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1 | INTRODUCTION
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Abstract

Understanding of the microRNAs (miRNAs) regulatory system has become indispen-
sable for physiological/oncological research. Tissue and organ specificities are key
features of miRNAs that should be accounted for in cancer research. Further, cancer-
specific energy metabolism, referred to as the Warburg effect, has been positioned
as a key cancer feature. Enhancement of the glycolysis pathway in cancer cells is what
primarily characterizes the Warburg effect. Pyruvate kinase M1/2 (PKM1/2) are key
molecules of the complex glycolytic system; their distribution is organ-specific. In
fact, PKM2 overexpression has been detected in various cancer cells. PKM isoforms
are generated by alternative splicing by heterogeneous nuclear ribonucleoproteins.
In addition, polypyrimidine tract-binding protein 1 (PTBP1) is essential for the pro-
duction of PKM2 in cancer cells. Recently, several studies focusing on non-coding
RNA elucidated PTBP1 or PKM2 regulatory mechanisms, including control by miR-
NAs, and their association with cancer. In this review, we discuss the strong relation-
ship between the organ-specific distribution of miRNAs and the expression of PKM
in the context of PTBP1 gene regulation. Moreover, we focus on the impact of PTBP1-
targeting miRNA dysregulation on the Warburg effect.
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orchestrally modulate major life phenomena,®* impacting, for in-

stance, tissue differentiation and carcinogenesis.5’6 Nowadays, it is

MicroRNAs (miRNAs) are non-coding and functional small nucleic
acids. miRNAs repress gene expression at the translational level
through the inhibition of translation or through induction of the deg-
radation of target mRNAs by binding to a complementary site within
the 3'UTR of target mRNAs.? Although the individual function of

miRNAs is to fine-tune gene expression, many miRNAs substantially

well known that dysregulation of miRNAs contributes to carcinogen-
esis.’ Expression of miRNAs is frequently dysregulated as a result of
epigenetic silencing (eg, via hypermethylation)8 and the suppression
of transcriptional factors (eg, hepatocyte nuclear factor).? miRNAs
are also deeply involved in organ development and tissue differ-

entiation.’°2 Moreover, the uneven organ distribution of miRNAs

Abbreviations: 3'UTR, 3' untranslated region; CRC, colorectal cancer; GBM, glioblastoma multiforme; HCC, hepatocellular carcinoma; hnRNP, heterogeneous nuclear
ribonucleoproteins; miRNA, microRNA; NET, neuroendocrine tumor; PKM, pyruvate kinase M; PTBP1, polypyrimidine tract-binding protein 1; RMS, rhabdomyosarcoma; ROS, reactive

oxygen species; TCA, tricarboxylic acid.
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implies that their expression profiles are organ-specific. Besides, the
organ distribution of miRNAs is closely associated with the biologi-
cal function of the organ.138

Recently, cancer-specific energy metabolism (Warburg effect)

d;*20 increased glycolysis has been proposed as

has been reviewe
a cancer hallmark.?! Although many genes regulate the glycolytic
system, pyruvate kinase M1/2 (PKM1/2) are rate-limiting glycolytic
enzymes. PKM1 and PKM2 promote TCA cycle and glycolysis, re-
spectively.?? PKM1 is abundantly expressed in high-energy demand-
ing (glucose-demanding) organs such as the brain and muscle. In
contrast, PKM2 is primarily expressed in other tissues (eg, fatty tis-
sue, lung, and kidney).?>?> Notably, the dimeric form of PKM2, with
low affinity to phosphoenolpyruvic acid, induces a higher nucleic acid
synthesis through the pentose phosphate pathway. Furthermore,
PKM2 is also expressed in various proliferating cells (eg, embryonic
and tumor cells).?®>?* In particular, an increase in PKM2 promotes
cancer progression.zf"28 PKM isoforms (PKM1 and PKM2) are pro-
duced through alternative splicing,29 under the regulation of several
splicing factors, such as hnRNP and serine/arginine-rich splicing fac-
tors.3%32 Of these, PTBP1, also known as hnRNPI, promotes cancer
through the enhancement of PKM2 expression.>3¥” PTBP1 is an ex-
onic splicing silencer, binding to optimal motifs (eg, UCUUC) in the
polypyrimidine tract near the 3’ splicing site, and suppressing the
downstream exon’s inclusion.®® In the PKM mRNA, the favorable
sequence for PTBP1 is located at intron 8. Therefore, PTBP1 blocks
the inclusion of exon 9, resulting in the expression of PKM2 through
the inclusion of exon 10.% Importantly, the expression of PTBP1 is
promoted by transcription factors with oncogenic functions, such
as MYC;% these transcription factors are, therefore, glycolysis en-
hancers in cancer cells. Moreover, based on recent findings, PTBP1
is negatively regulated by miRNAs.

