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Abbreviations. 

 

ABCA1           ATP-binding cassette transporter 1 

ACVR1B         Activin a receptor type 1B  

alncRNA        Nuclear-localized antisense lncRNA  

AMKL            Acute megakaryoblastic leukemia  

AMPK            AMP-activated protein kinase  

APL                Acute promyelocytic leukemia  

ATRA             All-trans retinoic acid  

CeRNA          Competing Endogenous RNA  

DISC              Death-inducing signaling complex  

EDN               Eosinophil derived neurotoxin  

elncRNA        Enhancer-derived lncRNA   

EZH                Enhancer of zeste  

GAS5             Growth arrest-specific transcript 5 

HAT               Histone acetyltransferase  

HMGCR        3-Hydroxy-3-Methylglutaryl-CoA Reductase. 

HNRNPU       Heterogeneous nuclear ribonucleoprotein U  

HOTAIRM     HOX antisense intergenic RNA myeloid 

Igf1r              Insulin-like growth factor1 receptor  

ITPR1            Inositol triphosphate receptor type 1  

KIF2A            Kinesin family member 2A  

LDHA             Lactate dehydrogenase A  

lincRNAs       Long intergenic non-coding RNAs  

LncHSC          HSC specific lncRNA 

ANRIL            Antisense noncoding RNA at the INK4 locus 

CASC9           Cancer susceptibility 9 

EGO               Eosinophil granule ontogeny 

HISLA             HIF-1α-stabilizing lncRNA  

HOTTIP          HOXA transcript at the distal tip 

HULC             Highly upregulated in liver cancer 

PCGEM1       Prostate cancer gene expression marker 1 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 6, 2022 as DOI: 10.1124/jpet.121.001120

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


3 

PVT1             Plasmacytoma variant translocation 1 

RMST            Rhabdomyosarcoma 2–associated transcript 

TUG1            Taurine-upregulated gene 1 

Xist                X-inactive specific transcript   

CRNDE         Colorectal Neoplasia Differentially Expressed  

Dreh             Downregulated in hepatocellular carcinoma 

GLCC1          Glycolysis-associated lncRNA of colorectal cancer 

HSP90          Heat shock protein 90.  

LGR               Liver GCK repressor 

LUNAR1       Leukemia-induced noncoding activator RNA 

MALAT1      Metastasis Associated Lung Adenocarcinoma Transcript 1 

MAPK          Mitogen-activated protein kinase  

MDS            Myelodysplastic syndromes  

MEG3          Maternally expressed gene 3 

MEP             Megakaryocyte-erythroid progenitor cell  

MFAP4        Microfibril associated protein 

Morrbid      Myeloid RNA regulator of Bim-induced death  

mTOR          Mechanistic target of rapamycin 

NATs            Natural antisense transcripts  

NBR2           The neighbor of BRCA1 gene 2 

NEAT1         Nuclear paraspeckle assembly transcript 1  

NAFLD         Non-alcoholic fatty liver disease  

PFKFB2        6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2  

PIC               Pre-initiation complex  

PKM2          Pyruvate Kinase M2  

PPARs         Peroxisome proliferator-activated receptors  

PRC2           Polycomb repressive complex 2  

PTEN           Phosphatase and tensin homolog 

RUNXOR     RUNX1 overlapping RNA  

Set1A          SET Domain Containing 1A  

SREBP1     Sterol regulatory element-binding protein 1 

STAT3       Signal transducer and activator of transcription 3 
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T-ALL        T-cell Acute Lymphoblastic Leukemia  

T-UCRs     Transcribed-Ultra Conserved Regions  

UCA1        Urothelial carcinoma associated 1 

βlinc1       β-cell long intergenic noncoding RNA 1 
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Abstract 

Long non-coding RNAs (lncRNAs) are a category of non-coding RNAs (ncRNAs) which are 

more than 200 bases long and plays major regulatory roles in a wide range of biological 

processes including hematopoeisis and metabolism. Metabolism in cells is an immensely 

complex process that involves the interconnection and unification of numerous signalling 

pathways. A growing body of affirmation mark that lncRNAs do participate in the 

metabolism, both directly and indirectly, via metabolic regulation of enzymes and signalling 

pathway respectively. The complexities are disclosed by the latest studies demonstrating how 

lncRNAs could indeed alter tissue-specific metabolism? We have entered a new realm for 

discovery that is both intimidating and intriguing at the same time. Understanding the 

different functions of lncRNAs in various cellular pathways aids in the advancement of 

predictive and therapeutic capabilities for a wide variety of myelodysplastic and metabolic 

disorders. This review has tried to give an overview of the different ncRNAs and their effects 

on hematopoiesis and metabolism. We have focused on the pathway of action of several 

lncRNA, and has also delved into their prognostic value. Their use as biomarkers and 

possible therapeutic targets have also been discussed. 

