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In recent years, emerging evidence has suggested that noncoding RNAs (ncRNAs)
participate in nearly every aspect of biological processes and play a crucial role in the
genesis and progression of numerous tumors, including B-cell lymphoma. The exploration
of ncRNA dysregulations and their functions in B-cell lymphoma provides new insights into
lymphoma pathogenesis and is essential for indicating future clinical trials and optimizing
the diagnostic and therapeutic strategies. In this review, we summarize the role of ncRNAs
in B-cell lymphoma and discuss their potential in clinical applications.
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INTRODUCTION

B-cell lymphomas are a group of B-cell neoplasms with distinct natural histories and clinical
behaviors. In general, B-cell lymphomas can be classified into B-cell non-Hodgkin lymphoma and
Hodgkin lymphoma (HL) and are further categorized into dozens of subtypes based on their
pathological, genetic, and clinical features. Despite novel effective therapies emerging in recent
years, specific lymphoma subgroups remain incurable. Insights into the molecular mechanism of
lymphoma onset and development will improve the understanding of their pathobiology and help
develop personalized therapeutic strategies. During the past few decades, with the development of
genetic and cytogenetic analysis technologies, accumulating evidence suggests that the large family
Abbreviations: AID, Activation-induced cytidine deaminase; Akt, Protein kinase B; ASO, Antisense single-stranded
oligonucleotide; Bcl-2, B-cell lymphoma-2; BCR, B-cell receptor; BL, Burkitt lymphoma; BM, Bone marrow; CAR,
Chimeric antigen receptor; CDK, Cyclin-dependent kinase; CKI, CDK inhibitor; CLL, chronic lymphocytic leukemia;
CRNDE, Colorectal neoplasia differentially expressed; circRNA, circular RNA; DLBCL, Diffuse large B-cell lymphoma;
E2F1, E2F transcription factor 1; EBNA2, Epstein-Barr nuclear antigen 2; eIF4F, Eukaryotic initiation factor 4F; EZH2,
Enhancer of zeste homolog 2; FAS-AS1, FAS antisense RNA 1; FDC, Follicular dendritic cell; FIRRE, Functional intergenic
repeating RNA element; FL, Follicular lymphoma; Foxp1, Forkhead box P1; GAB1, Grb2-associated binder 1; GAS5, Growth
arrest-specific 5; H3K27me3, Trimethylation of lysine 27 on histone 3; HOTAIR, HOX transcript antisense RNA; HULC,
Highly upregulated in liver cancer; Ig, Immunoglobulin; LMP1, Latent membrane protein-1; lncRNA, long noncoding RNA;
lincRNA-p21, long intergenic noncoding RNA p21; LUNAR1: leukemia-associated noncoding IGF1R activator RNA 1;
MALAT1, Metastasis-associated lung adenocarcinoma transcript 1; MAPK, Mitogen-activated protein kinase; MCL, Mantle
cell lymphoma; Mcl-1, Myeloid cell leukemia-1; MINCR, Myc-induced long noncoding RNA; miRNA, microRNA; ncRNA,
Non-coding RNA; NEAT1, Nuclear enriched abundant transcript 1; PANDA, p21-associated ncRNA DNA damage activated;
PD-L1, Programmed death ligand-1; PI3K, Phosphoinositide 3-kinase; PRDM1, Transcription regulator PR domain
containing 1; PTEN, Protein tyrosine phosphatase; RISC, RNA-induced silencing complex; ROR1-AS1, ROR1 antisense
RNA 1; S1PR1, Sphingosine-1-phosphate receptor 1; SHIP-1, SH2-containing inositol phosphatase-1; SNHG12, Small
nucleolar RNA host gene 12; Tcl1, T-cell leukemia/lymphoma 1; TUG1, Taurine upregulated 1.
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of ncRNAs, which were once considered as “junk RNA,” play an
essential role in the molecular events of B-cell lymphoma.

ncRNAs, which account for approximately 98% of the human
transcriptome (1), are transcripts that do not encode proteins.
Based on their length and structure, the majority of ncRNAs can
be generally classified into several subtypes, including microRNA
(miRNA), long noncoding RNA (lncRNA), and circular RNA
(circRNA). Since the relevance between ncRNA and lymphoma
pathogenesis first reported in 2002 (2), there have been
increasing studies about the role of ncRNAs in lymphoma
initiation and progression. In this review, firstly, we introduce
the general characteristics of miRNAs, lncRNAs, and circRNAs
and provide an overview of ncRNA functions in normal B-cell
development. Then we discuss the current knowledge of
deregulated ncRNAs in B-cell lymphoma, focusing on the most
common lymphoma subtypes and mechanistically confirmed
ncRNAs. Finally, we provide an overview of the clinical
therapeutic potential of ncRNAs. Deciphering the critical role
of ncRNAs in B-cell lymphoma may help improve the
understanding of the molecular mechanism underlying
the disease behavior and provide new perspectives for the
diagnosis and treatment of B-cell lymphoma.
DEFINITION AND FUNCTIONS OF ncRNAs

miRNA
miRNAs are short RNA molecules consisting of 20–25
nucleotides. The processing of miRNAs is evolutionally
conserved. Briefly, after transcribed by RNA polymerase II
(RNA Pol II) (3), the initial transcripts, which are known as
primary miRNAs, undergo a multi-step process in which their
length is reduced to ~22 nt by RNA endonucleases including
Drosha and Dicer. The processed mature miRNAs are assembled
into the RNA-induced silencing complex (RISC) by interacting
with Argonaute proteins and exert the posttranscriptional
regulatory functions through binding to the complementary
regions located in the 3’-untranslated region of their target
mRNAs and inducing silencing and degradation of these
transcripts (4). miRNAs mainly act as inhibitors of gene
expression, though under some circumstances, they may also
function as activators. To note that, miRNA expression can be
regulated by transcriptional modifiers, which can also be miRNA
targets. Accumulating evidence has suggested that some miRNAs
and their target molecules form autoregulatory feedback loops,
which are involved in tumor biology. It was reported that more
than 60% of human genes are under the regulation of miRNAs,
and as a consequence, miRNAs participate in most
cellular events.
lncRNA
lncRNAs are noncoding transcripts of more than 200 nucleotides
in length. According to their genomic location, lncRNAs can be
divided into several types, including intergenic lncRNAs,
enhancer lncRNAs, and lncRNAs intersecting other genes on
the sense or antisense strand (antisense lncRNAs) (5). lncRNAs
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have many similarities with mRNAs regarding their processing,
since most lncRNAs are transcribed by RNA Pol II, capped in the
5’ end, and are polyadenylated in the 3ʹ end (5). In addition,
lncRNAs are characterized by the secondary and tertiary
structure as a result of Watson–Crick base pairing. The
binding ability with the complementary sequence and the
spatial conformation provide lncRNAs with biological
functions as nucleic acid as well as protein. lncRNA expression
represents a tissue- and time-specific manner and may be altered
in response to diverse stimuli. Thus they may act as essential
mediators of signal transduction. lncRNAs could interact with
DNA, RNA, and protein and regulate the expression and
function of these molecules through various mechanisms. The
binding of lncRNAs to DNA in protein-coding or noncoding
regions, including regulatory sequences such as promoters and
enhancers, is often observed in lncRNAs located in the nucleus,
which allows lncRNAs controlling gene expression via cis- or
trans-regulation. For example, lncRNA TUG1 directly binds to
the promoter of the PGC-1a gene and induces PGC-1a
transcription (6). The regulation of lncRNAs on gene
transcription through interacting with DNA is usually
dependent on the lncRNA-DNA hybrid, which alters the
structure of chromatin and influences the recruitment of
transcriptional modifiers (7). Besides, the binding of lncRNAs
to DNA may lead to concomitant transcription of both lncRNA
and mRNA, and consequent collision or stalling of RNA Pol II,
thus transcription repression (8). The interaction between
lncRNA and mRNA is associated with intron retention and
alternative RNA splicing (9). lncRNAs with different domains,
which allow the concomitant combination of various proteins,
act as scaffolds to assist the assembling of multi-protein
complexes, such as chromatin remodeling complexes, and
guide the interaction between protein and DNA or RNA. It
was shown that upon inflammatory stimulation, lncRNA FIRRE
is upregulated and stabilizes mRNAs of the target inflammatory
genes through recruiting hnRNP U protein (10). lncRNAs also
participate in epigenetic modifications through recruiting
modifiers to certain genes. For example, lncRNA MALAT1 has
been reported to interact with the enhancer of zeste homolog 2
(EZH2) and induce H3K27me3 modification of its target genes
in various tumors (11). Furthermore, lncRNAs can act as decoys
that negatively regulate the functions of the effector molecules.
The binding of lncRNAs may impact the conformation, stability,
and localization of their targets. Through the numerous
regulatory mechanisms, lncRNAs play a crucial role in various
biological processes, including cell proliferation, differentiation,
DNA repairing, apoptosis, and autophagy. The dysregulation of
lncRNAs has been correlated with diverse human disorders (12).
Nowadays, more than 50,000 lncRNAs have been recognized,
and the list of identified lncRNA loci as well as lncRNA isoforms
is continuing to expand.

