M2 macrophages respectively after polarization that further regulate the
downstream processes. Red: Inhibit; Green: Promote
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includes miR-503 and lncRNA MALAT1. We should
also consider the fact that a juggling oncogene can be
a tumor suppressor and vice versa in malignant cells
(Fig. 3).
The above classification can be influenced by the in-

creased knowledge of each ncRNA and so further stud-
ies about ncRNAs role in macrophage polarization in
cancer could lead to more additions to our classification.
For example, discoveries could convert a simple tumor
suppressor into a juggling tumor suppressor depending
on the new findings about the functional role of
ncRNAs. However, no reported studies were found yet
in the literature that demonstrated the role of other
ncRNAs (excluding miRNAs and lncRNAs) in regulating
macrophagic polarization in different cancers, although
few ones are related to non-cancer diseases [131].

Conclusion and future directions on ncRNA-
therapeutics
In the past decade, the therapeutic applications of
ncRNAs not only in cancer but also in other deadly hu-
man diseases have significantly increased in numbers
and first-in-human miRNA-therapeutics were initiated
and tested in phase I clinical trials and recently moved
into Phase II clinical trials for advanced tumors, includ-
ing Cobomarsen (locked nucleic acid based oligo-
inhibitor of miR-155) in T-cell Leukemia/ Lymphoma
[132], TargomiR (miR-16 mimic based therapy) in meso-
thelioma [133] and Miravirsen (anti-miR-122) in individ-
uals infected with hepatitis C virus (HCV) [134].
ncRNAs can have the potential to be used as regulators
of macrophage polarization and reprogramme TME as
well as modulate the immune response as several studies
have reported that ncRNAs regulating the gene expres-
sion are involved in immune cell function and immune
checkpoint inhibitors, thereby mediating the immune re-
sponses in various cancers [135]. In fact, currently
miRNA mimics and antagonists capable of reprogram-
ming TME are being tested in clinical trials in humans
as a novel class of promising therapeutic strategies [136].
The miRNA mimics would act as replacements for
downregulated endogenous miRNAs. For example, miR-
138 mimic can specifically target and bind to mRNA of
PDL1 and CTLA4 and suppress their expressions, mim-
icking the roles of anti-PD-1 and anti-CTLA-4 anti-
bodies [137].
Manipulation of exosomal lncRNAs to target tumors

and TME is another interesting therapeutic strategy
owing to the exceptional biocompatibility and biodistri-
bution of extracellular vesicles which can be used for the
delivery of therapeutic cargo or modulator ncRNA deliv-
ery into tumors [138]. It is also interesting to underline
that in addition to miRNAs, lncRNAs can also be
thrown into the extracellular space and have potential to

get detected in the body fluids. This can be exploited
further to develop potential circulating ncRNAs bio-
markers that can reflect the expression of secreted body
fluids in normal versus malignant cells [37].
Therefore, there is a clear need to broaden the ncRNA

horizon which demand more investigations for the
proper elucidation of novel ncRNAs that are likely to
emerge as important regulators of immunological pro-
cesses including macrophage polarization and potential
molecular targets and therapeutic tools related to their
oncogenic or tumor suppressor functions in various hu-
man cancers.
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