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Abstract: The development of cancer is a complex and dynamically regulated multiple-step process
that involves many changes in gene expression. Over the last decade, microRNAs (miRNAs), a class
of short regulatory non-coding RNAs, have emerged as key molecular effectors and regulators
of tumorigenesis. While aberrant expression of miRNAs or dysregulated miRNA-mediated gene
regulation in tumor cells have been shown to be capable of directly promoting or inhibiting
tumorigenesis, considering the well-reported role of the immune system in cancer, tumor-derived
miRNAs could also impact tumor growth through regulating anti-tumor immune responses.
Here, we discuss howmiRNAs can function as central mediators that influence the crosstalk between
cancer and the immune system. Moreover, we also review the current progress in the development of
novel experimental approaches for miRNA target identification that will facilitate our understanding of
miRNA-mediated gene regulation in not only human malignancies, but also in other genetic disorders.
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1. Introduction

MicroRNAs (miRNA) are small, non-coding RNA molecules (~22 nucleotides) which play
crucial roles in post-transcriptional regulation of gene expression. To date, more than 2600 mature
human miRNAs have been registered at miRbase (Release 22.1: Oct. 2018) [1]. These mature
miRNAs, incorporated together with Argonaute protein (Ago) to form the RISC (RNA-induced
silencing complex), repress the expression of their targets by either inducing mRNA degradation or
translational inhibition [2]. Since the first miRNA lin-4 was discovered in Caenorhabditis elegans in
1993 [3], miRNAs have been shown to control diverse biological pathways such as cell development,
division, proliferation and differentiation, in both physiological and pathological conditions [4]. To date,
many studies have reported that miRNA expression is dynamically regulated in different tumors.
While dysregulation of miRNA biogenesis and function can directly contribute to tumorigenesis
and malignant progression [5–7], considering the pivotal function of the host immune response
in shaping the tumor microenvironment, the role of miRNA-mediated communication between
tumors and the immune system involving exosomal miRNA, immunometabolites, and checkpoint
regulators, has also begun to be appreciated. Previously, many research efforts in the identification
of individual miRNA-mRNA pairs have helped shed some light on the importance of miRNAs in
cancer [8]. However, as miRNAs generally repress a set of genes that are in a shared pathway or
protein complex, to ensure their impact on gene regulation and the resultant biology, it is essential
to obtain a comprehensive demonstration and validation of the targetome of the desired miRNAs.
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To this end, moving from the complete reliance on computational prediction in the early days, in the
past decade, many cutting-edge experimental techniques have been developed to afford unbiased
examination of the interactions between miRNA and their target mRNAs in the selected cell types [9].
These technological advances have not only made the analysis of entire targetomes for specific miRNAs
possible, but also allowed us to gain mechanistic insights into the biological impact of aberrantly
expressed miRNAs on tumorigenesis.

2. MiRNAs as Mediators of Tumor–Immune Communication

Dysregulation of miRNAs can drive or promote carcinogenesis in a variety of fashions. In cancer,
the expression of miRNAs may be dysregulated in various ways, including by mutations in the
miRNA biogenesis machinery [10], changes in the epigenetic regulation of miRNA-transcribing
genes [11], and altered expression of transcription factors involved in promoting or repressing
miRNA expression [12,13]. Overexpression of miRNAs which target tumor-suppressive genes induce
proliferative signaling, invasion and migration, resistance to apoptosis, etc. On the other hand, the loss
of expression of miRNAs which target oncogenes also leads to such carcinogenic effects. It is also well
known that cancer can co-opt the body’s immune system to serve its needs, whether by generating
inflammation and producing genotoxic damage, or by utilizing immunosuppressive regulatory cells
and molecules to evade destruction. As such, aberrantly expressed miRNAs can also be employed by
tumors to communicate with, and to deactivatethe body’s defenses. Conversely, immune cells can also
limit tumorigenesis through altering the expression of miRNAs in tumors (Figure 1).
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(B) Representative diagram of miRNA-mediated control of immune-regulatory proteins in tumor cells.
Created with BioRender.com.

2.1. Tumor-Derived Exosomal miRNAs

Exosomes are extracellular vesicles comprised of proteins, lipids, DNA, and RNA which are
secreted by both healthy and cancerous cells. Crosstalk, mediated by exosomes between cancer
cells and cells residing in the tumor microenvironment (TME), such as immune cells, fibroblasts,
etc., has been implicated in driving tumorigenesis [14]. Thus, exosomes can serve as a mode of
transportation by which tumor cells deliver immunosuppressive miRNAs directly to immune cell
subsets (Figure 1A). To this end, a recent study found that exosomes secreted by melanoma cells
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altered cytokine secretion and T cell receptor signaling in CD8 T cells [15]. These melanoma-derived
exosomes were enriched with miR-181a/b and miR-498, which directly bound to the 3′UTR of TNF
and decreased TNFα secretion in CD8 T cells. Furthermore, another miRNA in melanoma-derived
exosomes, miR-3187-3p, was also found to directly target PTPRC, a gene that encodes CD45, a key
mediator of T cell receptor signaling. Such miRNAs likely serve to stymie the CD8 T cell response to
melanoma and contribute to immune evasion. Notably, although the interaction was confirmed via
the reporter assay, no consensus binding sequence on the PTPRC 3′UTR for miR-3187 was identified,
highlighting the possible pitfalls of relying entirely on computational prediction.