In this review, we discuss the miRNA-mediated regulation of
PTBP1 and PKM isoforms. In particular, we elaborate on the following
points. First, under physiological conditions, the expression of PTBP1
and PKM isoforms is regulated by miRNAs that are unevenly distrib-
uted throughout the organs. Second, during carcinogenesis, the dys-
regulation of PTBP1-targeting miRNAs affects cancer-specific energy
metabolism in various types of cancer cells via PKM2 upregulation.

2 | ORGAN-SPECIFIC EXPRESSION
PROFILES OF THE PTBP1- AND PKM-
TARGETING miRNAs

We and others have previously shown the uneven organ distribu-
tion of PTBP1- or PKM-targeting miRNAs under physiological con-
ditions, as well as their downregulation in certain cancers.242°40-57
Notably, the introduction of PTBP1-targeting miRNAs induced
the switch of PKM isoforms from the cancer-dominant PKM2 to
PKM1,24:2540-43

Nowadays, microarray data on the distribution of miRNAs
across human tissues are freely available online (https://ccb-

web.cs.uni—saarland.de/tissueatlas/).18 Hence, we validated the

organ distribution of PTBP1- and PKM-targeting miRNAs. Based
on the database, we show the expression profiles of each miRNA
in Figure S1. In this review, we defined these miRNAs as follows:
brain-specific (MIR9-5p, MIR124-3p, and MIR137), muscle-spe-
cific (MIR1-5p, MIR133b, and MIR206), liver-specific (MIR122-5p),
and other PTBP1-targeting miRNAs (MIR194-5p and MIR340-5p);
their characteristics and tissue specificity index are shown in
Tables 1 and 2.

3 | THREE DISTINCT CONTEXTS

OF miRNA DYSREGULATION CAUSE
PTBP1/PKM2 UPREGULATION DURING
CARCINOGENESIS

The organ-specific dysregulation of miRNAs and the consequent
impact on PTBP1 and PKM isoforms during carcinogenesis can
lead to distinct types of cancer; in this review, we focus on three
major contexts. First, in glucose-demanding organs, dysregulation of
brain- and muscle-specific miRNAs directly targeting PTBP1 is as-
sociated with brain tumors and sarcomas, respectively (Section 4).
Second, cooperative dysregulations of both brain- and muscle-spe-
cific miRNAs are associated, especially with gastrointestinal cancers
(Section 5). Third, dysregulation of liver-specific miRNAs directly
targeting PKM occurs in HCC, together with cooperative dysregula-
tion of PTBP1-targeting miRNAs (Section 6). The following sections
describe each context in detail.