circRNA
circRNAs, a group of highly conserved ncRNAs, have been
increasingly gaining attention from cancer research to
biotechnology during recent years. Different from linear RNAs,
circRNAs have closed circular structure with a phosphodiester
October 2020 | Volume 10 | Article 577890

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Li et al. Non-Coding RNAs in Lymphoma
bond between the 5’- and 3’-end of the transcript, which is
formed through a back-splicing reaction (13). Lack of free ends
provides circRNAs with high stability against exonucleases.
Similar to lncRNA, the expression of circRNA represents a
tissue- and time-specific manner. Studies using next-generation
sequencing showed specific expression patterns of circRNAs in
human cancers (12), suggesting that they may play a role in
tumor pathogenesis. Diverse cellular functions of circRNAs have
been validated. circRNAs with certain miRNA-binding sites can
indirectly regulate gene expression through sponging their
complementary miRNAs (14). In addition, circRNAs may
interact with proteins, act as protein decoys or scaffolds, and
perform other functions such as sequestering or storing their
binding proteins (15). Moreover, some circRNAs are suggested
to participate in tumorigenesis through encoding regulatory
peptides (16), yet the majority of circRNAs are considered as
noncoding RNAs. Though the understanding of their functions
is still at the primary stage, there is no doubt that circRNAs are
important players in regulating cellular biology and have the
potential to participate in every aspect of oncogenic processes.
THE INTERACTION BETWEEN DIFFERENT
ncRNAs

The interaction between different ncRNAs through
complementary base-pairing represents a critical mechanism
underlying cellular events. The direct binding of lncRNA or
circRNA to miRNA prevents the interaction of miRNA with
their target mRNAs, which is known as the mechanism of
competing endogenous RNA (ceRNA). One lncRNA or
circRNA may sponge various miRNAs via different binding
sites. For example, lncRNA MALAT1 has been reported to
target and repress miR-150 and miR-101 (17, 18). Inhibition of
lncRNA MALAT1 releases its suppressive effect on these
miRNAs, thus activation of mRNAs targeted by miR-150 and
miR-101. Additionally, the interaction between miRNA and
lncRNA may impact the function of the lncRNA. It was shown
that specific mutations in LINC00673 allowed the binding of
miR-1231, which suppressed the antitumor function of this
lncRNA (19).
ncRNAs IN B-CELL DEVELOPMENT

In recent years, studies using genetically modified mice have
highlighted the role of ncRNAs in B-cell development. B-cell
development can be divided into a series of sequential and highly
regulated processes. Early B-cell development in the bone
marrow (BM) includes pro- and pre-B cell stages. During these
stages, B cells undergo rearrangement of immunoglobulin (Ig)
heavy (H) chain and light (L) chain genes and differentiate into
mature naïve B cells that express functional B-cell receptors
(BCRs) without auto-immune activity. Then mature naïve B cells
leave from the BM to the secondary lymph tissues, where they are
exposed to antigens. Some activated B cells differentiate into
Frontiers in Oncology | www.frontiersin.org 3
IgM-secreting B cells. Others enter the follicles and form the
germinal centers (GCs), where they undergo a series of ordered
events, including somatic hypermutations and class switch
recombination, and finally become plasma cells and memory
cells. These processes are tightly controlled by a complex
network of transcription factors, some of which were reported
to participate in tumorigenesis. Similarly, some ncRNAs
identified as important players during normal B-cell
development may also be dysregulated and participate in
pathological processes of lymphoma. Exploration of ncRNA
expression and function in normal B-cell development may
help improve the understanding of their pathogenetic role in
B-cell lymphoma.

Several miRNAs represent key regulators in B-cell lineage
differentiation. For example, miR-181a is the first miRNA
reported to play a role in regulating B-lineage differentiation.
Enforced miR-181a expression in the hematopoietic stem cells or
progenitor cells upregulated the fraction of B-lineage cells both
in vitro and in vivo (20). During early B-cell development, the
miR-17-92 cluster, which contains six miRNAs processed from
the same precursor transcript (miR-17, miR-18a, miR-19a/b-1,
miR-20a, and miR-92-1), and two paralogs (the miR-106b-25
cluster and the miR-106a-363 cluster), promotes B-cell transition
from pro- to pre-B cell, probably through targeting pro-
apoptotic protein PTEN and Bim (21). Deficiency in miR-17-
92 cluster inhibits pro-B cells developing into pre-B cells (21). In
addition, several miRNAs negatively regulate the transition from
pro- to pre-B stage. miR-34a is most highly expressed at the pro-
B stage. Ectopic expression of miR-34a is related to decreased
formation of mature B cells, which is mediated by its direct
target forkhead box P1 (Foxp1), a transcription factor required
for B-cell differentiation (22). Similarly, miR-150 was reported
to target Foxp1 (23), though mainly in mature B cells. It was
shown that miR-150 targeted c-Myb in pro-B cells (24–26).
Enforced expression of miR-150 in hematopoietic progenitors
impairs mature B-cell formation (26). miR-212/132 cluster
negatively regulates pro-B cell survival through targeting
Sry−Related HMG−BOX−4 (Sox4), a transcription factor
necessary for pro-B cell survival (27). A more recent study
showed that miR-125b, which is expressed in BM multipotent
progenitors and myeloid cells, targeted sphingosine-1-phosphate
receptor 1 (S1PR1), a key regulator during the release of
immature B cells from BM (28). GC B-cell development is
also modulated by several miRNAs. miR-155 is a critical
controller miRNA in GC reactions. miR-155 deletion leads
to impaired GC-B cell formation and IgG1 switching
(29, 30). Mechanistically, miR-155 targets the hematopoietic
transcription factor PU.1, and thus regulates the maturation of
IgG1 cells (29). Studies also showed that miRNA-155 fine-tunes the
expression of activation-induced cytidine deaminase (AID), which
acts as a key player in somatic hypermutation and Ig class switching
(31). In addition, AID is targeted by miR-181b (32), another chief
controller miRNA in GC B cells (25). Overexpression of miR-181b
in premature B cells impairs B-cell class switch recombination
through downregulating AID. Moreover, miR-28 negatively
regulates the survival of GC cells via modulating a series of genes
October 2020 | Volume 10 | Article 577890
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associated with BCR signaling and cell proliferation (33). miR-217
positively regulates GC reaction via reducing DNA damage
responses and stabilizing Bcl-6 expression (34).