In addition to their direct impact on T cells, tumor-derived exosomal miRNAs could also indirectly
regulate T cell responses throughtargeting other immune cell subsets in the tumor microenvironment.
For example, in liver cancer, miR-23a-3p released by endoplasmic reticulum-stressed hepatocellular
carcinoma (HCC) cells has been reported to inhibit T cell function through targeting PTEN in
macrophages from HCC tissues. Reduced PTEN expression led to elevated phosphorylated
AKT, followed by increased expression of PD-L1, the ligand of PD-1 [16]. On the other hand,
like tumor-derived exosomal miRNAs, miRNAs from tumor-associated macrophage (TAM)-secreted
exosomes could also promote tumor growth and inhibit anti-tumor immunity. To this end, two miRNAs
in TAM-derived exosomes, miR-29a-3p and miR-21-5p, have been shown to target the 3′UTR of STAT3,
which plays a critical role in CD4 T cell differentiation into Th17 cells, thus inducing a higher regulatory
T (Treg)/Th17 cell ratio [17]. It should be noted that while tumor- or TAM-derived exosomal miRNAs
can suppress host anti-tumor responses, immune cells can secrete miRNA-containing exosomes to
fight tumors as well. For example, Seo et al. have demonstrated that healthy, activated CD8 T cells can
deplete mesenchymal stem cells (MSCs) and inhibit tumor invasion and metastasis in vivo through
releasing cytotoxic extracellular vesicles [18]. The cytotoxic effect of the extracellular vesicles was
attributed to miR-298-5p, a miRNA that was able to induce apoptotic depletion of MSCs, via the
activation of caspase-3. This study not only highlights an anti-tumor role of immune cell derived
exosomal miRNAs, but also demonstrates a novel effector mechanism by which CD8 T cells control
tumor progression, independent from their canonical direct cytotoxicity against cancerous cells.

2.2. Immunometabolites Regulated by miRNAs

Tumors can also directly communicate with immune cells in the TME through the generation
of immunomodulatory metabolites (Figure 1B). To this end, elevated expression of indoleamine
2,3-dioxygenase 1 (IDO1), an enzyme which metabolizes tryptophan into kynurenine, in the TME has
been shown todrive the differentiation of several immunosuppressive cell types [19], including Treg
cells [20–22], immunosuppressive dendritic cells [23,24] and macrophages [25,26], or to directly
suppress anti-tumor immunity [27]. In colorectal cancer, overexpression of IDO1 suppressed the CD8
T cell responses, leading to enhanced tumor growth [27]. In this study, miR-448 was shown to be able
to enhance the survival of CD8 T cells by directly attenuating the upregulation of IDO1 in colorectal
tumor cells in response to IFNγ stimulation. Similarly, miR-153 has also been shown to target IDO1 in
colorectal cancer in response to IFNγ [27,28]. Moreover, when combining miR-153-mediated IDO1
inhibition and chimeric antigen receptor (CAR) T cell therapy, further enhanced in vitro T cell killing
activities and reduced xenograft tumor growth in mice were reported [27,28].

2.3. Immune Checkpoint Regulators Targeted by miRNAs

Upon T cell activation, multiple co-inhibitory receptors such as CLTA4, PD-1 and LAG-3 are
up-regulated. Through interacting with their corresponding ligands, these so-called immune checkpoint
molecules are capable of modulating T cell responses to self proteins, as well as to tumor antigens [29].
In the past decade, great clinical success in cancer immunotherapy has been achieved by employing
monoclonal antibodies targeting these immune checkpoints in patients with a variety of cancers [30,31].
In particular, therapeutic blockade of the PD-1 pathway has been considered as possibly one of the
most important advances in the history of cancer treatment. Not only was PD-L1, the ligand of PD-1,
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found to be induced in TAM as discussed earlier, it is also highly expressed in multiple cancers [32].
PD-L1 expression can be regulated in a variety of ways, and recently the miRNA-mediated control of
PD-L1 has become more apparent (Figure 1B) [33]. Indeed, disruption of the Pdl1 3′UTR led to elevated
PD-L1 expression, implying that miRNAs play an active role in regulating PD-L1 expression [34]. To this
end, recent investigation has uncovered multiple Pdl1 mRNA-miRNA interactions in Epstein-Barr
virus (EBV) associated B cell lymphomas, which are known to heavily rely on PD-L1 expression
to evade immune defenses [35]. One report demonstrates that the co-localization of viral protein
EBNA2, and B-cell-specific transcription factor EBF1 at the miR-34a promoter, leads to the repression
of miR-34a, which targets the PDl1 3′UTR in Burkitt lymphoma (BL) and Diffuse Large B-Cell
Lymphoma (DLBCL) cells [36]. Another group has found that a novel EBV-encoded miRNA, EBV
miR-BHRF1-2-5p, could also target the 3′UTRs of Pdl1 as well as another PD-1 ligand, Pdl2, in a model
of EBV-positive DLBCL [37]. It should be noted that both miR-34a and EBV miR-BHRF1-2-5p coincided
with LMP1 expression, which is known to drive PD-L1/2 expression. As such, the “fine-tuning” role
for these counter-regulatory miRNAs may serve as attractive targets for therapeutics. On the other
hand, while miR-155 expression was also higher in the serum of EBV-positive DLBCL patients [38],
interestingly, miR-155-binding to the Pdl1 3′UTR actually served to upregulate PD-L1 expression,
further demonstrating the complex nature of miRNA-mediated gene regulation [39].

In addition to the aforementioned immune checkpoint molecules that mainly act on controlling T
cell responses, CD47, which is commonly expressed in blood cancers [40,41], sends a “don’t eat me”
signal to macrophages, preventing them from clearing cancerous cells via phagocytosis. Like PD-L1,
CD47 was also recently shown to be targeted by miRNAs (Figure 1B). Specifically, binding of miR-708
to two sites in the CD47 3′UTR was capable of reducing CD47 levels in T cell acute lymphoblastic
leukemia [42]. Functionally, enforced miR-708 in CCRF-CEM cell lines made the cells more vulnerable to
phagocytosis, an effect that was synergistically strengthened with CD47 antibodies. Moreover, CD47 was
also found to be targeted by miR-155 in multiple myeloma (MM). In advanced stages of the disease,
miR-155 was downregulated [43]. When miR-155 was overexpressed in drug-resistant MM cell
lines, reduced amounts of CD47 accompanied with an increase in phagocytosis by macrophages
were observed.