4 | REGULATION OF PTBP1 BY BRAIN- OR
MUSCLE-SPECIFIC miRNAs

Brain-specific MIR124-3p is the most representative regulator of
PTBP1 expression; it promotes neuronal differentiation through
the repression of PTBP1 expression.’®>? The relationship between
MIR124-3p and PTBP1 was discovered: PTBP1 binds to pre-MIR124,
inhibiting the expression of mature MIR124.5° Upregulation of PTBP1
has been detected in brain tumors, such as GBM.3%162 |nterestingly,
this upregulation is partly due to the downregulation of MIR124-3p
during carcinogenesis.** MIR124-3p has the most numerous binding
sites on PTBP1, which supports a secure connection between the two.
Another representative brain-specific miRNA, MIR9-5p, pro-
motes differentiation of neuronal cells from retinal stem cells
through downregulation of PTBP1;%3 the association of MIR9-5p and
PTBP1 was also reported in glioma.*> A natural antisense transcript
(PTB-AS) stabilizes the expression of PTBP1, preventing the bind-
ing of MIR9-5p to the PTBP1 3'UTR.* Furthermore, brain-specific
MIR137-3p suppresses PTBP1 expression through direct binding to
PTBP1 in GBM cells.?* Similar to MIR124-3p, a miRNA/PTBP1/PKM
axis was demonstrated in these studies, suggesting that PTBP1 is
strongly regulated by brain-specific miRNAs.
Furthermore, several muscle-specific miRNAs—MIR1-3p,
MIR133b, and MIR206—bind to the 3'UTR of PTBP1 to repress its
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TABLE 2
cancers

Gene name (ID)/Chromosome
location

Target gene/Species name (ID)
Guide strand of mature miRNA
Sequence of the target region 5'-3'
Genomic location of MTI
Genomic location of 3'UTR
Distribution characteristics (TSI)

Type of cancer

Implication of MIR122 in various PKM-expressing

MIR122 (406906)/18q21.31

PKM (5315)/Homo sapiens (9606)
MIR122-5p

ACACTCC
15:72199124-72199130
520-527

Liver-specific (0.965)

1: Hepatocellular carcinoma

2: Breast cancer

3: Esophageal cancer
4: Cholangiocarcinoma
5: Renal cell carcinoma
6: Colorectal cancer

1: Jung et al 2011/(22140464)
Liu et al 2014/(24466275)
Wong et al 2014/(25541689)
Taniguchi et al 2018/(29695138)
2: Fong et al 2015/(25621950)
3: Zhang et al 2016/(27040384)
4: Peng et al 2019/(31115511)

5: Wang et al 2019/(31814765)
6: Wang et al 2020/(31901148)

Reference
Author year/(PMID)

Note: The miRNA terminology used follows the proposed miRNA
nomenclature guidelines.”®

The distribution characteristics and TSI are described with reference
to the data in the human miRNA tissue atlas (https://ccb-web.cs.uni-
saarland.de/tissueatlas/).18 The actual expression values are shown in
Figure S1.

The number before each reference corresponds to the number of the
designated type of cancer studied.

Abbreviations: MTI, microRNA-target interaction; PKM, pyruvate kinase
M1/M2; TSI, tissue specificity index; 3'UTR, three prime untranslated
region.

expression.?>*3 As with the brain-specific miRNAs, dysregulation
of these muscle-specific miRNAs may significantly impact carcino-
genesis, especially in sarcoma of muscle origin.?>*® In RMS, down-
regulation of MIR1-3p and MIR133b promoted the expression of
PTBP1, contributing to the Warburg effect.*® Interestingly, the chi-
meric PAX3-FOXO1 gene, a feature of alveolar RMS, was reportedly
associated with PTBP1, whereas MIR133b directly regulated PAX3-
FOXO1 expression.43 However, further research on miRNAs in the

context of sarcoma (a rare tumor) is warranted.