There is still little known about the role of individual lncRNA
or circRNA in B-cell development. A study reported the high
expression of lncRNA colorectal neoplasia differentially
expressed (CRNDE) in proliferating GC B cells (35). Though
the biological function of CRNDE in B-cell development has not
been examined, studies showed that CRNDE regulates the
central metabolism and promotes metabolic changes in
proliferative cells (36). The finding is consistent with its high
expression in centroblasts of GCs, suggesting that CRNDE may
play a role as a metabolic regulator during B-cell development.
The noncoding antisense transcripts of PU.1 were reported to
inhibit PU.1 at a level of translation (37). Considering the crucial
role of PU.1 in B-cell differentiation (38), it can be assumed that
the antisense PU.1 may regulate B-cell development through
modulating PU.1 expression (Figure 1).

ncRNAs participate in nearly every stage of B-cell development.
Thus, it’s not surprising that ncRNA dysregulations contribute to
lymphomagenesis and development. The role of ncRNAs in B-cell
lymphomas has been elucidated by multiple studies (39), mainly
from two experimental approaches: ncRNA expression pattern in
specific B-cell lymphoma, and functions and underlying
mechanisms of dysregulated ncRNAs in lymphoma cell lines or
murine models. Below we will discuss the pathogenic role of
ncRNAs in B-cell lymphoma mainly from these two aspects.
ncRNA DYSREGULATIONS IN B-CELL
LYMPHOMA

In recent years, studies using high-throughput technologies and
the polymerase chain reaction explored ncRNA expression in B-
cell lymphoma and identified certain ncRNAs that are frequently
deregulated. Some dysregulated ncRNAs (compared with the
Frontiers in Oncology | www.frontiersin.org 4
normal counterpart) with validated functions in common types
of B-cell lymphoma are listed in Table 1.

In diffuse large B-cell lymphoma (DLBCL), the most common
invasive NHL, more than 100 miRNAs have been reported to be
deregulated (40, 41, 89, 90), including numerous miRNAs with
identified biological functions, such as miR-15a/16, miR-21,
miR-34a, miR-106, miR-146a/b, miR-150, and miR-155 (91–
98). A study reported 2,632 novel lncRNAs specifically expressed
in DLBCL clinical samples compared with normal B cells, nearly
half of which were differentially expressed and clustered across
different groups of DLBCL samples (99), suggesting that these
lncRNAs may participate in DLBCL pathogenesis. Single
lncRNA with known biological functions has been studied in
DLBCL. For example, overexpression of MALAT1, one of the
most widely studied lncRNAs, was confirmed in DLBCL.

Based on the genomic characteristics, DLBCL can be
generally divided into two subgroups, germinal center B‐cell‐
like DLBCL (GCB‐DLBCL) and activated B‐cell‐like DLBCL
(ABC‐DLBCL) (100). These two subgroups are associated with
different clinical outcomes. A previous study reported a miRNA
signature, including miR-155, miR-21, and miR-221, to
distinguish GCB‐ and non‐GCB DLBCL (90). In particular, a
higher expression of miR-155 in ABC‐DLBCL was confirmed by
several independent studies (41, 64, 90, 101, 102). A recent study
using the data from the GEO database revealed 156 lncRNAs
differentially expressed between GCB- and ABC-DLBCL and
identified 17 lncRNA to distinguish these two subgroups (46).

Burkitt lymphoma (BL) is characterized by high
aggressiveness and fast-growing ability. Abnormal expression
of c-Myc is a frequent event in BL due to the translocation of c-
Myc and immunoglobulin genes. It’s not surprising that miRNAs
controlled by c-Myc, such as miR-23a/b, miR-34b, miR-125b,
miR-17-92 cluster, and let-7 family are deregulated in BL (103–
105). A recent study identified a group of c-Myc-induced
lncRNAs, which were differentially expressed in BL patient
samples compared with normal GC B cells (72). The
FIGURE 1 | ncRNAs regulate normal B-cell development.
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distinction between DLBCL and BL is clinically significant due to
their different treatment protocols and clinical outcomes.
However, these two subtypes cannot be reliably distinguished
from each other based on the WHO definition, and specific
genomic profiling is established to fulfill the diagnostic criteria
(106). Studies have revealed specific miRNA signatures to
distinguish BL from DLBCL (42, 107). Notably, many of these
miRNAs are correlated with Myc or NF-kB signaling.

Studies of miRNAs in chronic lymphocytic leukemia (CLL)
largely improved our understanding of the role of miRNAs in
tumor pathogenesis, since Calin et al. first reported that miR-
15a/16-1 cluster is located in 13q14 region (2), which is
frequently deleted in CLL patients (108). The further
functional analysis confirmed the association between miR-
15a/16-1 downregulation and CLL pathogenesis (109, 110).
Other ncRNAs with validated biological functions, such as
miR-21, miR-34a, miR-150, miR-155 (59, 111–119), and
MIAT, were also reported to be deregulated in CLL (120).

Several studies explored miRNA expression patterns in
follicular lymphoma (FL) (77). A study reported 17 miRNAs
differentially expressed between t(14;18) (q32;q21)-positive and
-negative FL patients and revealed that these miRNAs were
associated with the expression of multiple genes involved in
cell proliferation, differentiation, and apoptosis (74). A study
explored lncRNA expression in FL and identified 189
significantly deregulated lncRNAs. Among these lncRNAs,
ENST00000545410 (RP11-625 L16.3) was confirmed to play a
pathogenetic role (121).

So far, there are few studies about circRNA expression
profiling in B-cell lymphomas. A recent study using RNA-seq
and NanoString assay provided a landscape of circRNA
expression in mantle cell lymphoma (MCL) (122).
Frontiers in Oncology | www.frontiersin.org 5
MECHANISMS OF ncRNA
DYSREGULATIONS IN B-CELL
LYMPHOMA

Genetic Alterations
Genetic alterations, which are frequently acquired by B-cell
lymphoma, have been correlated with ncRNA dysregulations.
Studies using comparative genomic hybridization reported an
association between global miRNA expression profiling and
DNA gain or loss in B-cell lymphomas (123, 124). However, it
seemed that alterations in copy number alone are not able to
explain the majority of miRNA expression changes.
Downregulation of miR-15a/16-1 is associated with 13q14
deletion, which is often observed in solid and hematological
malignancies, particularly in CLL. Highly expressed miR-17-92
cluster in DLBCL, MCL, and BL is correlated with amplification
in the MIHG1 locus cluster on 13q31 (81, 125, 126). Studies
exploring the association between chromosomal translocation
and ncRNA deregulation showed that transcriptional activation
of miR-125b-1 (located in chromosome 11) was correlated with
t(11,14)(q24;32) translocation (127). Finally, DNA mutations
contribute to ncRNA dysregulations. A study identified germline
or somatic mutations in several miRNAs, including miR-16-1,
miR-27b, miR-29b-2, miR-187, and miR-206 in CLL (119).
Further analysis showed that germline mutations in the primary
precursor of miR-15a/16-1 led to significantly decreased
expression of miR-15a/16-1. Another study by Kminkova et al.
reported that in CLL patients, specific mutations and SNPs
presented in miRNA genes, including miR-16-1 and miR-29b/c,
might alter the expression of these miRNAs (128). Most of the
variations were found located outside the region of mature
miRNAs and change the secondary structures of pri- or
TABLE 1 | Some dysregulated ncRNAs with validated functions in the common subtypes of B-cell lymphoma.