Significance statement 
 
This review has tried to give an overview of the different ncRNAs and their effects on 

hematopoiesis and metabolism. The pathway of action of several lncRNA and their 

prognostic value was discussed. Their use as biomarkers and possible therapeutic targets have 

also been elaborated. 
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1. Introduction 
The long non-coding RNAs (lncRNAs) are classified into mutually non-exclusive sub-classes 

based on their genomic location from where they are transcribed. They can be stand-alone 

transcripts (also referred to as large intergenic or intervening non-coding RNAs) (Zhang et 

al., 2019) that typically rarely overlap protein-coding genes (Boland et al., 2017). LncRNAs 

can also be transcribed from enhancers, promoters or intronic regions of other genes (Losko 

et al., 2016).  Bidirectional lncRNA transcripts from the same promoter of a protein-coding 

gene, but transcribed in the opposite direction (Ma et al., 2013). LncRNA transcripts from 

pseudogenes are natural antisense transcripts (NATs) which can be terminal, nested or 

divergent NATs or sense-overlapping lncRNAs that overlap with exon(s) and/or intron(s) of a 

protein-coding gene in the direction of the sense RNA strand ((Dahariya et al., 2019; Amin et 

al., 2019).   
 

The classification of ncRNAs including lncRNAs are not well established because they have 

many challenges, such as nucleotide sequence composition and length of ncRNAs and their 

transcriptional and post-transcriptional behaviour are way too similar to protein-coding 

RNAs. Currently, there are no precise approaches and most of them rely on genome 

annotation for the species. Also, unguided transcripts assembly tools generate truncated 

partial-length protein-coding transcripts (Amin et al., 2019). Thus, they remain as a loosely 

classified group of RNA transcripts till the present day. But for study purposes, lncRNAs are 

simply classified in terms of structure (linear or circular), action, and location. Linear 

lncRNAs consist of long intergenic non-coding RNAs (lincRNAs), Transcribed-Ultra 

Conserved Regions (T-UCRs), Enhancer RNA (eRNA), NAT etc, whereas, circular include 

exonic circular RNA (ecircRNA) and Exon-Intron CircRNA (ciRNA). Based on the mode of 

action they could be classified as cis-acting RNA (cisRNA), Competing Endogenous RNA 

(CeRNA), Trans-acting RNA (TransRNA) and based on location, Intergenic, bidirectional, 

sense, antisense, intronic. (Bhat et al., 2020)   

 

Like protein-coding mRNAs, lncRNAs transcription or biogenesis is also mediated by RNA 

polymerase II enzyme and many lncRNAs are structurally similar to mature mRNAs too with 

the absence of introns after splicing process and presence of post-transcriptional 

modifications such as 5′-end methyl-guanosine cap and 3' polyadenylated tail. But a set of 

novel non-polyadenylated lncRNA transcripts are also discovered recently in various species 

and biologists even classify the lncRNAs into polyadenylated or non-polyadenylated 
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transcripts (Liu et al., 2015). Yet differences and individuality dominate over similarities 

between mRNAs and lncRNAs, like the absence of long open reading frame (ORF) or having 

a small ORF in lncRNAs, mRNAs are longer than lncRNAs because they have more number 

of exons, also exons in lncRNAs are longer than mRNAs, lncRNAs are also transcribed by 

other polymerase enzymes like RNA polymerase III, IV or V besides RNA polymerase II. 

LncRNAs have lack of restrain over primary sequence conservation and they are expressed at 

relatively lower levels (exceptional high in lincRNAs). They exhibit more specific expression 

profiles than mRNAs but their stability is variable which is globally lower than mRNAs 

(Derrien et al., 2012). Splicing is less efficient in lncRNAs and some like macrolncRNA, 

vlincRNAs does not even undergo splicing process. Unlike mRNAs, the subcellular 

localization of lncRNAs is not restricted to nucleus, but also to cytosol and mitochondria. The 

functional differences between the mRNAs and lncRNAs are prominent enough to be noted 

(Jarroux et al., 2017).  