5 | IMPACT OF BRAIN- AND/OR MUSCLE-
SPECIFIC MICRORNA DYSREGULATION ON
OTHER TYPES OF CANCER

Although the expression of brain/muscle-specific miRNAs is unevenly
distributed among organs, reportedly, the dysregulation of both miR-
NAs cooperatively affects carcinogenesis in various types of cancer.
Impaired regulation of the PTBP1/PKM axis by MIR124-3p has been

H 45
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observed in CRC, chronic myelocytic leukemia, and pancreatic can-
cer.24404647 |ncrease in PTBP1 levels and a corresponding upregula-
tion of PKM2 occurs via dysregulation of MIR124-3p in cancer cells;
MIR124-3p overexpression induces a shift of the expression of PKM2
to PKM1 through the downregulation of PTBP1.20%¢47 Although
MIR340-5p is abundant in the brain (Figure S1), MIR340-5p also nega-
tively regulates PTBP1 expression in CRC cells.*® Furthermore, PTBP1
and PKM2 upregulation through the dysregulation of muscle-specific
MIR1-3p and MIR133b was associated with carcinogenesis in CRC
and gastric cancer.*'*? Interestingly, our investigation showed that
miRNAs/PTBP axis impairment was frequently detected in colorectal
adenoma specimens.“o*41 The impairment of the miRNAs/PTBP axis
may be the initial step toward carcinogenesis, especially in CRC. These
findings suggest that miRNA/PTBP axis-induced PKM2 overexpres-

sion plays a key, intrinsic mechanism of carcinogenesis.

6 | miRNA-MEDIATED REGULATION
OF PKM ISOFORMS EXPRESSION IN
HEPATOCELLULAR CARCINOMA

Both PKM isoforms are rarely expressed in the liver;?® in con-
trast, pyruvate kinase L/R (PKLR) is specifically expressed in the
liver.232564 pKL is expressed in the liver, the main gluconeogene-
sis-governing organ.23 Hence, a different perspective is required
regarding PKM2 upregulation in HCC carcinogenesis. Interestingly,
the 3'UTR of PKM, which is common in PKM1 and PKM2, has a
binding region for liver-specific MIR122-5p, the only miRNA with
a conserved site across most vertebrates, as determined in silico
(http://www.targetscan.org/vert_72/). Notably, MIR122-5p is a
strong liver-specific miRNA (70% of expression in the Iiver),13’65
with potential histological and functional implications. The sup-
pression of PKM expression may be exerted by MIR122-5p in liver
tissues.

The relationship between the dysregulation of MIR122-5p and
upregulated PKM2 in HCC has been demonstrated by many stud-
ies, counting three in the first half of the 2010s.4°! Downregulated
MIR122-5p increases the expression of both PKM1 and PKM2; of
note, multiple splicing systems upregulating PKM2 may be simul-
taneously activated. Interestingly, the miRNA/PTBP1 axis has also
been implicated in the carcinogenesis of HCC. Based on previous ev-
idence®® and the human miRNA tissue atlas (Figure S1), MIR194-5p
is abundant in the liver. MIR194-5p binds to the 3'UTR of PTBP1;
its dysregulation also contributes to the onset of HCC. Although we
found relatively high PTBP1 expression in healthy liver compared
to brain or muscle,?” further upregulation of PTBP1 and the inverse
correlation between MIR194 and PTBP1 in HCC clinical data may in-
dicate that collapse of the miRNA/PTBP1 axis partially contributes
to HCC.*?In particular, coordinated dysregulation of MIR122-5p and
MIR194-5p may induce a PKM2-dominant phenotype during car-
cinogenesis in HCC.

Detailed information on miRNA-PTBP1 relationships is sum-

marized in Table 1. An important finding in these studies is the
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consistent organ distribution of miRNAs and PTBP1; therefore, the
organ distribution of miRNA in normal conditions should always be
considered. Furthermore, dysregulation of the miRNA/PTBP1 axis in
multiple cancer types may suggest that this mechanism is universal
and essential for the development and maintenance of the Warburg

effect in cancer cells.