Lymphoma
subtype

ncRNA ncRNA
class

Expression References

DLBCL miR-15a/16, miR-27b, miR-28, miR-34a, miR-101, miR-124, miR-150, miR-181a miRNA ↓ (40–45),
miR-17-92 cluster, miR-21, miR-155, miR-146a/b, miR-217 ↑ (34, 40–42),
SMAD5-AS1, PANDA, FAS-AS1, lincRNA-21, TUG1 lncRNA ↓ (46–50),
SNHG14, OR3A4, NEAT1, FIRRE, MALAT1, HOTAIR, LUNAR1, SMAD5-AS1, HULC ↑ (48, 51–57),
circ-APC circRNA ↓ (58)

CLL miR-15a/16-1, miR-26a, miR-28, miR-29, miR-30a, miR-34a, miR-125b, miR-150, miR-181a/b,
let-7 family

miRNA ↓ (2, 23, 42, 59–63),

miR-17-92 cluster, miR-21, miR-22, miR-155, miR-221/222 ↑ (59, 61, 64),
CANDE, FAS-AS1 lncRNA ↓ (49, 65),
circ-CBFB circRNA ↑ (66)

BL miR-15/16, miR-26, miR-28, miR-29, miR-150 miRNA ↓ (67–70),
miR-17-92 cluster, miR-21, miR-194, miR-217 ↑ (34, 67, 70, 71),
FAS-AS1 lncRNA ↓ (49)
MINCR ↑ (72)
ZDHHC11, ZDHH11B circRNA ↑ (73)

FL miR-26a, miR-28, miR-29c, miR-149, miR-150, miR-181a miRNA ↓ (41, 74–76),
miR-9, miR-20a/b, miR-106a, miR-155, miR-194, miR-494 ↑ (41, 70, 77–79),

MCL miR-26a, miR-29, miR-150 miRNA ↓ (63, 80),
miR-17-92 cluster, miR-146a, miR-222 ↑ (81–83),
SNHG12 lncRNA ↓ (84)
HAGLROS, MANCR, ROR1-AS1, MALAT1 ↑ (11, 85–87),
CircCDYL circRNA ↑ (88)
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pre-miRNAs. Those changes may influence miRNA processing
machinery, thus regulating their expression (128). In addition,
previous studies reported mutations in miR-142 in DLBCL.
Some mutations in the seed sequence of miR-142 generated
novel potential binding sites of ZEB2, a transcriptional repressor
associated with EBV proliferation, and some impaired the
combination of miR-142 to its targets, including RAC1 and
ADCY (129).

Epigenetic Alterations
Epigenetic dysregulations, which are controlled by a number of
complexes, including DNA methyltransferases and histone
modifiers, may lead to abnormal ncRNA expression. Promoter
hypermethylation may suppress ncRNA expression. For example,
downregulation of miR-139 and miR-582 in CLL (130), of miR-29
in BL, and of miR-124-1 and miR-203 in various B-cell
lymphomas are correlated with hypermethylation at their
promoters (69, 131, 132). Promoter hypermethylation may also
induce dysregulations of lncRNA, the lower expression of lncRNA
CANDE in CLL, for example (65).

Histone modifications, including di- or trimethylation, and
acetylation are associated with abnormalities in ncRNA
transcription. For example, overexpression of EZH2 induces
H3K27me3 at the promoter of lncRNA FAS-AS1, thus FAS-
AS1 downregulation (49). Besides, histone deacetylases
(HDACs) trigger histone deacetylation and consequent gene
silencing. Overexpression of HDACs downregulates miR-15a/
16-1 and miR-29b in a group of CLL patients (133). Several
studies confirmed that miR-15a/16-1 and miR-29a/b/c were
epigenetically repressed by HDAC3 and EZH2, under the
facilitation of c-Myc, in several lymphoma cell lines
(134, 135).

Transcriptional Abnormalities
Enhanced or suppressed transcription by conventional
transcription factors contributes to ncRNA dysregulations. c-Myc
is frequently deregulated in B-cell lymphomas, particularly in BL.
Many miRNAs have been reported to be regulated by c-Myc at a
level of transcription, the miR-17-92 cluster, for example (136).
Besides, miR-150 is downregulated by c-Myc in FL, which is
associated with FL transformation (75). Other miRNAs involved
in B-cell lymphoma pathogenesis such as miR-29, miR-34, miR-
125b, miR-146a, miR-155, and let-7a are also targeted by c-Myc
(137–139). Interestingly, it was shown that c-Myc induced the
overexpression of circRNAs ZDHHC11 and ZDHHC11B, which
sponge and suppress miR-150 in BL cells. The finding suggested
that c-Myc downregulated miR-150 via at least two mechanisms
to ensure low expression of miR-150 and subsequent elevated
level of its target c-Myb (73). Additionally, a study performing
RNA-seq in BL samples and cell lines revealed 13 lncRNAs
regulated by c-Myc. Among them, the level of one lncRNA
located in chromosomal 8 was significantly associated with c-
Myc expression, due to which it was named Myc-induced long
noncoding RNA (MINCR) (72). Several lncRNAs, including
NEAT1 and FIRRE, were reported to be induced by c-Myc in
DLBCL (53, 54).
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In addition to c-Myc, p53 abnormalities are also correlated
with the deregulation of numerous ncRNAs in B-cell
lymphomas. miR-34, which is identified as a key p53 target in
various tumor types, including lymphomas, represents a lower
expression in CLL with p53 inactivation (60, 140). miR-34a was
upregulated after induction of DNA damage response and p53
stabilization in CLL (60, 141). Downregulation of miR-34
increased cell viability after DNA damage, thus related to the
resistance of lymphoma cells to chemotherapy. miR-15a/16-1
cluster and miR-124 were reported to be directly targeted and
activated by p53 (142, 143). Enforced expression of miR-15a/16-
1 downregulates p53 and consequently impacts miR-34a/b/c
expression in lymphoma cells (142), thus forming a miRNA/
p53 feedback circuity. lncRNA NEAT1 and lincRNA-p21 were
reported to be upregulated upon p53 induction (144). Decreased
expression of lncRNA PANDA is related to p53 downregulation
in DLBCL (46). Also, upregulated c-Myb contributes to the
overexpression of miR-155 by stimulating its transcription
(114). miR-155 is also a transcriptional target of NF-kB (68).
Epstein-Barr virus (EBV)-encoded latent membrane protein-1
(LMP1) upregulates miR-155 through enhancing NF-kB
activation (145). Studies also showed NF-kB knockdown
reduces miR-21 level in B-cell lymphoma, suggesting that
deregulated NF-kB may lead to the increased expression of
miR-21 (146).

Processing Abnormalities
As we have mentioned, miRNAs are processed from long
primary precursors known as pri-miRNAs. Aberrant miRNA
processing may lead to reduced expression of tumor-
suppressive miRNAs in B-cell lymphomas. It was observed
that the primary transcript of miR-15a/16-1 was upregulated,
whereas the precursor was downregulated in CLL (147),
suggesting a block in DROSHA-induced cleavage of miR-15a/
16-1. Further analysis confirmed that the defect in pri-miRNA
processing was induced by RNA-specific deaminase ADARB1,
probably through interacting DROSHA and competing
with its RNA-processing activity (147). Besides, processing
abnormalities seem to contribute to miR-155 downregulation
in BL. Forced introduction of pri-miR-155 in BL cell lines does
not increase miR-155 expression, while it upregulates miR-155
in normal B and HL cells (68), suggesting that the expression of
mature miR-155 is downregulated during its processing in
BL cells.

Virus-Induced ncRNA Dysregulation
The infection of EBV, a DNA virus of the herpesvirus family, has
been correlated with the genesis of several lymphomas, including
BL, HL, and DLBCL. EBV infection may influence cellular
ncRNA expression. The initial evidence came from the
findings that the miRNA signature differs between EBV-
positive and -negative BL (68). Specific EBV-encoded proteins
have been confirmed to participate in ncRNA regulations. As
previously mentioned, miR-155 is induced by LMP1-mediated
NF-kB activation. Similarly, miR-146 and miR-29b are
upregulated by LMP1 in EBV-positive lymphomas (148, 149).
Besides, miR-146a, miR-21, miR-34a, and miR-155 were
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reported to be deregulated by Epstein-Barr nuclear antigen 2
(EBNA2) (150–152). Interestingly, a recent study using Ago-IP
and RNA sequencing suggested EBV infection of DLBCL cells
not only influencing miRNA expression but also the overall
content of miRNA in Ago2 complex, a complex through which
miRNAs are tethered to their target mRNAs (153). It’s worth
noting that EBV encoded ncRNAs, including miRNAs and
lncRNAs, may participate in lymphoma onset and
development, which has been demonstrated by several studies
(154–158). In addition, a recent study identified an EBV-
encoded circRNA named ebv_circ_RPMS1, which was
suggested to sponge miRNAs with validated biologic or
pathogenetic functions (159) (Figure 2).