 
1.1. Hematopoeisis, Metabolism and LncRNAs 
Hematopoiesis is a process of the formation, development, and differentiation of blood 

cellular components from hematopoietic stem cells (HSCs) (Bogdan et al., 2013). During the 

hematopoiesis, the self-renewing multipotent LT-HSCs first differentiate into ST-HSCs and 

then into lineage-restricted hematopoietic progenitor cells (HPCs) such as common myeloid 

progenitor (CMP) and common lymphoid progenitor (CLP), and finally, they give rise to all 

blood cell types. T lymphocytes, B lymphocytes, and natural killer cells arise from lymphoid 

lineage, while megakaryocytes, erythrocytes, granulocytes, mast cells, and macrophages arise 

from the myeloid lineage (Calvo et al., 2011, Kondo et al., 2010). Recent studies have 

revealed that abnormal hematopoiesis critically contributes to myelodysplastic syndromes 

(MDS) (Zhang et al., 2019). MDS is a category of clonal myeloid neoplasms marked by 

aberrant blood cell shape and risk of clonal development to acute myeloid leukemia. 

LncRNAs are known to be critical for sustaining the hematopoietic stem cell and its lineage 

diversification into the generation of various blood cells. There is currently limited research 

that focuses the role of lncRNAs in transcriptional and post-transcriptional modulation all 

through aberrant hematopoiesis. 

 

The cell's metabolism refers to all of the biochemical processes that take place inside the cell. 

Hundreds of biochemical mechanisms occur regularly in cells to keep them alive and 

functioning. These processes are frequently connected in networks. Energy and dietary 
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transformations, biosynthesis, and breakdowns, and by-product expulsion are all metabolic 

processes that are entirely virtually catalysed by enzymes. As compared to normal cells 

cancer cells have unique metabolic properties that aid proliferation as well as their spread.  

LncRNAs are now generally recognized for their vast regulatory impact on a number of 

metabolic processes in a variety of ways in both normal and malignant metabolism of cells. 

In this review, we put in a nutshell the advancing field of lncRNAs in hematopoiesis and 

metabolism and outline the interrelation between the dysregulation of lncRNAs and in 

myelodysplastic syndrome and tumor metabolism, with a distinct emphasis on particular 

functions of lncRNAs in glucose, glutamine and lipid metabolism. 

 

2. LncRNAs reported in hematopoiesis 
LncRNA may contain several domains that bind to proteins (transcription factors) or nucleic 

acid sequences of various genes. The functions of lncRNAs are still an ongoing research area 

and their significance is noticed in several biological processes of both vertebrates and 

invertebrates. Their role has also been investigated in the area of hematopoiesis (Dahariya et 

al., 2019). Recent studies suggest that lncRNAs are highly sophisticated regulators of the cell 

maintenance and differentiation of HSCs (satpathy and chang, 2015). Some of those 

lncRNAs are involved in hematopoiesis determined through loss-of-function studies are 

explained further in the upcoming sections (Table 1).  

2.1. H19 

H19 is the first eukaryotic lncRNA discovered. It is a spliced RNA polymerase II transcript 

with 5' and 3' ends, small ORF, and is about 2300 nucleotides long. It is highly expressed in 

LT-HSCs and its expression is gradually downregulated as LT-HSCs differentiate into ST-

HSCs and HPCs (Venkataraman et al., 2013).  H19 lncRNA is also termed as H19 imprinted 

maternally expressed transcript because its expression depends on the sex of the transmitting 

parent (maternal). While the neighboring IGF2 gene is expressed paternally. This reciprocal 

expression of H19 and Igf2 is determined by the differentially methylated region (H19-DMR) 

upstream to the H19 (Gabory et al., 2006). At the same time H19 exon 1 acts as the template 

for two microRNAs (miRNA), miR-675-5p and miR-675-3p, where miR-675 restricts the 

expression of Igf1 receptor (Keniry et al., 2012). The maternal-specific deletion of this 

control region resulted in activation of the Igf2-Igfr1 pathway and corresponding inactivation 

of Foxo3-mediated cell-cycle arrest, which leads to up-regulated activity and proliferation 

(Venkatraman et al., 2013). Thus, H19 actually promotes HSC quiescence by regulating the 
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Igf signaling pathway (A et al, 2013). Knockdown experiments revealed another HSC 

specific lncRNAs (LncHSC) that mediates the binding of transcription factors to active 

promoters of genes encoding hematopoiesis. Where, LncHSC-1 modulates myeloid 

differentiation while LncHSC-2 modulates in HSC self-renewal and lymphoid differentiation 

(Luo et al., 2015). 