7 | IMPACT OF LIVER-SPECIFIC miRNA
DYSREGULATION ON OTHER TYPES OF
CANCER

Dysregulation of the MIR122-5p/PKM2 axis was demonstrated in
various cancer types, such as breast cancer, esophageal cancer, chol-
angiocarcinoma, renal cell carcinoma, and CRC.”®>*7 These reports
suggest that disruption of the MIR122-5p-dependent regulation of
PKM is a common carcinogenic mechanism. In particular, PTBP1 up-
regulation due to PTBP1-targeting miRNA downregulation may fur-
ther increase the expression of PKM2. This evidence supports our
viewpoint: cumulative dysregulation of different miRNAs, including
PTBP1- and PKM-targeting ones, cooperatively induces the upregu-
lation of PKM2, especially in gastrointestinal cancer cells. Detailed

information on PKM regulation by MIR122-5p is summarized in

PTBP1-targeting microRNAs

Brain-specific Muscle-specific Others
MIR9-5p, 124-3p, 137-3p MIR1-3p, 133b, 206 MIR194-5p, 340-5p

|

1
| Suppression of
! alternative splicing

Frar |—

MIR122-5p

Liver-specific

4N\

TCA cycle
Contribution to the distribution of
PKM isoforms expression in each organ

expression

Depressed PKM

Table 2; a summary of the systematic PTBP1 and PKM regulatory
mechanisms by miRNAs is shown in Figure 1.

8 | SIGNIFICANCE OF PTBP1 IN THE
WARBURG EFFECT

Recently, we found an association between PTBP1 and PKM iso-
forms in the Warburg effect.*>**> Many reports show upregulation
of PKM2 during carcinogenesis.?*?® However, this upregulation in-
volves two different patterns. For example, in brain and muscle, the
expression of PKM1 is mainly due to the suppression of PTBP1; the
switching of PKM isoforms from PKM1 to PKM2 is induced by dys-
regulation of the miRNAs/PTBP1 axis during carcinogenesis.?*2>43
In contrast, in gastrointestinal organs, both PKM1 and PKM2 are
expressed in healthy conditions;?*?° the PKM2/PKM1 ratio is in-
creased (not switched) during carcinogenesis.?#4%4? Perhaps, the
switching of PKM isoforms causes a more significant impact on
cancer-energy metabolism. Of note, both high PKM1 or high PKM2
contexts showed that the dysregulation of PTBP1-targeting miRNAs
further contributes to the upregulation of PKM2 (Figure 2).

We investigated the roles of PTBP1 in cancer cells through tran-

sient PTBP1 downregulation. PTBP1 silencing induced autophagy

Carcinogenesis __Three types of dysregulating system

Downregulation of PTBP1-targeting
microRNAs

Overexpression J-
in many cancers

Promotion of
alternative splicing

— [oar
SN\

[Pkt [ [ Prm2 |

Glycolysis
Synthesis of nucleic acid
Glycolysis-dominant reprogramming
(“Warburg effect”)

Liver-specific
MIR122-5p

PKM upregulation

[ upregulation [_] Downregulation [__] Normal condition == PKM isoform flow direction

FIGURE 1 Regulation of polypyrimidine tract-binding protein 1 (PTBP1) and pyruvate kinase M (PKM) isoforms by microRNAs:
schematics. Brain and muscle-specific miRNAs bind to the 3’ UTR of PTBP1 and downregulate PTBP1 expression. PKM1 dominance is
induced through the suppression of alternative splicing in these healthy organs. PKM1 promotes the tricarboxylic acid (TCA) cycle for energy
production. In the process of carcinogenesis, coordinated dysregulation of miRNAs induces PKM2 upregulation through the increment of
PTBP1 expression. PKM2 promotes glycolysis and/or the synthesis of nucleic acids, especially in proliferating cells. Dysregulation of brain-
specific miRNAs such as MIR9-5p, 124-3p, and 137-3p occurs in brain tumors; that of muscle-specific miRNAs (MIR1-3p, 133b, and 206)
arises in sarcoma. In gastrointestinal cancers (eg, colorectal cancer), these miRNAs are dysregulated coordinately. In contrast, in the pyruvate
kinase L (PKL) dominant normal liver, MIR122-5p is abundant and downregulates both PKM1 and PKM2 by binding to the PKM 3'UTR. We
assume that in hepatocellular carcinoma, the dominance of PKM2 is caused by harmonic dysregulation of PKM-targeting (MIR122-5p) and
PTBP1-targeting miRNAs (MIR194-5p). Thus, there are three types of miRNA dysregulation behind the upregulation of PKM2 in cancer cells.
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PKM1 PKM2
dominant dominant
PKM2 Switching type PKM2
PKM1 e