Kaposi’s sarcoma-associated herpesvirus (KSHV/HHV8) is
strongly correlated with the development of a specific lymphoma
subset, the primary effusion lymphoma (PEL). KSHV encoded
ncRNAs may act as an important mediator in KSHV-induced
lymphomagenesis. Some KSHV-encoded miRNAs were reported
to mimic the function of cellular miRNAs, including miR-155
and miR-142, and participate in the regulation of various
signaling pathways (160). A recent study revealed that
numerous circRNAs were encoded by the lytic genes of KSHV
(161). Functions of these circRNAs in PEL pathogenesis need to
be further explored in the future.
Frontiers in Oncology | www.frontiersin.org 7
FUNCTIONS AND UNDERLYING
MOLECULAR MECHANISMS OF ncRNAs
IN B-LYMPHOMA

ncRNAs Regulate Cell Apoptosis in B-Cell
Lymphoma
ncRNAs Regulate Cell Apoptosis Through
Modulating Bcl-2 Family
The B-cell lymphoma-2 (Bcl-2) family, which plays a key role in
modulating cell apoptosis via the mitochondrial death
machinery, consists of both anti-apoptotic or pro-apoptotic
proteins, and the balance between these proteinsare is strictly
regulated by ncRNAs. Studies showed that miR-15a/16-1
regulated cel l apoptosis via direct ly target ing and
downregulating Bcl-2 (109). Enforced expression of miR-15a/
16-1 increased apoptosis of malignant B cells both in vitro and in
vivo. In addition, lncRNA HULC was suggested to regulate Bcl-2
expression in B-cell lymphoma (55). Studies showed that HULC
significantly overexpressed in DLBCL samples and cell lines.
Knockdown of HULC induced apoptosis of DLBCL cells, which
was accompanied by a decreased level of Bcl-2 (55). Myeloid cell
leukemia-1 (Mcl-1) is a potent anti-apoptotic protein belonging
to the Bcl-2 family. It was reported that the Mcl-1 transcript was
FIGURE 2 | Overview of the mechanisms underlying ncRNA dysregulation in B-cell lymphoma. (A) Genetic alterations lead to ncRNA dysregulations. (B) Epigenetic
alterations lead to ncRNA dysregulations. (C) Transcriptional abnormalities lead to ncRNA dysregulations. (D) Processing abnormalities lead to ncRNA
dysregulations. (E) EBV infection leads to ncRNA dysregulations.
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targeted by miR-29b in several malignant B-cell lines. Ectopic
expression of miR-29b reduces Mcl-1 expression, and
consequently increases apoptosis of malignant B cells. Besides,
Mcl-1 is one of the targets of miR-15a/16-1 (133). The decreased
level of miR-15a/16-1 in p53-knockout mice, which developed
aggressive CLL, was associated with Mcl-1 overexpression (162).
miR-181a/b, significantly downregulated in CLL, targets both
Mcl-1 and Bcl-2, thus modulating cell apoptosis (118). Besides,
the lower expression of miR-181b is correlated with poorer
prognosis of CLL patients (111, 118, 163). In addition, Bcl-xL
is another anti-apoptotic protein belonging to the Bcl-2 family,
and miR-135b was reported to downregulate Bcl-xL through
targeting JAK2, a Bcl-xL activator (164). Moreover, the miR-17-
92 cluster was confirmed to repress pro-apoptotic protein Bim,
which contributed to its pathogenetic role in B-cell
lymphoma (81).

ncRNAs Regulate Cell Apoptosis Through
Modulating p53 Protein
P53 mediates diverse tumor-suppressive effects through
modulating transcription of multiple genes involved in cell
apoptosis, proliferation, and DNA repairing. Defective p53
signaling, which enables malignant cells to escape from
apoptosis and cell cycle arrest, is strongly correlated with
tumorigenesis and development across human malignancies.
miR-34a is identified as a key regulator of p53 (60).
Mechanistically, miR-34a targets SIRT1, which inhibits cell
apoptosis through deactivating p53 (138, 165). Downregulation
of miR-34a releases its suppressive effect on SIRT1, consequently
leading to p53 inhibition. Since miR-34a transcription is
activated by p53 (166), miR-34a, SIRT1, and p53 form a
feedback loop that positively regulates p53 expression. In
addition, a negative feedback loop is formed between the miR-
15a/16-1 cluster and p53, since miR-15a/16-1 is transcriptionally
activated by p53, and in turn it targets p53 and represses its
expression (142). Additionally, p73, a member of p53 families,
works synergistically with p53 to regulate cell apoptosis. Studies
reported that miR-106b targeted ubiquitin ligase Itch.
Upregulation of miR-106b by chemotherapy induced p73
accumulation and cell apoptosis in CLL (167).

ncRNAs Regulate Key Signaling Pathways
Associated With Cell Survival
PI3K/Akt signaling provides potent anti-apoptotic effects in cells.
Aberrant activation of PI3K/Akt signaling, which is frequently
observed in B-cell lymphoma, is correlated with ncRNA
dysregulations. It was reported that miR-17-92 cluster directly
targeted and downregulated PH domain and leucine-rich repeat
Protein Phosphatase 2 (PHLPP2) (81, 168), a negative regulator of
PI3K/Akt signaling pathway. Overexpression of miR-17-92 was
shown to activate PI3K/Akt signaling (81). Besides, miR-19a/b
was also demonstrated to target PTEN, which negatively regulates
Akt activation. Other miRNAs, including miR-21 and miR-22,
were also reported to target PTEN in B-cell lymphomas (146, 169,
170). In addition, miR-27b, which is epigenetically silenced in
DLBCL, targets tyrosine kinase MET and consequently repressed
Frontiers in Oncology | www.frontiersin.org 8
PI3K/Akt signaling. Forced introduction of miR-27b in DLBCL
cells inhibits cell survival and proliferation (98). miR-155 was
reported to activate PI3K/AKT signaling pathway in DLBCL and
CLL through targeting SH2-containing inositol phosphatase-1
(SHIP-1) (171, 172). Increased miR-155 expression and
consequent Akt activation are associated with chemoresistance
of DLBCL cells (42, 173). Furthermore, miR-34a was shown to
target Axl, a tyrosine receptor kinase activating PI3K/Akt
signaling and overexpressed in CLL (174). Moreover, T-cell
leukemia/lymphoma 1 (Tcl1) is a coactivator of Akt (175). High
expression of Tcl1 was found in CLL, BL, and DLBCL,
particularly in aggressive CLL subtypes (116). Several miRNAs,
including miR-29b, miR-181b, and miR-484, were reported to
target Tcl-1 in B-cell lymphoma (116). Finally, deregulated
lncRNAs may also impact PI3K/Akt signaling. A study reported
that the silencing of lncRNA HOX transcript antisense RNA
(HOTAIR) in DLBCL cell lines led to increased cell
apoptosis through reducing PI3K/Akt activation (56). lncRNA
TUG1, which is overexpressed in DLBCL, affects PI3K/Akt
signaling through interacting with MET and reducing its
ubiquitination (48).