2.2. LincRNA-EPS 

Certain other lncRNAs like lincRNA EC are highly tissue-specific and they are lost in 

between the developmental stages from fetus to adult. For example, lincRNAs EC-2, 

lincRNAs EC-4, and lincRNAs EC-9 are essentially required for fetal erythrocyte maturation, 

but are absent in the adult bone marrow (Juan et al., 2014). A group of lncRNAs such as 

lincRNA-EPS, elncRNA-EC3, shlncRNA-EC6, and alncRNA-EC7 is involved in 

megakaryocyte-erythroid progenitor cell (MEP) into erythrocytes and its subsequent 

maturation. LincRNA erythroid pro-survival (LincRNA-EPS), is a type of lncRNA that 

facilitates erythrocyte formation by repressing transcription of caspase-activating adaptor 

protein from a proapoptotic gene called PYCARD. This repression that protects erythroid 

progenitors from apoptosis is mediated by chromatin modifiers associated with LincRNA-

EPS (Juan et al., 2011). From sequence analysis, this lncRNA is found to be a 2531 

nucleotide long with 4 exons and 3 introns and 5′- 3′ rapid amplification of cDNA. A study 

implied that this lncRNA is a RNA polymerase III transcript and is highly expressed during 

the terminal erythroid differentiation (Hu et al., 2011). 

2.3. Bloodlinc 

An enhancer-derived lncRNA named elncRNA-EC 3 was found to be cis-regulating the 

kinesin family member 2A (KIF2A) expressed during the erythrocyte formation. KIF2A is a 

plus end-directed kinesin motor required for assembling normal bipolar spindles, 

chromosomal movements, cytoskeletal reorganization and thus aids in mitosis progression 

during erythropoiesis (Juan et al., 2014). 

Similarly, the nuclear-localized antisense lncRNA-EC7 (alncRNA-EC7) or Bloodlinc, is a 

lncRNA that is transcribed from a conserved super-enhancer and is about 3700 nucleotide 

long, capped and poly-adenylated lncRNA. It enhances the expression of neighboring 

BAND3 or anion exchanger 1 coding gene, which belongs to the Solute Carrier 4 family of 

bicarbonate transporters (SLC4A1). This primary anion exchanger was found to be a 

predominant glycoprotein of erythrocyte membranes and modulate erythroid maturation (Xu 
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et al., 2019).  AlncRNA-EC7 accesses its target genes through chromatin interactions 

stabilized by a nuclear matrix protein called heterogeneous nuclear ribonucleoprotein U 

(HNRNPU) (Juan et al., 2017). Meanwhile, a knockdown study in mouse revealed that small 

RNA (sRNA) hosts lncRNA, shlncRNA-EC6 (also known as DLEU2), involved in 

downregulation of Rac1 and its downstream targets PIP5K and subsequently results in the 

activation of enucleation and maturation of erythrocytes(Wang et al., 2018).  

2.4. Lnc-MC 

High expression of hematopoiesis-specific transcription factor PU.1 in GMPs antagonizes the 

transcription factor C/EBPβ function and favors monocyte development. In contrast, 

downregulation of PU.1 result in GMP's commitment to granulocyte differentiation. This 

transcription factor regulates the expression of long non-coding monocytic RNA (lnc-MC) 

and for the same reason, lnc-MC is up-regulated during monocytopoiesis (Chen et al., 2015). 

PU.1 also blocks the silencing of the lncRNA by repressing the expression of miR-199a-5p. 

Coming to the role of the lnc-MC, it’s up-regulation results in the expression of ACVR1B, 

and activin signaling is critical for differentiation of monocyte to macrophage, cytokine 

production and cell migration (Ahmed et al., 2020). 

2.5. Fas-AS1 

Fas-antisense 1 (Fas-AS1) is the first lncRNA to be induced and regulated by erythroid 

transcription factors during the maturation of erythrocytes. It is transcribed anti-sense to the 

intron 1 of the Fas gene. The expression of Fas-AS1 results in decreased expression of Fas on 

the surface and protects the maturing erythroblasts from Fas-mediated assembly of death-

inducing signaling complex (DISC) and subsequent caspase activation and apoptosis. Fas-

AS1 is highly expressed during erythroid differentiation by the activity of erythroid 

transcription factors, GATA-1 and KLF1, and in contrast, NF-κB activity decreased the 

expression of the same (Villmizar et al., 2016). 