3. Identification of miRNA Targetome

Identifying the targets of miRNAs is essential for understanding how aberrantly expressed miRNAs
in tumors or tumor-associated immune cells could impact tumorigenesis. MiRNAs of vertebrates
predominantly bind to partially complementary sequences in the 3′UTR of target mRNAs. Specificity
of this binding is mostly determined by 7–8 nucleotides at the 5′ end of a miRNA molecule referred
to as the seed sequence. As such, many computational miRNA target prediction algorithms such as
TargetScan [44], as well as PicTar [45] and miRanda [46], were initially developed by relying on the seed
rule that is dictated by Watson–Crick (WC) base pairing between the 5′ end of a miRNA molecule and
the conserved complementary sequences in the 3′UTR of the target mRNA. Later, it became evident
that there are exceptions to the seed rule [47,48]. For example, bulges, G:U wobbles, and seedless
interaction can also affect miRNA–mRNA interaction. Furthermore, strong base pairing to the 3′

end of the miRNA canalso support seed pairing and structural accessibility into target sites [49,50].
Through further integrating the various aforementioned sequence or structure criteria, the performance
and the accuracy of the target prediction have improved significantly over time. Nevertheless, while
these computational prediction algorithms have been widely used in miRNA research and afforded
the identification of many important miRNA targets, as discussed in the previous sections, the false
positive rates remain very high [51]. As such, several experimental approaches have been developed to
complement existing computational target prediction methods, allowinginvestigators to gain further
insights into miRNA-mediated gene regulation in cancer and other biological processes.
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3.1. CLIP-seq

CLIP-seq (cross-linking immunoprecipitation), also known as HITS-CLIP (high-throughput
sequencing of RNAs isolated by UV crosslinking immunoprecipitation), is a method that was
originally developed to identify functional protein–RNA interaction sites (Figure 2A) [52]. As only
miRNA and mRNA incorporated into the RISC complex are pulled down for sequencing, not only
does this method provide the opportunity to identify non-canonical miRNA–mRNA interactions,
it has also helped exclude miRNA targets that are falsely predicted by computational means.
Through taking this biochemical approach, unbiased analysis of specific miRNA–mRNA interactions
has become possible [48,52]. For example, in hepatocellular carcinoma (HCC) patients, it has been
previously reported that reduced expression of miR-122 in tumors correlates with metastasis and
poor prognosis [53,54]. Through taking the CLIP-seq approach, many miR-122 targets, conserved in
both humans and mice, and involved in thecell cycle, tight junction pathways, and cancer signaling
pathways such as AMPK, PI3K/AKT, and WNT/β-catenin, were identified [53,54]. Among them,
BCL9, a β-catenin co-factor which mediates transactivation of WNT target genes, was shown to be
uniquely targeted by miR-122 at multiple sites. Further functional studies have established BCL9 as
a conserved miR-122 target that impacts WNT-mediated progression of HCC, specifically through
proliferation. Consistent with these findings, increased expression of BCL9 in tumors, along with
other miR-122 targets such as STX6 and SLC52A2, are also significantly associated with poor patient
survival. Similarly, like the aforementioned miR-122 in HCC, miR-203, the most highly expressed
miRNA in the skin, was also found to be downregulated in the skin ofsquamous cell carcinoma (SCC)
patients. Loss of miR-203 was shown to promote the initiation and development of SCC in both
humans and mice [55]. Furthermore, CLIP-seq analysis revealed that miR-203 limits the proliferation
of skin cells, particularly during the phase of tumor initiation, through targeting key components of
the pro-proliferative Ras signaling pathway. Together, these studies demonstrate the power of the
CLIP-seq approach in decoding disease-associated miRNA targeting networks and suggest that similar
strategies could be applied to other tumor settings.
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Figure 2. Comparison between HITS-CLIP (high-throughput sequencing of RNAs isolated by UV
crosslinking immunoprecipitation) and CLASH (crosslinking, ligation and sequencing of hybrids).
(A) In HITS-CLIP, RNA-Ago protein complexes are cross-linked with UV light and isolated by
immunoprecipitation. MiRNAs and mRNAs purified from such complexes are then sequenced.
MiRNA–mRNA interactions are matched computationally, and can be verified with additional assays.
(B) In CLASH, following cross-linking, an additional ligation step generates miRNA-mRNA hybrids.
Then, after isolation of RNA-Ago protein complexes by immunoprecipitation, miRNA-mRNA hybrids
are sequenced to generate hybrid libraries.

Building upon the basis of HITS-CLIP, another CLIP-seq method, so-called PAR-CLIP
(photoactivatable ribonucleoside-enhanced crosslinking and immunoprecipitation), was established [56].
Compared to HITS-CLIP, PAR-CLIP not only offers higher crosslinking efficiency, but also allows
for a more precise localization of miRNA-containing Ago binding sites. To this end, by employing
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PAR-CLIP analysis combined with RNA-seq in ovarian cancer cells with or without miR-450a
expression, genes associated with the mitochondrial oxidative phosphorylation complex or glutamine
metabolism, ACO2, TIMMDC1, ATP5B and MT-ND2, were identified as miR-450a targets [57].
Interestingly, while most of the Ago binding sites were located in the 3′UTR region, miR-450a seed
complementary sequences were found exclusively in the coding sequences (CDS) of the miR-450a
target genes. Nevertheless, compared to cells devoid of miR-450a, miR-450a expressing cells
exhibited decreased mitochondrial membrane potential, as well as decreased glutamate production.
Together, these data suggest that miR-450a regulates cellular energetic metabolism to limit tumor
formation and progression.