Other deregulated signaling pathways related to cell survival,
such as mitogen-activated protein kinase (MAPK), NF-kB, and
Wnt/b-catenin signaling pathways, have also been reported
modulated by ncRNAs in B-cell lymphomas. For example,
miR-101 was reported to target mitogen-activated protein
kinase kinase 1 (MEK1), an upstream protein kinase of Erk, in
DLBCL. The decreased level of miR-101 predicts poorer
prognosis of DLBCL patients (43). lncRNA PANDA was found
to negatively regulate MAPK/Erk signaling pathway in DLBCL
cells (46). Downregulated PANDA resulted in decreased tumor
cell apoptosis and increased cell proliferation. HOTAIR was also
reported to activate MAPK/Erk signaling in B-cell lymphoma,
which was mediated by its target miR-148b (176). A recent study
showed miR-124, a tumor suppressor that is downregulated in
DLBCL, was suppressed by NF-kB signaling. Previous studies
have reported miR-124 suppressed cell survival and proliferation
through targeting NF-kB in B-cell lymphomas, and thus miR-
124 together with NF-kB formed an autoregulatory feedback
loop (143, 177). Furthermore, several deregulated lncRNAs in B-
cell lymphoma, including OR3A4, SMAD5-AS1, and FIRRE,
were reported to modulate cell apoptosis and proliferation via
Wnt/b-catenin signaling pathway (52, 54). Finally, circRNA-
APC, which is downregulated in DLBCL, inhibits Wnt/b-catenin
signaling through upregulating APC, a suppressor of b-catenin
accumulation in the nucleus (58).

ncRNAs Regulate the Cell Cycle in B-Cell
Lymphoma
ncRNA Regulate Cell Cycle Regulatory Proteins
Cell-cycle progression is strictly controlled by numerous cell
cycle regulatory proteins, including cyclin-dependent kinases
(CDKs), CDK inhibitors (CKIs), cyclins, and members of the
RB and E2F families. Dysregulation of these proteins may result
in uncontrolled cell proliferation in B-cell lymphoma. miR-15a/
16-1 modulates the expression of a series of proteins involved in
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G0/G1-S phase transition, including cyclin D1/2/3, cyclin E, and
CDK 4/6 (110, 178). Decreased miR-15a/16-1 expression
enhances activation of these proteins and consequently
increases lymphoma cell proliferation in vitro and in vivo. In
addition, miR-26a and miR-29 were reported to target CDK6 in
MCL (80). Downregulation of miR-29 is identified as a
prognostic marker of MCL patients. In addition, miR-26a was
shown to directly target and inhibit EZH2 in BL, and thus
modulates the expression of EZH2 targeted genes, including
cyclin E2 and cyclin B1. Restored expression of miR-26a in BL
cell lines leads to the arrested cell cycle and reduced cell
proliferation (137). Overexpression of miR-221/222 promotes
the G0/G1-S transition through modulating the CKI p27 in CLL
(115). Additionally, the miR-17-92 cluster acts as a key player in
lymphoma cell proliferation through regulating p21, a CKI
family member that negatively regulates G1-S transition (82).
Besides, miR-17, miR-20a, and miR-34a target and downregulate
E2F transcription factor 1 (E2F1), a crucial determinant of the
transition from G1 to S phase (113, 179).

Several lncRNAs were reported involved in the modulation
of cell-cycle checkpoint proteins. The knockdown of MALAT1
in DLBCL and MCL cell lines leads to the arrested cell cycle
(11, 180). Mechanistically, MALAT1 interacts with EZH2
and promotes methylation at the promoter of p21 and
p27, thus repressing expression of these two genes (11).
Inhibition of lncRNA LUNAR1, which is highly expressed in
DLBCL samples and patients, significantly arrests cell cycle,
accompanied by downregulated E2F1 and cyclin D1, and
upregulated p21 expression (57). The expression of lincRNA-
p21 is significantly downregulated in DLBCL and is associated
with the prognosis of DLBCL patients (50). Ectopic expression
of lincRNA-p21 in DLBCL cells inhibits cell proliferation
through modulating the expression of p21, cyclin D1, and
CDK4 (50). In addition, lncRNA ROR1 antisense RNA 1
(ROR1-AS1), whose expression is significantly upregulated in
MCL, downregulates p16 through interacting with EZH2 (87).
Moreover, lncRNA MINCR is suggested to act as a modulator
of c-Myc-mediated transcription of multiple genes involved in
cell-cycle progression. The knockdown of MINCR in BL cell
lines inhibits expression of these genes and consequently
decreased cell proliferation (72).

ncRNAs Fine-Tune c-Myc Expression in B-Cell
Lymphoma
Hyperactivity of c-Myc, which is associated with uncontrolled
cell proliferation, is a hallmark of the highly aggressive B-cell
lymphoma. ncRNAs may impact c-Myc expression in direct or
indirect ways. For example, studies showed that the level of
lncRNA growth arrest-specific 5 (GAS5) was negatively
associated with c-Myc expression in DLBCL (181). Further
analysis revealed that GAS5 modulated c-Myc expression at a
level of translation, probably through its direct interaction with
eukaryotic initiation factor 4F (eIF4F), a key factor of translation
initiation complex (182). Similarly, lncRNA SNHG12 was
reported to inhibit c-Myc translation in MCL, via interacting
with eIF4F (84).
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Also, c-Myc induces dysregulation of numerous miRNAs,
which in turn regulate its expression (39). let-7a is repressed
by c-Myc, and let-7a targets c-Myc and inhibits its
expression, suggesting that overexpressed c-Myc and let-7a
form a feedback loop that stimulates c-Myc expression (105).
As another example, miR-144/451 directly targets c-Myc and
is inversely regulated by c-Myc at a level of transcription.
Loss of miR-144/451 expression is able to initiate lymphoma-
genesis in aged mice via c-Myc activation (183). In addition,
miR-17-92 is upregulated by c-Myc in B-cell lymphomas
(184). miR-92a upregulates c-Myc through suppressing
FBW7 (185), a negative regulator of c-Myc, and thus forms
a positive feedback loop. Interestingly, some c-Myc-induced
ncRNAs, in turn, downregulate c-Myc expression. It
was reported that miR-17/20 targeted Check2, whose
downregulation induces the binding of HuR to the transcript
of c-Myc, thus leading to inhibited c-Myc translation (136).
These findings showed the role of ncRNAs in “fine-tuning”
expression of c-Myc in B-cell lymphomas. On the one hand,
the positive feedback loops of ncRNAs and c-Myc promote
lymphomagenesis and progression. On the other hand,
ncRNAs protect tumor cells from excessive c-Myc expression
and consequent side effects, thus ensuring homeostasis of
lymphoma cells (Figure 3).

ncRNAs Regulate Cell Differentiation in B-Cell
Lymphoma
Given the role of ncRNAs in normal B-cell differentiation, it’s
not surprising that dysregulated ncRNAs may lead to
lymphomagenesis through altering B-cell differentiation
processes. A study using Tet-off and Cre technology to
generate mice with conditionally overexpressed miR-21
showed that the high level of miR-21 resulted in a pre-B
malignant lymphoid-like phenotype (186). Further analysis
showed that single cells from the lymph nodes of the miR-21-
overexpressing mouse model represented undifferentiated
immunotype. In contrast, cells from the wild-type control
had the naïve and differentiated immunotypes (186). The
finding suggested that miR-21 overexpression promotes
lymphomagenesis, at least partly through impairing B-cell
differentiation. Also, miR-127 is suggested to block B-cell
differentiation through downregulating B lymphocyte-induced
maturation protein-1 BLIMP-1, a master regulator of terminal
B-cell differentiation. High expression of miR-127 in EBV-
positive BL cells may explain the different morphology,
immunophenotype, and gene expression between EBV-positive
and -negative BL cells. Additionally, downregulated miR-150 by
c-Myc is associated with the high grade transformation of FL,
which is led by increased expression of miR-150 target FOXP1
(75). Ectopic expression of miR-150 in EBV-positive BL cell lines
induced differentiation of the malignant GC B cells to the
terminal stage through targeting c-Myb. Regarding that c-Myc-
induced circRNA ZDHHC11 and ZDHHC11B downregulate
miR-150 in BL (73), it can be hypothesized that dysregulation
of these two circRNAs also impacts B-cell differentiation via
sponging miR-150.
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ncRNA Mediate the Interaction Between
Lymphoma Cells and the Microenvironment
Recent studies have described microenvironment as a critical
player in tumor genesis and development (39). In B-cell
lymphomas, the dynamic interactions between malignant cells
and the lymphatic niches, including the release of chemokines,
cytokines, and adhesion of B cells to the extracellular matrix,
stromal cells, and other lymphocytes, are translated into intrinsic
signaling pathways associated with cell survival, migration, and
drug sensitivity. Of critical importance, some functional ncRNAs
may be deregulated during the interaction, and some may
influence the tumor microenvironment, such as angiogenesis
and immune efficacy. Thus ncRNAs act as critical mediators in
the interaction between B-cells and lymphoid microenvironment.