2.6. LncEry 

Recently, a deep sequencing study in murine hematopoietic cell populations revealed the 

presence of a novel lncRNA and its isoforms. Knockdown and knockout assays were used to 

confirm its importance in erythroid progenitor differentiation. Since it is highly expressed in 

erythrocytes and their progenitors it is named as lncEry. The downregulation of this lncRNA 

leads to impaired erythrocyte homeostasis or decreased erythroid differentiation-related 
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genes, including globin genes. LncEry interacts with WD Repeat Domain 82 (Wdr82), a 

component of the SET Domain Containing 1A, Histone Lysine Methyltransferase (Set1A) 

and Histone H3-Lys4 methyltransferase. It stabilizes the localization of Set1A/Wdr82 

complex to facilitate the epigenetic modification of the promoter region of globin genes and 

thereby activating the expression of globin genes by regulating late-stage of erythropoiesis 

(Yang et al., 2020). 

2.7. LncRNA EGO  

During the development of eosinophil from CMP, besides the transcription of 

proinflammatory molecules, transcription factors (GATA-1, PU.1, , c/EBPα, and ϵ), the 

expression of lncRNA EGO (eosinophil granule ontogeny) was also detected. The isoforms 

of this RNA transcript have varying lengths, for example, EGO-A is about 1000 nucleotide 

long, whereas, EGO-B is 1700 nucleotides long. EGO is polyadenylated transcript nested 

within the conserved intron of ITPR1 gene (Aoki et al., 2010). EGO transiently increases 

interleukin-5 stimulation of high proliferative capacity CD34+ hematopoietic progenitors and 

facilitates corresponding differentiation into eosinophils. EGO also facilitates expression of 

an eosinophil granule protein called major basic protein (MBP) and an antimicrobial protein, 

known as eosinophil derived neurotoxin (EDN) (Wagner et al., 2007). 

2.8. Lnc-DC 

lncRNA DC is essential for dendritic cell (DC) differentiation from DC progenitors, where it 

activates the transcription factor STAT3 by sequestering it away from inhibitory phosphatase, 

namely SHP1. This favors STAT3 phosphorylation at tyr705 and thereby activating dendritic 

maturation genes. During the myeloid DC progenitor differentiation process, the transcription 

of lncRNA-DC was up-regulated by the ETS-domain transcription factor PU.1 (Wang et al., 

2014). 

2.9. Thy-ncR1 

Expression profiling of ncRNAs in T-cell leukemia cell lines revealed the presence of 

thymus-specific HIT14168 ncRNA known as Thy-ncR1. This lncRNA is transcribed from 

human chromosome 1 within the olfactory receptor (OR) genes. Since the OR gene is 

expressed only in the olfactory bulb and Thy-ncR1 is expressed in organ specific manner. 

Thy-ncR1 may not regulate the OR genes expression. However, the expression of the CD1 

gene cluster (classical cell surface marker antigen) of nearby locus is highly correlated with 
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Thy-ncR1 expression in the T-cell lineage. Even though CD1 cluster is expressed in both 

dendritic cell (DC) and T- cells, Thy-ncR1 does not regulate this gene cluster expression in 

the DC-cell lineage. Thy-ncR1 also reduces the mRNA MFAP4 level in T-cells thereby 

modulates the proliferation and differentiation of T-lymphocytes. Normally, MFAP4 

produces a microfibril associated protein which involved in cell adhesion or intercellular 

interactions, but the physiological role of this mRNA in immature T cells remains unclear 

(Aoki et al., 2010). 

2.10. Morrbid 

The p50-Associated COX-2 Extragenic RNA (PACER) is a type of lncRNA that activates 

human COX-2 (cyclooxygenase 2) gene expression by sequestering repressive p50 subunit of 

NF-κB1 away from the Cox2 promoter and recruiting histone acetyltransferase (HAT) and 

RNA polymerase II pre-initiation complex (PIC) to enhance histone acetylation (Krawczyk et 

al., 2014). A novel lncRNA termed Morrbid was recently identified that mediates the survival 

of human myeloid cells along with  neutrophils, eosinophils and monocytes in response to 

cytokines by Polycomb repressive complex 2 (PRC2) dependent repression of the pro-

apoptotic Bim transcription. Morrbid aids in promoting catalytic activity of PRC2 in 

methylation of histone H3 at Lys27 (H3K27me3) and thereby leaving the Bcl2L11 gene in 

poised state (Kotzin et al., 2016). 

3. Differential expression of lncRNAs in Myelodysplastic Syndrome (MDS) 

Recent advances in the field of lncRNA-chromatin interactions studies suggest that they 

might play a role in the regulation of not only in the normal hematopoiesis, but also in the 

neoplastic hematopoiesis (Dominguez et al., 2014).  These lncRNA are differentially 

expressed in both normal and pathological conditions of hematopoiesis (Gao et al., 2020). 

Following are the lncRNAs that are known in blood cancers which are either tumor-

suppressive or oncogenic (Table 2).  