3.2. CLASH (Crosslinking, Ligation and Sequencing of Hybrids)

Although CLIP-seq approaches have permitted the discoveries ofmany relevant miRNA targets
in multiple studies, they havetheir own limitations [58]. Because biochemical identification of
Ago binding sites came from CLIP-seq analysis of pooled mRNA after Ago immunoprecipitation,
bioinformatics analysis is still required to identify the corresponding miRNAs responsible for Ago
bindings. Moreover, when no obvious seed matches can be identified, there is no clear way to confirm
whether the apparently seedless targeting was caused by non-canonical miRNA-target interactions or
miRNA-independent mechanisms. To address this issue, building upon the original CLIP-seq approach,
a new method, which is referred to as CLEAR (covalent ligation of endogenous Argonaute-bound
RNAs)-CLIP [59] or CLASH (crosslinking, ligation and sequencing of hybrids) [60], was developed.
In brief, miRNA–mRNA interactions are first ligated to generate miRNA–target mRNA chimeras
while still bound to the Ago complex. Sequencing these miRNA–target mRNA chimeras allows for
unambiguous mapping ofcanonical and non-canonical pairing (Figure 2B). Moreover, with recent
advances in sequencing technology, this approach was further optimized to skip the clean-up steps
that were previously required to remove unhybridized RNAs. As a result, this newly modified “quick”
CLASH (qCLASH) not only is significantly faster, but can also be used to analyze patient biopsies
which typically have much fewer cell numbers [61]. In this study, qCLASH was utilized to study the
molecular mechanisms underlying Kaposi’s sarcoma-associated herpesvirus (KSHV)-derived miRNAs
that could drive the transformation of endothelial cells. KSHV, also known as human herpesvirus 8
(HHV8), is associated with malignant tumors such as Kaposi’s sarcoma (KS), multicentriccastleman’s
disease (MCD), and primary effusion lymphoma (PEL) [62–64]. Previously, KSHV-derived miRNAs
have been shown to target tumor suppressor genes such as THBS1, TP53IPN1, and YWHAE [65,66].
By taking the qCLASH approach, 1433 gene targets were discovered and were involved in the cell
cycle, glycolysis, and apoptosis pathways. Interestingly, 60% of the target sequences in KSHV-infected
endothelial cells identified by the qCLASH hybrid were mapped to the CDS. In contrast, the majority of
target sequences in KSHV-infected B cells are located in 3′UTR regions, indicating that miRNA–mRNA
interactions can be cell type-specific. Moreover, 50% of the hybrids displayed non-seed pairing
interaction, supporting the utility of generating miRNA–mRNA chimeras for the discovery of new
canonical and non-canonical miRNA–mRNA interactions. Taken together, combining the qCLASH
assay with pathway analysis provides an unbiased opportunity to understand the role of miRNAs in
cancer biology.

4. Conclusions

Since the initial discovery of miRNAs back in the late 1990s, these small non-coding RNA species
have been shown to be crucial for controlling almost every aspect of biological processes. In cancer,
miRNAs can act both as “oncomirs” and tumor suppressors. Moreover, tumor-derived miRNAs
can also impact cancer progression through directly, or indirectly, modulating immune responses,
particularly in the tumor microenvironment. To this end, exosomal miRNAs released by tumor cells
can directly nullify immune responses, while exosomal miRNAs released by immune cells may serve
as a novel weapon in clearing cancer-associated cells, making this an exciting field for future research.
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On the other hand, miRNAs can also indirectly control tumor–immune communication through
regulating the expression of metabolites and immune checkpoint regulators, and so this field warrants
further investigation given the growing importance of such molecules in cancer immunotherapy
(Table 1). Moving forward, with continued technological advances made in miRNA target identification,
functional miRNA–target mRNA interactions revealed by future studies will undoubtedly provide
further mechanistic insights into the development of novel anti-cancer therapeutics.

Table 1. MiRNAs and their targets in tumor-immune communication.

miRNAs Target Genes Function Cancer Type Expression Reference

miR-181a/b,
miR-498 TNFα Reduces the cytotoxicity

of CD8 T cells
Melanoma

Exosomes

[15]

miR-3187-3p PTPRC Inhibition of TCR
signaling

miR-23a-3p PTEN
Induces PD-L1
expression in
macrophages

Hepatocellular
carcinoma [16]

miR-29a-3p,
miR-21-5p STAT3 Induces a higher

Treg/Th17 cell ratio

TAM
(Tumor-associated
macrophages)

[17]

miR-298-5p Unknown Induces apoptosis of
MSCs via Caspase-3 Fibrosarcoma [18]

miR-448
IDO1

Enhance CD8 T cell
survival

Colorectal
cancer

Tumor cells

[27]

miR-153 [28]

miR-34a PDL1

Blocks the PD-1 pathway

Burkitt
lymphoma,

DLBCL
[36]

miR-BHRF1-2-5p PDL1, PDL2 EBV-positive
DLBCL [37]

miR-708
CD47

Promotes tumor cell
elimination by
phagocytosis

T-ALL [42]

miR-155 MM [43]

miR-122
BCL9, AMPK,

PI3K/AKT,
Wnt/β-catenin

Inhibits metastasis and
proliferation

Hepatocellular
carcinoma [53,54]

miR-203 POLA1,
HBEGF

Limits proliferation of
skin cells

Squamous cell
carcinoma [55]

miR-450a

ACO2,
TIMMDC1,

ATP5B,
MT-ND2

Limits tumor formation
and progression Ovarian cancer [57]

Author Contributions: All authors contributed in writing, review and editing. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by NIH grant AI108651 (L.-F.L.). L.-F.L. serves as the scientific consultant for
Elixiron Immunotherapeutics.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kozomara, A.; Birgaoanu, M.; Griffiths-Jones, S. MiRBase: From microRNA sequences to function.
Nucleic Acids Res. 2019, 47, D155–D162. [CrossRef]

2. Ha, M.; Kim, V.N. Regulation of microRNA biogenesis. Nat. Rev. Mol. Cell Biol. 2014, 15, 509–524. [CrossRef]
[PubMed]

http://dx.doi.org/10.1093/nar/gky1141
http://dx.doi.org/10.1038/nrm3838
http://www.ncbi.nlm.nih.gov/pubmed/25027649


Cancers 2020, 12, 2025 8 of 11

3. Lee, R.C.; Feinbaum, R.L.; Ambros, V. The C. elegans heterochronic gene lin-4 encodes small RNAs with
antisense complementarity to lin-14. Cell 1993, 75, 843–854. [CrossRef]

4. De Santa, F.; Iosue, I.; del Rio, A.; Fazi, F. MicroRNA biogenesis pathway as a therapeutic target for human
disease and cancer. Curr. Pharm. Des. 2013, 19, 745–764. [CrossRef]

5. Hamilton, M.P.; Rajapakshe, K.; Hartig, S.M.; Reva, B.; McLellan, M.D.; Kandoth, C.; Ding, L.; Zack, T.I.;
Gunaratne, P.H.; Wheeler, D.A.; et al. Identification of a pan-cancer oncogenic microRNA superfamily
anchored by a central core seed motif. Nat. Commun. 2013, 4, 2730. [CrossRef] [PubMed]

6. Lu, J.; Getz, G.; Miska, E.A.; Alvarez-Saavedra, E.; Lamb, J.; Peck, D.; Sweet-Cordero, A.; Ebert, B.L.;
Mak, R.H.; Ferrando, A.A.; et al. MicroRNA expression profiles classify human cancers. Nature 2005, 435,
834–838. [CrossRef] [PubMed]