* Brain/Muscle
(glucose-demanding organs)

* Brain tumor
» Myosarcoma

Down Up
PTBP1-targeting i
Not PKM1 PKM2
dominant dominant
PKM2 PKM2
PKM1 Increasing type PKM1

« Colorectal cancer
» Gastric cancer

» Gastrointestinal tract

PKM2 PKM1
dominant dominant
Induction of PKM2
PKM2 switching —
PKM1
PKM1

» Growth inhibition
» Metabolic change
* ROS activation

» Cancer cells

Introduction

PTBP1-targeting * Autophagy
miRNAs el PTBP1
siRNA-PTBP1
Down

FIGURE 2 Relationship between pyruvate kinase M (PKM) isoforms, cancer development, and anticancer effects. In carcinogenesis,

the establishment of PKM2 dominance follows two patterns. PKM1 to PKM2 switching occurs in PKM1-dominant organs such as brain and
muscle. Dysregulation of polypyrimidine tract-binding protein 1 (PTBP1)-targeting miRNAs (brain- and muscle-specific) induces the switch to
PKM2 dominance through PTBP1 upregulation in brain tumors and myosarcoma. This PKM2 dominant change is defined as the “switching
type.” In contrast, in the gastrointestinal tract, both PKM1 and PKM2 are expressed. PKM2 expression is further upregulated through
dysregulation of the PTBP1-targeting miRNA/PTBP1 axis in carcinogenesis. This PKM2 dominant change is defined as the “increasing type.”
In cancer cells, PKM2 is consistently dominant. Downregulation of PTBP1, via PTBP1-targeting miRNAs or PTBP1 gene-silencing of (siRNA-
PTBP1), induces growth inhibition, metabolic change, and the production of reactive oxygen species through PKM2 to PKM1 switching.

in various cancer cells, together with a PKM2 to PKM1 switch; of
note, this effect was also observed after the introduction of PTBP1-
targeting miRNAs.*0434¢ | turn, this switch led to the production
of ROS and ATP, activating the TCA cycle. N-Acetyl-L-cysteine
(a ROS inhibitor) also partially impacted the suppression of cell
growth caused by both PTBP1 silencing and ectopic expression of
PTBP1-targeting miRNAs (Figure 2).4%4% These findings suggest
that PTBP1 is a central molecule in the Warburg effect of cancer
cells, regulating the expression of PKM isoforms. Importantly, the
PTBP1/PKM axis is strictly regulated by PTBP1-targeting miRNAs

in cancer cells.

9 | FUTURE PERSPECTIVES

Our review highlights many shades of gray in the field. First, we have
not discussed the organ distribution of all potential PTBP1-binding
miRNAs. In addition, several miRNAs were suggested (in silico) as
PTBP1-binding miRNAs. For example, MIR133a-3p is a muscle-spe-
cific miRNA,*® and its relationship with PTBP1 has been reported
in the context of human islet insulin biosynthesis and dengue virus
replication.®”°® miRNAs that can potentially bind to PTBP1 based on
a target-predicting database is provided in Table 3. However, fur-
ther studies are needed to integrate these findings in the context of
PTBP1-targeting.