3.1. Xist 

Xist, a lncRNA localized on one of the two female X chromosomes in mammals triggers X 

chromosome inactivation (XCI) in the early embryogenesis through transcriptional silencing 

of one X chromosome to balance gene expression between the sexes. This silencing takes 

place until embryonic days 4.5–5.5 and the inactive X chromosome enters into a 

"maintenance phase" where it propagates as inactive in subsequent cell divisions and Xist is 
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continuously expressed for the reminder of female life. X chromosome associated cancer in 

males is also seen but more frequent in trisomy (XXY). The deletion of the Xist gene in 

female mice revealed that the lncRNA transcript of this gene is essential for hematopoietic 

stem cell survival and function because heterozygous or homozygous mutants developed a 

group of blood cancers called myeloproliferative neoplasm (MPN) and myelodysplastic 

syndrome (MDS) due to progressive reactivation of inactive X chromosome (Yildrim et 

al.,2013 ).  

3.2. HOTAIRM 

HOTAIRM (HOX antisense intergenic RNA myeloid), a lncRNA or more specifically 

lincRNA having a genomic location in HOX gene cluster (HOXA, HOXB, HOXC, and 

HOXD), regulates the expression of several HOX genes (Beya et al., 2015). The target of 

these genes is transcription factors that aid in the transcriptional activation of genes involved 

in hematopoiesis (Bhatlekar et al., 2018). For example, HOXA9, -B4 and -B6 regulate HSCs 

self-renewal, HOX-A5 and -A9 involve in HSCs proliferation and differentiation to CMP and 

HOXA7 is involved in megakaryocyte differentiation. HOXA9 regulates HSC differentiation 

into CLP, HOXB3 regulates differentiation of pre-B lymphocytes into B lymphocytes, 

HOXA5, and -C8 differentiation of MEP into erythrocytes, whereas, HOXC3 and -C4 play 

an important role in the erythroid lineage differentiation and HOXC8 involved in GMP 

differentiation. HOTAIRM1 is an intergenic antisense lncRNA transcribed between the 

human HOXA1 and A2 genes specifically in the myeloid lineage and it is up-regulated 

during granulocyte differentiation. HOX lincRNAs are sometimes found to be over-expressed 

(from hundreds to nearly two thousand-fold) in patients with cancers or tumors (Bhatlekar et 

al., 2018, Hajjari et al., 2015). For example, overexpression of HOTAIRM1 results in an 

exaggerated expression of HOXA4 gene and defective differentiation of myeloid progenitor 

cells. At the same time, the downregulation of HOTAIRM1 in NB4 cell line resulted in 

decreased granulocytic maturation (Bhat et al., 2020).  

3.3. LUNAR1 

The dysregulation of LUNAR1 (leukemia-induced noncoding activator RNA) expression 

promotes T-cell Acute Lymphoblastic Leukemia (T-ALL) in humans. The LUNAR1 gene is 

located in closely to IGF1R gene. Upon activation, NOTCH-regulated oncogenic ceRNA the 

transcription coactivators called mediator complex are recruited on the IGF1R promoter, 
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which interacts with transcription factors and RNA polymerase II, thereby promoting IGF1R 

expression and IGF1R signaling to induce T-ALL cell proliferation (Trimachi et al., 2014). 

3.4. LncRNA-CRNDE 

Studies in U937 cells and normal mononuclear cells revealed the presence of highly 

expressed oncogenic lncRNA Colorectal Neoplasia Differentially Expressed (lncRNA-

CRNDE) in the bone marrow tissues of acute myeloid leukemia (AML) patients (Wang et al., 

2018). LncRNA-CRNDE promoted the proliferation and inhibit apoptosis in the abnormal 

myeloid cell line by targeting various miRNAs, genes and cell signaling pathways. For 

example, Wnt/β-catenin, PI3K/AKT/mTOR, NF-κB/AKT, MAPK and Notch1 pathway and 

numerous microRNAs including miR-181a-5p, 136-5p, 217, 384, 203, 186, 205, 145 and 451 

(Lu et al., 2020). 

3.5. RUNXOR 

RUNX1 or AML1, a hematopoietic master regulator that transcribes a Runt-related 

transcription factor plays an important role in hematopoiesis. It is considered to be one of the 

most mutated genes in AML patients. RUNX1 is required for the production of HSCs, self-

renewal or maintenance of HSCs and the differentiation of diverse hematopoietic cell 

lineages. RNA-guided chromatin conformation capture study revealed the presence of a novel 

lncRNA transcribed upstream of exon 1 and overlapping to the protein-coding region of this 

gene referred to as RUNX1 overlapping RNA (RUNXOR). This intragenic lncRNA is about 

2160 nucleotide long and it directly binds to promoter and enhancer elements of RUNX1 

gene.  It recruits H3-K27 methylase EZH2, a component of PRC2 to RUNX1 and thereby 

epigenetically regulates the RUNX1 gene to impair the hematopoiesis (Wang et al., 2014).  