7. Iorio, M.V.; Ferracin, M.; Liu, C.G.; Veronese, A.; Spizzo, R.; Sabbioni, S.; Magri, E.; Pedriali, M.; Fabbri, M.;
Campiglio, M.; et al. MicroRNA gene expression deregulation in human breast cancer. Cancer Res. 2005, 65,
7065–7070. [CrossRef]

8. Hayes, J.; Peruzzi, P.P.; Lawler, S. MicroRNAs in cancer: Biomarkers, functions and therapy. Trends Mol. Med.
2014, 20, 460–469. [CrossRef]

9. Lu, Y.; Leslie, C.S. Learning to predict miRNA-mRNA interactions from AGO CLIP sequencing and CLASH
data. PLoS Comput. Biol. 2016, 12, e1005026. [CrossRef]

10. Lin, S.; Gregory, R.I. MicroRNA biogenesis pathways in cancer. Nat. Rev. Cancer 2015, 15, 321–333. [CrossRef]
11. Ramassone, A.; Pagotto, S.; Veronese, A.; Visone, R. Epigenetics and MicroRNAs in cancer. Int. J. Mol. Sci.

2018, 19, 459. [CrossRef] [PubMed]
12. Chang, T.C.; Yu, D.; Lee, Y.S.; Wentzel, E.A.; Arking, D.E.; West, K.M.; Dang, C.V.; Thomas-Tikhonenko, A.;

Mendell, J.T. Widespread microRNA repression by Myc contributes to tumorigenesis. Nat. Genet. 2008, 40,
43–50. [CrossRef] [PubMed]

13. Li, X.L.; Jones, M.F.; Subramanian, M.; Lal, A. Mutant p53 exerts oncogenic effects through microRNAs and
their target gene networks. FEBS Lett. 2014, 588, 2610–2615. [CrossRef] [PubMed]

14. Othman, N.; Jamal, R.; Abu, N. Cancer-derived exosomes as effectors of key inflammation-related players.
Front. Immunol. 2019, 10, 2103. [CrossRef] [PubMed]

15. Vignard, V.; Labbe, M.; Marec, N.; Andre-Gregoire, G.; Jouand, N.; Fonteneau, J.F.; Labarriere, N.; Fradin, D.
MicroRNAs in tumor exosomes drive immune escape in melanoma. Cancer Immunol. Res. 2020, 8, 255–267.
[CrossRef]

16. Liu, J.; Fan, L.; Yu, H.; Zhang, J.; He, Y.; Feng, D.; Wang, F.; Li, X.; Liu, Q.; Li, Y.; et al. Endoplasmic reticulum
stress causes liver cancer cells to release exosomal miR-23a-3p and up-regulate programmed death ligand 1
expression in macrophages. Hepatology 2019, 70, 241–258. [CrossRef]

17. Zhou, J.; Li, X.; Wu, X.; Zhang, T.; Zhu, Q.; Wang, X.; Wang, H.; Wang, K.; Lin, Y.; Wang, X. Exosomes released
from tumor-associated macrophages transfer miRNAs that induce a Treg/Th17 cell imbalance in epithelial
ovarian cancer. Cancer Immunol. Res. 2018, 6, 1578–1592. [CrossRef]

18. Seo, N.; Shirakura, Y.; Tahara, Y.; Momose, F.; Harada, N.; Ikeda, H.; Akiyoshi, K.; Shiku, H. Activated
CD8(+) T cell extracellular vesicles prevent tumour progression by targeting of lesional mesenchymal cells.
Nat. Commun. 2018, 9, 435. [CrossRef]

19. Munn, D.H.; Mellor, A.L. IDO in the tumor microenvironment: Inflammation, counter-regulation,
and tolerance. Trends Immunol. 2016, 37, 193–207. [CrossRef]

20. Munn, D.H.; Sharma, M.D.; Baban, B.; Harding, H.P.; Zhang, Y.; Ron, D.; Mellor, A.L. GCN2 kinase in T cells
mediates proliferative arrest and anergy induction in response to indoleamine 2,3-dioxygenase. Immunity
2005, 22, 633–642. [CrossRef]

21. Fallarino, F.; Grohmann, U.; You, S.; McGrath, B.C.; Cavener, D.R.; Vacca, C.; Orabona, C.; Bianchi, R.;
Belladonna, M.L.; Volpi, C.; et al. The combined effects of tryptophan starvation and tryptophan catabolites
down-regulate T cell receptor zeta-chain and induce a regulatory phenotype in naive T cells. J. Immunol.
2006, 176, 6752–6761. [CrossRef] [PubMed]

22. Mezrich, J.D.; Fechner, J.H.; Zhang, X.; Johnson, B.P.; Burlingham, W.J.; Bradfield, C.A. An interaction
between kynurenine and the aryl hydrocarbon receptor can generate regulatory T cells. J. Immunol. 2010,
185, 3190–3198. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/0092-8674(93)90529-Y
http://dx.doi.org/10.2174/138161213804581846
http://dx.doi.org/10.1038/ncomms3730
http://www.ncbi.nlm.nih.gov/pubmed/24220575
http://dx.doi.org/10.1038/nature03702
http://www.ncbi.nlm.nih.gov/pubmed/15944708
http://dx.doi.org/10.1158/0008-5472.CAN-05-1783
http://dx.doi.org/10.1016/j.molmed.2014.06.005
http://dx.doi.org/10.1371/journal.pcbi.1005026
http://dx.doi.org/10.1038/nrc3932
http://dx.doi.org/10.3390/ijms19020459
http://www.ncbi.nlm.nih.gov/pubmed/29401683
http://dx.doi.org/10.1038/ng.2007.30
http://www.ncbi.nlm.nih.gov/pubmed/18066065
http://dx.doi.org/10.1016/j.febslet.2014.03.054
http://www.ncbi.nlm.nih.gov/pubmed/24726728
http://dx.doi.org/10.3389/fimmu.2019.02103
http://www.ncbi.nlm.nih.gov/pubmed/31555295
http://dx.doi.org/10.1158/2326-6066.CIR-19-0522
http://dx.doi.org/10.1002/hep.30607
http://dx.doi.org/10.1158/2326-6066.CIR-17-0479
http://dx.doi.org/10.1038/s41467-018-02865-1
http://dx.doi.org/10.1016/j.it.2016.01.002
http://dx.doi.org/10.1016/j.immuni.2005.03.013
http://dx.doi.org/10.4049/jimmunol.176.11.6752
http://www.ncbi.nlm.nih.gov/pubmed/16709834
http://dx.doi.org/10.4049/jimmunol.0903670
http://www.ncbi.nlm.nih.gov/pubmed/20720200