Cell-Cell Contact
Studies reported deregulated ncRNAs via cell-cell contact. The
adhesion of malignant B cells to stromal follicular dendritic cells
(FDCs) induces overexpression of miR-181a and subsequently
decreased expression of its target Bim, which is associated with
resistance of tumor cells to chemotherapies (76). Also, the adhesion
of B cells to FDCs induces the downregulation of let-7 families and
miR-9, and the upregulation of miR-30 family. Dysregulations of
these miRNAs lead to increased expression of the transcription
regulator PRDM1 and decreased expression of Bcl-6 (187).
Moreover, the contact between lymphoma cells and stromal cells
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downregulates miR-548m, thus releasing its suppressive effect on
HDAC6 (188). Decreased expression of miR-548m and increased
expression of HDAC6 work synergistically to induce lymphoma
formation and drug resistance. Finally, c-Myc was reported to be
upregulated via the adhesion between malignant B cells and
stromal cells. Considering that c-Myc regulates a series of
ncRNAs in B cells, it can be hypothesized that increased
expression of c-Myc via cell-cell contact contributes to ncRNA
dysregulations in B-cell lymphomas. These findings together
suggested that tumor microenvironment may induce lymphoma
initiation, progression, and drug resistance through modulating
ncRNA expression.

BCR Signaling
BCR acts as a key modulator of the interplay between extrinsic
stimuli and intrinsic survival signaling cascades. Abnormal BCR
signaling could trigger persistent activation of crucial signaling
pathways associated with B-cell activation, proliferation, and
migration, thus involved in the lymphoma onset and
progression. Recent-year studies have revealed a correlation
between ncRNA dysregulation and abnormal BCR signaling in
B-cell lymphomas (172). miR-150 has been confirmed to target
Grb2-associated binder 1 (GAB1) and Foxp1 in normal B cells
and several B-cell lymphomas (23, 75, 75). Both GAB1 and
Foxp1 positively regulate BCR signaling, as GAB1 promotes
the recruitment of PI3K to the membrane, and Foxp1
FIGURE 3 | Molecular mechanisms underlying ncRNA-mediated survival and proliferation of malignant B cells. (A) ncRNAs modulate p53 expression. (B) ncRNAs
modulate the Bcl-2 family members. (C) ncRNAs regulate key signaling pathways associated with cell survival. (D) ncRNAs modulate cell-cycle regulatory proteins.
(E) ncRNAs fine-tune c-Myc expression.
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transcriptionally activates genes involved in BCR signaling
pathways (23). In addition to miR-150, miR-34a, and miR-
181a were also found to target and regulate Foxp1 (141, 189).
A recent study reported that miR-34a, which was upregulated by
p53 during the activation of DNA repairing response, repressed
Foxp1 and subsequently reduced the propensity of BCR
signaling in CLL cells (141). This finding provides a new
mechanism by which B cells stop the pro-proliferative signal
when cell cycle arrest is required. Also, miR-155 is identified as a
key player in BCR activation. Treating CLL cells with B-cell
activators increases miR-155 expression and simultaneously
enhances the sensitivity of BCR to its ligand (171). Further
analysis suggested that the effect of miR-155 on BCR signaling
was at least partly mediated by its target SHIP1, a negative
regulator of PI3K/Akt and BCR activation (171). High
expression of miR-17-92 cluster was also demonstrated to
amplify BCR signaling through inhibiting CD22 and FCGR2B,
which limit BCR activation through the immunoreceptor
tyrosine inhibitory motifs (ITIM) (190). Additionally, a more
recent study reported that miR-17-92 targeted PTPROT and
PP2A, both of which are negative regulators of BCR signaling,
suggesting another mechanism underlying miR-17-92-mediated
BCR signaling deregulation (191). Moreover, miR-34b/c was
confirmed to target zeta-associated protein 70 (ZAP-70), a
protein that is supposed to lower the threshold of BCR
signaling through enhancing phosphorylation of BCR signaling
motifs (192). Finally, studies reported that miR-650 was encoded
by the variable subgenes for IgL and upregulated when its host
gene for IgL expressed. Given that miR-650 target genes are
associated with cell proliferation such as CDK1, the regulation of
miR-650 level is likely to help coordinate gene expression and B-
cell biology with the expression of mature BCRs (193, 194).
These findings showed that ncRNAs might mediate
microenvironment-induced lymphomagenesis and development
through modulating BCR, the central hub at the crossroad
between extrinsic events and intrinsic signaling. Additionally,
certain ncRNA expression can be triggered by BCR signaling. For
example, the expression of miR-155 and its primary transcript is
induced by the recruitment of JunB and FosB to miR-155 promotor
after BCR activation, which is controlled by Erk and JNK signaling
pathways (195).

Immune Modulation
Recent studies have shed light on the contribution of ncRNAs to
tumor immune evasion. Overexpressed miR-155 in DLBCL cells
leads to increased expression of programmed death-ligand 1
(PD-L1). Since PD-L1 induces Fas-mediated apoptosis and
impairs the function of cytotoxic CD8+ T cells by interacting
with PD-1, miR-155 is suggested to promote the immune evasion
of lymphoma cells (196). A recent study reported EBV-encoded
EBNA2 repressed miR-34a transcription, which in turn
increased PD-L1 expression in lymphoma cells (151). As
another example, lncRNA SNHG14 upregulates Zinc finger E-
box binding homeobox 1 (ZEB1) through sponging miR-5590-
3p. ZEB1 transcriptionally induces SNHG14 and PD-L1
expression. Thus SNHG14, ZEB1, and miR-5590-3p form a
positive feedback loop that promotes PD-L1 expression (51).
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Furthermore, the status of innate immune cells is also
impacted by ncRNA expression. It was reported that miR-155
level was associated with macrophage polarization in the
lymphoma microenvironment (197). Higher expression of
miR-155 in EBV-negative DLBCL samples was suggested to
related to a lower ratio of M2 macrophages, which plays an
immunosuppressive role in the tumor environment. This finding
is consistent with a previous study in which miR-155-
knockdown accelerated tumor growth through impairing
classic activation of M1 and skewing the macrophages toward
an M2 phenotype (198) (Figure 4).