3.6. MIR99AHG and MIR100HG 

LincRNAs, MIR99AHG (also known as MONC) and MIR100HG, are predominantly 

expressed in normal HSPCs and erythroid cells or megakaryocytic cells. Enforced 

MIR99AHG expression in normal HSPCs leads to interference in erythroid lineage 

commitment and development of immature erythroid progenitor cells. MONC and 

MIR100HG with their respective miRNA polycistrons are highly expressed in acute 

megakaryoblastic leukemia (AMKL) blasts. The knockdown of MIR100HG resulted in a 

change in lineage surface marker expression, impaired cell viability and replicating-
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efficiency of AMKL cells. While, knockdown of MIR99AHG impaired cell proliferation in 

AMKL cells (Emmrich et al., 2014). 

 

3.7. NEAT1 

Nuclear paraspeckle assembly transcript 1 (NEAT1) with two isoforms (NEAT1-1 and 

NEAT1-2) were recently identified as a crucial component of paraspeckle, a 

ribonucleoprotein body within the mammalian nuclei. This subnuclear structure with the 

nuclear-restricted lncRNA regulates the expression of certain genes by nuclear retention of 

mRNA. Experimental studies revealed the significant downregulation of these NEAT1 

isoforms in peripheral blood mononuclear cells of the acute promyelocytic leukemia (APL) 

patient due to the expression of PML-RARα fusion gene. PML-RARα oncoprotein is an 

initiation factor for APL (a subtype of AML) that represses retinoic acid as well as non–

retinoic acid target genes transcription and subsequent blockade in promyelocyte (immature 

white blood cells) differentiation and promotes immature cells' survival. The repression of 

NEAT1 induced by PML-RARα fusion protein could be reversed by the treatment of ATRA. 

The increased NEAT1 expression and subsequent decrease in the concentration of leukemic 

blast cells after ATRA treatment, suggests the involvement of NEAT1 lncRNA in cell 

differentiation and leukemogenesis. But the underlying molecular mechanisms are still 

unknown (Zeng et al., 2014). 

Besides the above-mentioned lncRNAs, many more are discovered or suspected to be 

functional in hematopoiesis in different organisms. But still not all lncRNAs functions, mode 

of action and characterization remain fully understood and they are yet to be clinically 

studied.  

4. LncRNA in normal and malignant metabolism 

Cross-talk between lncRNAs and cellular metabolism has been implicated in both normal 

cells and tumor cells. Cancer cells have unique metabolic properties that aids their 

development and progression, when equated to the normal cells. These reprogrammed 

functions, regarded as hallmarks of cancer are triggered by remarkable alterations in the 

expression of associated lncRNAs in the specific pathways activated by tumor cells. To 

showcase the possibilities for targeted therapies in specific cancers, a proposed framework is 

required to understand the correlation between metabolic reprogramming and lncRNA 
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dysregulation, with a focus on the assigned roles of lncRNAs in carbohydrate, aminoacid, and 

lipid metabolism in both normal as well as tumour cells (Tan eta al., 2020). 

4.1. LncRNA and glucose metabolism 

Glucose is the most common final source that reaches tissue and converts to ATP at the 

cellular level through metabolic transformation. Glucose is essential for energy metabolism. 

Carbohydrates, lipids and proteins are all metabolized into glucose or its byproducts in the 

end. It also stands as an important substrate for various carbohydrates such as glycolipids, 

glycoproteins, ribose and deoxyribose. LncRNA mediate precise aspects of glucose 

metabolism varying from regulation of insulin biogenesis in pancreas, synthesis and 

breakdown of glycogen as well as glucose in liver to maintain homeostasis in various tissues 

(Shankaraiah et al., 2018).  

A lncRNA produced by the βlinc1 locus has been reported to affect the genesis and activity 

of islet β cells (Singh et al., 2020). Linc1 deletion in mice resulted in glucose intolerance due 

to abnormal β-cell maturation and secretions. Let-7 together with Akt pathway modulation by 

lncRNA H19 was found to control pancreatic β-cell growth. In infants, H19 silencing reduced 

β-cell growth, but re-expression enhanced β-cell expansion in adolescents (Tan et al., 2020).  