Cancers 2020, 12, 2025 9 of 11

23. Quintana, F.J.; Murugaiyan, G.; Farez, M.F.; Mitsdoerffer, M.; Tukpah, A.M.; Burns, E.J.; Weiner, H.L.
An endogenous aryl hydrocarbon receptor ligand acts on dendritic cells and T cells to suppress experimental
autoimmune encephalomyelitis. Proc. Natl. Acad. Sci. USA 2010, 107, 20768–20773. [CrossRef] [PubMed]

24. Manlapat, A.K.; Kahler, D.J.; Chandler, P.R.; Munn, D.H.; Mellor, A.L. Cell-autonomous control of interferon
type I expression by indoleamine 2,3-dioxygenase in regulatory CD19+ dendritic cells. Eur. J. Immunol. 2007,
37, 1064–1071. [CrossRef] [PubMed]

25. Liu, H.; Huang, L.; Bradley, J.; Liu, K.; Bardhan, K.; Ron, D.; Mellor, A.L.; Munn, D.H.; McGaha, T.L.
GCN2-dependent metabolic stress is essential for endotoxemic cytokine induction and pathology. Mol. Cell.
Biol. 2014, 34, 428–438. [CrossRef] [PubMed]

26. Ravishankar, B.; Liu, H.; Shinde, R.; Chaudhary, K.; Xiao, W.; Bradley, J.; Koritzinsky, M.; Madaio, M.P.;
McGaha, T.L. The amino acid sensor GCN2 inhibits inflammatory responses to apoptotic cells promoting
tolerance and suppressing systemic autoimmunity. Proc. Natl. Acad. Sci. USA 2015, 112, 10774–10779.
[CrossRef] [PubMed]

27. Lou, Q.; Liu, R.; Yang, X.; Li, W.; Huang, L.; Wei, L.; Tan, H.; Xiang, N.; Chan, K.; Chen, J.; et al. MiR-448
targets IDO1 and regulates CD8(+) T cell response in human colon cancer. J. Immunother. Cancer 2019, 7, 210.
[CrossRef]

28. Huang, Q.; Xia, J.; Wang, L.; Wang, X.; Ma, X.; Deng, Q.; Lu, Y.; Kumar, M.; Zhou, Z.; Li, L.; et al. MiR-153
suppresses IDO1 expression and enhances CAR T cell immunotherapy. J. Hematol. Oncol. 2018, 11, 58.
[CrossRef]

29. Pardoll, D.M. The blockade of immune checkpoints in cancer immunotherapy. Nat. Rev. Cancer 2012, 12,
252–264. [CrossRef]

30. Topalian, S.L.; Drake, C.G.; Pardoll, D.M. Immune checkpoint blockade: A common denominator approach
to cancer therapy. Cancer Cell 2015, 27, 450–461. [CrossRef]

31. Ribas, A.; Wolchok, J.D. Cancer immunotherapy using checkpoint blockade. Science 2018, 359, 1350–1355.
[CrossRef]

32. Sun, C.; Mezzadra, R.; Schumacher, T.N. Regulation and function of the PD-L1 checkpoint. Immunity 2018,
48, 434–452. [CrossRef] [PubMed]

33. Wang, Q.; Lin, W.; Tang, X.; Li, S.; Guo, L.; Lin, Y.; Kwok, H.F. The roles of microRNAs in regulating the
expression of PD-1/PD-L1 immune checkpoint. Int. J. Mol. Sci. 2017, 18, 2540. [CrossRef] [PubMed]

34. Kataoka, K.; Shiraishi, Y.; Takeda, Y.; Sakata, S.; Matsumoto, M.; Nagano, S.; Maeda, T.; Nagata, Y.;
Kitanaka, A.; Mizuno, S.; et al. Aberrant PD-L1 expression through 3′-UTR disruption in multiple cancers.
Nature 2016, 534, 402–406. [CrossRef] [PubMed]

35. Xu-Monette, Z.Y.; Zhou, J.; Young, K.H. PD-1 expression and clinical PD-1 blockade in B-cell lymphomas.
Blood 2018, 131, 68–83. [CrossRef]

36. Anastasiadou, E.; Stroopinsky, D.; Alimperti, S.; Jiao, A.L.; Pyzer, A.R.; Cippitelli, C.; Pepe, G.; Severa, M.;
Rosenblatt, J.; Etna, M.P.; et al. Epstein-Barr virus-encoded EBNA2 alters immune checkpoint PD-L1
expression by downregulating miR-34a in B-cell lymphomas. Leukemia 2019, 33, 132–147. [CrossRef]

37. Cristino, A.S.; Nourse, J.; West, R.A.; Sabdia, M.B.; Law, S.C.; Gunawardana, J.; Vari, F.; Mujaj, S.;
Thillaiyampalam, G.; Snell, C.; et al. EBV microRNA-BHRF1-2-5p targets the 3′UTR of immune checkpoint
ligands PD-L1 and PD-L2. Blood 2019, 134, 2261–2270. [CrossRef]

38. Zheng, Z.; Sun, R.; Zhao, H.J.; Fu, D.; Zhong, H.J.; Weng, X.Q.; Qu, B.; Zhao, Y.; Wang, L.; Zhao, W.L. MiR155
sensitized B-lymphoma cells to anti-PD-L1 antibody via PD-1/PD-L1-mediated lymphoma cell interaction
with CD8+T cells. Mol. Cancer 2019, 18, 54. [CrossRef]

39. Vasudevan, S. Posttranscriptional upregulation by microRNAs. Wiley Interdiscip. Rev. RNA 2012, 3, 311–330.
[CrossRef]

40. Chao, M.P.; Alizadeh, A.A.; Tang, C.; Jan, M.; Weissman-Tsukamoto, R.; Zhao, F.; Park, C.Y.; Weissman, I.L.;
Majeti, R. Therapeutic antibody targeting of CD47 eliminates human acute lymphoblastic leukemia. Cancer
Res. 2011, 71, 1374–1384. [CrossRef]