Second, the miRNAs regulatory mechanisms of PKM isoforms
are not entirely understood. For instance, MIR369 enhances the
expression of PKM2 via the stabilization of HNRNPA2B1 in cell re-
programming.69 Various splicers and miRNAs may constitute com-
plex PKM isoforms and impact the regulatory mechanisms, which
deserve further exploration. Third, the regulatory mechanisms of
PKLR remain unclear. Although a previous study showed that the
expression of PKLR was not changed in HCC,> this finding needs to
be investigated in more detail.

Fourth, the PTBP1 functions other than the regulation of PKM
isoforms have not been sufficiently elucidated. PTBP1 is involved
in several steps in the metabolism of mRNAs, including mRNA sta-
bility, mRNA transport, 3'-end processing, and internal ribosome
entry site-mediated translation.*>’° In cancer cells, PTBP1 was
shown to impact migration, invasion, apoptosis, and cell cycle.”?
Hence, the molecular mechanisms of PTBP1 in cancer cells, with a
focus on other splicing target genes or mRNA metabolism, need to
be investigated.

Fifth, the roles of PKM1 are not well understood; of note, PKM1
is upregulated in various chemo-resistant cells.”?> Moreover, PKM1
is an activator of glucose metabolism, boosting tumor cell growth.73
Besides, in neuroendocrine lung tumors (NET), higher PKM1 ex-
pression was observed compared to non-NET tumors.”® Therefore,
PKM1 should be considered a biomarker of chemo-resistance and a

potential therapeutic target in some types of cancer.
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TABLE 3 Detailed information of the microRNAs predicted to bind to PTBP1 based on TargetScan

miRNA name  MIR17-5p/20- MIR133a-3p MIR153-3p
(mature 5p/93-
type) 5p/106-
5p/519-3p
Features Constitutes the  Muscle-specificity  Constitutes
MIR17 family Constitutes the the MIR153
MIR133 family family with
with MIR133b MIR153-1
Three binding and -2
sites in the
3'UTR of PTBP1
PTBP1 None 20520763; None
related Human
references islet insulin
PMID and biosynthesis
simple 26818704;
content Dengue virus
replication

MIR-193-3p

MIR200bc-3p/429  MIR216b-5p MIR506-3p*

Registered in  Constitutes the Constitutes Constitutes
the miRBase MIR141/200 the MIR216 the MIR506
as hsa-miR- family family with family with
193a-3p MIR216A MIR507-514°

None None None None

Note: We searched the microRNAs with the ability to bind to PTBP1 using the TargetScan database (http://www.targetscan.org/vert_72/).
The miRNA terminology used aligns with the proposed miRNA nomenclature guidelines.”®

Abbreviations: PTBP1, polypyrimidine tract-binding protein 1; 3'"UTR, three prime untranslated region.

dListed as a set of MIR124-2 in the TargetScan database.

PMIR507, 508, 509-1, 509-2, 509-3, 510, 511, 512-1, 512-2, 513A1, 513A2, 513B, 513C, 514A1, 514A2, 514A3, and 514B are included in this family.

We should also consider organ-specificity in the context of clinical
applications. Recently, MIR34a-5p (MRX34) was selected as a thera-
peutic tool in various solid tumors; a phase | study (NCT01829971)

d’* and terminated due to immune-related adverse

was conducte
events; the suitability of the drug delivery system was questioned.”
Nonetheless, we suggest that the organ-specificity of MIR34a-5p
should also be considered; the organ-distribution of the particular
miRNA in healthy conditions should also be factored in, to maximize

the effectiveness of the treatment and to avoid potential side effects.

10 | CONCLUSION

In summary, the regulation of PTBP1 is organ-specific; brain- or
muscle-specific miRNAs partially contribute to the organ-specific
expression of PKM isoforms. Moreover, the Warburg effect in can-
cer cells is due to the upregulation of glycolysis-related proteins,
such as PKM2, through the dysregulation of single or multiple
miRNA/PTBP1 axes. This review suggests that the organ-speci-
ficity of miRNAs partially governs the characteristics of each tis-
sue and that the miRNAs dysregulation profoundly contributes to

carcinogenesis.
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