Therapeutic Potential of ncRNA in B-Cell
Lymphoma
Strategies for targeting ncRNAs vary depending on ncRNA
subtype, subcellular location, and whether they act as
suppressor or promotor during malignant transformation.

miRNA-Targeted Therapeutics
miRNA-targeted therapies include two major therapeutic
approaches depending on their function and aberrant status in
malignancies. The first one is miRNA replacement, which aims
to enforce the expression of tumor suppressor miRNAs. It could
be achieved by delivering small synthetic RNA duplex, which
mimics endogenous miRNAs. The therapeutic effects of certain
tumor-suppressor miRNAs have been tested in B-lymphoma
preclinical models. For example, prophylactic and therapeutic
delivery of miR-28 through viral vectors showed significant
antitumor effects in DLBCL and BL xenografts, and in murine
primary lymphoma models (33). The other approach of miRNA-
targeted therapy is inhibition of tumor-inducing miRNAs, which
is mainly based on the application of antisense single-stranded
oligonucleotides (ASOs). ASOs function through binding to the
complementary RNA and silencing the target RNA through
endonucleolytic cleavage. Various chemical modifications have
been developed to increase their stability for in vivo delivery,
such as locked nucleic acid (LNA) oligonucleotides, cholesterol-
conjugated antagomirs, and polylysine-conjugated peptide
nucleic acids (199). Some anti-miRNA agents have been tested
in B-cell lymphomas, such as LNA-anti-miR-155, which showed
a significant effect in the murine model (200). Besides, an
oligonucleotide named Cobomarsen, which targets miR-155, is
being tested in phase 1 clinical trial for patients with cutaneous
T-cell lymphoma (201). Compared with miRNA mimics, anti-
miRNA therapy has shown less off-target effects in preclinical
trials, and more clinical testing is needed to evaluate the dosing
schedule, efficacy, side effects, and toxicity of these therapeutics.

lncRNA-Targeted Therapeutics
Double-stranded RNA-mediated interference (RNAi) and ASOs
are commonly used in lncRNA-targeted therapies. RNAi is
mediated by short antisense RNA through binding to its target
lncRNA and inducing RISC-mediated lncRNA silencing and
degradation. However, the effect is limited in cases that the
target lncRNA has extensive secondary structure or localizes in
the nucleus, and it’s mandatory to use ASOs in such conditions.
The above-described chemical modifications are also applied to
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increase the stability and specificity of lncRNA-targeting ASOs.
LNA enhanced antisense oligonucleotides (LNA-ASO), for
example, have shown optimal effects, particularly for lncRNAs
located in the nucleus. LNA-ASO could be directly used for in
vivo delivery. The remarkable effect and low toxicity of LNA-
ASO targeting lncRNAs have been reported in hematological
malignancies. For example, Amodio et al. showed that naked
delivery of MALAT1-targeted LNA‐gapmeR (a modified ASO)
significantly knocked down MALAT1 in MM cells, with a
consequently reduced cell proliferation and bortezomib
resistance both in vitro and in vivo (202). Regarding the roles
of oncogenic lncRNAs in lymphomagenesis and progression,
relative researches may be promising in B-cell lymphomas.
CONCLUSIONS AND FUTURE
PERSPECTIVES

Current evidence reveals that numerous ncRNAs are deregulated
in B-cell lymphoma, and it’s interesting to observe that a
number of dysregulated ncRNAs act as key regulators during
normal B-cell development, which suggests the link between the
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physiological and pathological role of ncRNAs in B cells. Despite
the heterogeneous biologic nature of B-cell lymphomas, many
ncRNAs are frequently dysregulated in different lymphoma
subtypes, as a result of genetic and epigenetic, transcriptional,
and posttranscriptional abnormalities. Deregulated ncRNAs play
an essential role in regulating cell survival, proliferation, and
differentiation, as well as mediating the interaction between
malignant B cells and the tumor environment, and thus
promote lymphoma onset and progression. Given that ncRNAs
are involved in various oncogenetic processes, studies about
ncRNA expression and function are important for the
understanding of tumor biology and the development of
ncRNA-targeted therapy. However, despite the significant
progress achieved so far, the functions and regulatory
mechanisms of most lncRNAs and circRNAs remain elusive.
There are few studies about the role of the secondary structure
of lncRNAs in tumors, which are crucial for the biological function
of lncRNAs (203). Recent studies also highlighted the role of RNA
modifications, including m6A modification in ncRNAs. m6A
modification is associated with structural changes on lncRNAs
(204), and these changes may impact the interaction between
lncRNAs and their binding partners (205), thus regulating the
function and stability of lncRNAs. Another concern is that current
FIGURE 4 | ncRNAs mediate the interaction between malignant B cells and the tumor environment.
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knowledge of the function and regulatory mechanism of ncRNAs
is fragmented across cancer types. Some ncRNAs have been
reported to function as a tumor suppressor or oncogene in
different tumors, and the regulatory mechanisms may be
influenced by the cellular context. The fragmented information
about ncRNA functions may be an issue in such conditions. In
addition, compared with miRNAs and lncRNAs, the study of
circRNA expression can be more challenging. An important issue
is that most public RNA-seq datasets do not contain the
information of circRNA, as a result of the traditional RNA
library preparation, during which RNAs without poly-A tails
are removed.

ncRNA expression profiling has the potential for lymphoma
diagnosis. As we have mentioned, the ncRNA expression signature
may help distinguish different lymphoma entities and optimize the
standard of lymphoma classification, which keeps evolving with
the improving understanding of the molecular nature of
lymphoma. Besides, certain ncRNAs are correlated with
lymphoma progression or drug resistance, suggesting that
stratification of patients based on ncRNA expression may be a
promising tool to predict prognosis and improve future
management of B-cell lymphoma patients. To note that,
increasingly research has focused on the expression pattern of
ncRNAs in biological fluids, which are called circulating ncRNAs.
It’s shown that differential expression of circulating ncRNAs could
help distinguish B-cell lymphoma patients, suggesting that the
method of ncRNA-based diagnosis or stratification may be
achieved in a non-invasive way. For example, a recent study
showed a serum-miRNA signature, including miR-18a, miR-24,
miR-15a, and let7b/c, to distinguish DLBCL patients from normal
controls (206). As another example, serum lncRNA RP11-
513G11.1 was reported to be highly expressed in DLBCL, and a
higher level of serum RP11-513G11.1 was associated with shorter
PFS and OS of DLBCL patients (207). Though detecting the
expression of circulating ncRNAs has been considered as a
promising method for lymphoma diagnosis and stratification,
there are still some challenges, including the high variability and
low yield of RNA extracted from the serum or plasma. The
optimization of serum/plasma RNA purification and the
normalization of data processing are needed in the future.

Considering that ncRNAs participate in nearly every aspect of
lymphoma pathogenesis, it’s promising to treat ncRNA as
therapeutic targets in B-cell lymphoma. However, the field is
still in its infancy stage, with relatively insufficient data and some
unsolved issues. One major concern is how to improve the
specificity and efficiency of targeting specific ncRNAs in the
Frontiers in Oncology | www.frontiersin.org 13
malignant cells. Another problem is that the ncRNA regulatory
network is complex and hasn’t been fully understood, and thus
may cause unexpected results during preclinical application. For
example, a study reported that enforced expression of tumor
suppressor miR-34a in B-cell lymphoma cells confers
bortezomib resistance through inhibiting bortezomib-induced
cell apoptosis (138). So far, the majority of lncRNAs and
circRNAs haven’t been studied yet, which limits their
therapeutic potential, and more basic research is needed to
clarify their functions as well as regulatory mechanisms.

Despite the above-described challenges, we can expect the
combination of ncRNA-based therapeutics and other approaches
in the future. ncRNA dysregulations are tightly correlated with
chemoresistance and radioresistance across human cancers
(208). The application of ncRNA-targeted therapy has the
potential to reverse such resistance of tumor cells.
Additionally, recent studies have shed light on chimeric
antigen receptor (CAR) T cell immunotherapy, the novel type
of adoptive cell transfer therapeutics, which has been approved
by the Food and Drug Administration for treatment in advanced
B-cell lymphoma. Considering that ncRNAs contribute to the
regulation of tumor immunity, including T-cell responses, it’s
promising to combine CAR T therapies with ncRNA-based
therapeutics to improve treatment efficacy, which has been
validated by several preclinical studies (209, 210).
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