41. Majeti, R.; Chao, M.P.; Alizadeh, A.A.; Pang, W.W.; Jaiswal, S.; Gibbs, K.D., Jr.; Van Rooijen, N.; Weissman, I.L.
CD47 is an adverse prognostic factor and therapeutic antibody target on human acute myeloid leukemia
stem cells. Cell 2009, 138, 286–299. [CrossRef] [PubMed]

42. Huang, W.; Wang, W.T.; Fang, K.; Chen, Z.H.; Sun, Y.M.; Han, C.; Sun, L.Y.; Luo, X.Q.; Chen, Y.Q. MIR-708
promotes phagocytosis to eradicate T-ALL cells by targeting CD47. Mol. Cancer 2018, 17, 12. [CrossRef]

http://dx.doi.org/10.1073/pnas.1009201107
http://www.ncbi.nlm.nih.gov/pubmed/21068375
http://dx.doi.org/10.1002/eji.200636690
http://www.ncbi.nlm.nih.gov/pubmed/17343295
http://dx.doi.org/10.1128/MCB.00946-13
http://www.ncbi.nlm.nih.gov/pubmed/24248597
http://dx.doi.org/10.1073/pnas.1504276112
http://www.ncbi.nlm.nih.gov/pubmed/26261340
http://dx.doi.org/10.1186/s40425-019-0691-0
http://dx.doi.org/10.1186/s13045-018-0600-x
http://dx.doi.org/10.1038/nrc3239
http://dx.doi.org/10.1016/j.ccell.2015.03.001
http://dx.doi.org/10.1126/science.aar4060
http://dx.doi.org/10.1016/j.immuni.2018.03.014
http://www.ncbi.nlm.nih.gov/pubmed/29562194
http://dx.doi.org/10.3390/ijms18122540
http://www.ncbi.nlm.nih.gov/pubmed/29186904
http://dx.doi.org/10.1038/nature18294
http://www.ncbi.nlm.nih.gov/pubmed/27281199
http://dx.doi.org/10.1182/blood-2017-07-740993
http://dx.doi.org/10.1038/s41375-018-0178-x
http://dx.doi.org/10.1182/blood.2019000889
http://dx.doi.org/10.1186/s12943-019-0977-3
http://dx.doi.org/10.1002/wrna.121
http://dx.doi.org/10.1158/0008-5472.CAN-10-2238
http://dx.doi.org/10.1016/j.cell.2009.05.045
http://www.ncbi.nlm.nih.gov/pubmed/19632179
http://dx.doi.org/10.1186/s12943-018-0768-2


Cancers 2020, 12, 2025 10 of 11

43. Rastgoo, N.; Wu, J.; Liu, M.; Pourabdollah, M.; Atenafu, E.G.; Reece, D.; Chen, W.; Chang, H. Targeting
CD47/TNFAIP8 by miR-155 overcomes drug resistance and inhibits tumor growth through induction of
phagocytosis and apoptosis in multiple myeloma. Haematologica 2019. [CrossRef]

44. Lewis, B.P.; Shih, I.H.; Jones-Rhoades, M.W.; Bartel, D.P.; Burge, C.B. Prediction of mammalian microRNA
targets. Cell 2003, 115, 787–798. [CrossRef]

45. Krek, A.; Grun, D.; Poy, M.N.; Wolf, R.; Rosenberg, L.; Epstein, E.J.; MacMenamin, P.; da Piedade, I.;
Gunsalus, K.C.; Stoffel, M.; et al. Combinatorial microRNA target predictions. Nat. Genet. 2005, 37, 495–500.
[CrossRef] [PubMed]

46. John, B.; Enright, A.J.; Aravin, A.; Tuschl, T.; Sander, C.; Marks, D.S. Human MicroRNA targets. PLoS Biol.
2004, 2, e363. [CrossRef]

47. Didiano, D.; Hobert, O. Perfect seed pairing is not a generally reliable predictor for miRNA-target interactions.
Nat. Struct. Mol. Biol. 2006, 13, 849–851. [CrossRef]

48. Loeb, G.B.; Khan, A.A.; Canner, D.; Hiatt, J.B.; Shendure, J.; Darnell, R.B.; Leslie, C.S.; Rudensky, A.Y.
Transcriptome-wide miR-155 binding map reveals widespread noncanonical microRNA targeting. Mol. Cell
2012, 48, 760–770. [CrossRef]

49. Chi, S.W.; Hannon, G.J.; Darnell, R.B. An alternative mode of microRNA target recognition. Nat. Struct. Mol.
Biol. 2012, 19, 321–327. [CrossRef]

50. Bartel, D.P. MicroRNAs: Target recognition and regulatory functions. Cell 2009, 136, 215–233. [CrossRef]
51. Pinzon, N.; Li, B.; Martinez, L.; Sergeeva, A.; Presumey, J.; Apparailly, F.; Seitz, H. MicroRNA target prediction

programs predict many false positives. Genome Res. 2017, 27, 234–245. [CrossRef] [PubMed]
52. Chi, S.W.; Zang, J.B.; Mele, A.; Darnell, R.B. Argonaute HITS-CLIP decodes microRNA-mRNA interaction

maps. Nature 2009, 460, 479–486. [CrossRef] [PubMed]
53. Kutay, H.; Bai, S.; Datta, J.; Motiwala, T.; Pogribny, I.; Frankel, W.; Jacob, S.T.; Ghoshal, K. Downregulation of

miR-122 in the rodent and human hepatocellular carcinomas. J. Cell. Biochem. 2006, 99, 671–678. [CrossRef]
54. Kojima, K.; Takata, A.; Vadnais, C.; Otsuka, M.; Yoshikawa, T.; Akanuma, M.; Kondo, Y.; Kang, Y.J.;

Kishikawa, T.; Kato, N.; et al. MicroRNA122 is a key regulator of alpha-fetoprotein expression and influences
the aggressiveness of hepatocellular carcinoma. Nat. Commun. 2011, 2, 338. [CrossRef]

55. Riemondy, K.; Wang, X.J.; Torchia, E.C.; Roop, D.R.; Yi, R. MicroRNA-203 represses selection and expansion
of oncogenic Hras transformed tumor initiating cells. Elife 2015, 4, e07004. [CrossRef] [PubMed]

56. Hafner, M.; Landthaler, M.; Burger, L.; Khorshid, M.; Hausser, J.; Berninger, P.; Rothballer, A.; Ascano, M., Jr.;
Jungkamp, A.C.; Munschauer, M.; et al. Transcriptome-wide identification of RNA-binding protein and
microRNA target sites by PAR-CLIP. Cell 2010, 141, 129–141. [CrossRef]

57. Muys, B.R.; Sousa, J.F.; Placa, J.R.; de Araujo, L.F.; Sarshad, A.A.; Anastasakis, D.G.; Wang, X.; Li, X.L.;
de Molfetta, G.A.; Ramao, A.; et al. MiR-450a Acts as a Tumor Suppressor in Ovarian Cancer by Regulating
Energy Metabolism. Cancer Res. 2019, 79, 3294–3305. [CrossRef]

58. Lee, H.M.; Nguyen, D.T.; Lu, L.F. Progress and challenge of microRNA research in immunity. Front. Genet.
2014, 5, 178. [CrossRef]

59. Moore, M.J.; Scheel, T.K.; Luna, J.M.; Park, C.Y.; Fak, J.J.; Nishiuchi, E.; Rice, C.M.; Darnell, R.B. MiRNA-target
chimeras reveal miRNA 3′-end pairing as a major determinant of Argonaute target specificity. Nat. Commun.
2015, 6, 8864. [CrossRef]

60. Helwak, A.; Kudla, G.; Dudnakova, T.; Tollervey, D. Mapping the human miRNA interactome by CLASH
reveals frequent noncanonical binding. Cell 2013, 153, 654–665. [CrossRef]

61. Gay, L.A.; Sethuraman, S.; Thomas, M.; Turner, P.C.; Renne, R. Modified Cross-Linking, Ligation,
and Sequencing of Hybrids (qCLASH) Identifies Kaposi’s Sarcoma-Associated Herpesvirus MicroRNA
Targets in Endothelial Cells. J. Virol. 2018, 92, e02138-17. [CrossRef] [PubMed]

62. Soulier, J.; Grollet, L.; Oksenhendler, E.; Cacoub, P.; Cazals-Hatem, D.; Babinet, P.; D’Agay, M.F.; Clauvel, J.P.;
Raphael, M.; Degos, L.; et al. Kaposi’s sarcoma-associated herpesvirus-like DNA sequences in multicentric
Castleman’s disease. Blood 1995, 86, 1276–1280. [CrossRef] [PubMed]

63. Cesarman, E.; Chang, Y.; Moore, P.S.; Said, J.W.; Knowles, D.M. Kaposi’s sarcoma-associated herpesvirus-like
DNA sequences in AIDS-related body-cavity-based lymphomas. N. Engl. J. Med. 1995, 332, 1186–1191.
[CrossRef] [PubMed]

http://dx.doi.org/10.3324/haematol.2019.227579
http://dx.doi.org/10.1016/S0092-8674(03)01018-3
http://dx.doi.org/10.1038/ng1536
http://www.ncbi.nlm.nih.gov/pubmed/15806104
http://dx.doi.org/10.1371/journal.pbio.0020363
http://dx.doi.org/10.1038/nsmb1138
http://dx.doi.org/10.1016/j.molcel.2012.10.002
http://dx.doi.org/10.1038/nsmb.2230
http://dx.doi.org/10.1016/j.cell.2009.01.002
http://dx.doi.org/10.1101/gr.205146.116
http://www.ncbi.nlm.nih.gov/pubmed/28148562
http://dx.doi.org/10.1038/nature08170
http://www.ncbi.nlm.nih.gov/pubmed/19536157
http://dx.doi.org/10.1002/jcb.20982
http://dx.doi.org/10.1038/ncomms1345
http://dx.doi.org/10.7554/eLife.07004
http://www.ncbi.nlm.nih.gov/pubmed/26203562
http://dx.doi.org/10.1016/j.cell.2010.03.009
http://dx.doi.org/10.1158/0008-5472.CAN-19-0490
http://dx.doi.org/10.3389/fgene.2014.00178
http://dx.doi.org/10.1038/ncomms9864
http://dx.doi.org/10.1016/j.cell.2013.03.043
http://dx.doi.org/10.1128/JVI.02138-17
http://www.ncbi.nlm.nih.gov/pubmed/29386283
http://dx.doi.org/10.1182/blood.V86.4.1276.bloodjournal8641276
http://www.ncbi.nlm.nih.gov/pubmed/7632932
http://dx.doi.org/10.1056/NEJM199505043321802
http://www.ncbi.nlm.nih.gov/pubmed/7700311


Cancers 2020, 12, 2025 11 of 11

64. Chang, Y.; Cesarman, E.; Pessin, M.S.; Lee, F.; Culpepper, J.; Knowles, D.M.; Moore, P.S. Identification
of herpesvirus-like DNA sequences in AIDS-associated Kaposi’s sarcoma. Science 1994, 266, 1865–1869.
[CrossRef] [PubMed]

65. Samols, M.A.; Skalsky, R.L.; Maldonado, A.M.; Riva, A.; Lopez, M.C.; Baker, H.V.; Renne, R. Identification of
cellular genes targeted by KSHV-encoded microRNAs. PLoS Pathog. 2007, 3, e65. [CrossRef]

66. Gottwein, E.; Mukherjee, N.; Sachse, C.; Frenzel, C.; Majoros, W.H.; Chi, J.T.; Braich, R.; Manoharan, M.;
Soutschek, J.; Ohler, U.; et al. A viral microRNA functions as an orthologue of cellular miR-155. Nature 2007,
450, 1096–1099. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1126/science.7997879
http://www.ncbi.nlm.nih.gov/pubmed/7997879
http://dx.doi.org/10.1371/journal.ppat.0030065
http://dx.doi.org/10.1038/nature05992
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	MiRNAs as Mediators of Tumor–Immune Communication 
	Tumor-Derived Exosomal miRNAs 
	Immunometabolites Regulated by miRNAs 
	Immune Checkpoint Regulators Targeted by miRNAs 

	Identification of miRNA Targetome 
	CLIP-seq 
	CLASH (Crosslinking, Ligation and Sequencing of Hybrids) 

	Conclusions 
	References