In pancreatic cells, lncRNA MEG3 has been said to epigenetically control β-cells by 

regulating the expression of transcription factors such as Rad21, Smc3 and Sin3 via EZH2-

mediated methylation (Wang et al., 2018). MEG3 also affects insulin secretion by lowering 

Pdx-1 and MafA levels (Zhu et al., 2016). Hepatocytes in the liver are accountable in 

regulation of major glucose metabolism such as glycogen production, glycogen breakdown, 

glucose release into the bloodstream via glycogenolysis and gluconeogenesis. Many of these 

processes are under the regulation of various lncRNAs (Zhang et al., 2020). LncRNA-LGR 

triggered by fasting resembles fasting repressed GCK expression. When lncRNA-LGR was 

over-expressed, lowered hepatic glycogen level in mice through interaction with nuclear 

ribonucleoprotein L, a silencer of GCK. LncRNAs have recently been shown to affect 

glucose metabolism in skeletal muscles. In C2C12 skeletal cells, knocking down the 

lncRNA-Dreh lowered glucose production and elevated glucose transporter expression 

(Takashi et al., 2020).  

Metabolic reprogramming of glucose is common in a variety of clinical conditions, especially 

in cancer. Warburg effect, for instance, is the preferentially important example among them. 

LncRNAs have a myriad of repercussions in glucose metabolism in pathological conditions. 
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They are a part of the development of biological processes in cancer, mediated through the 

regulation of various receptors, enzymes, transcriptional factors and signaling molecules. The 

silencing of lncRNA-ANRIL reduced glucose absorption and hindered acute myeloid 

lukemia development by targeting adiponectin receptors at the cellular level (Fan et al., 

2017). 

4.1.1. LncRNA mediated regulation of metabolic enzymes and transcriptional factors 

LncRNAs control energy metabolism substantially by modifying metabolic enzymes and 

transcription factors involved in metabolism after they have been translated (Fig.1). The link 

between lncRNAs and metabolic enzymes is very intricate due to their significant effect on 

each other. LncRNA-mediated post-translational changes adversely impact metabolic 

enzymes such as HK (Hexokinase) and PK (Pyruvate Kinase) to alter glucose metabolism in 

different malignancies such as cancers (Sun et al., 2018). The initial and irreversible stage of 

glycolysis is catalyzed by HK. In osteosarcoma, upregulation of the lncRNA PVT1 amplified 

glucose metabolism via modulating the miR-497/HK2 axis (Song et al., 2017). The rate-

limiting enzyme in glycolysis is pyruvate kinase (PK), whose mode of action is influenced 

through both allosteric and covalent changes. Pyruvate Kinase M2 (PKM2) produces ATP by 

catalyzing the conversion of phosphoenolpyruvate to pyruvate. By inhibiting aerobic 

glycolysis by means of the AKT/mTOR signaling pathway, the lncRNA LINC01554 

facilitated ubiquitin-mediated degradation of PKM2 in hepatocellular carcinoma (Zheng et 

al., 2021). Additionally, the lncRNA HULC boosted phosphorylation of Lactate 

dehydrogenase A (LDHA) and PKM2, which improved glycolysis and promoted the 

proliferation of liver cancer cells (iong et al., 2021). LncRNA AGPG influences the 

expression of PFKFB2, which is important in glucose metabolism through its 

phosphorylation activity (Liu et al., 2020). Others on the list include lncRNAs such as 

LINC00092, XIST and UCA1 which have been discovered to affect glucose metabolism 

through altering the same enzyme (Sun et al., 2018). 

Since lncRNA alters the control of transcription factors on their targets they can amend 

energy metabolism via modulating metabolism-associated transcription factors. LncRNAs 

control the function of these polypeptides by different post-translational modifications 

including phosphorylation and ubiquitination of the target transcription factors, boosting the 

expression of enzymes involved in metabolism. 
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LncRNA RMST is needed for neuronal development because it promotes SOX2 binding to 

nearly 50 percent of its binding sites. LncRNAs appear to have an essential role in controlling 

HIF-1 activity. In several metabolic disorders, lncRNA (HISLA) suppressed HIF-1 

hydroxylation and breakdown, while favoring aerobic glycolysis by preventing the 

connection between PHD2 and HIF-1. Another LncRNA CASC9 interacts with HIF-1, 

leading to induction of HIF-1 thereby stimulating glycolytic metabolism in reprogramed cells 

(Sun et al., 2018). Knocking down the lncRNA UCA1 increased the cytotoxic potential of 

adriamycin and impeded HIF-a-dependent glycolysis, which has been shown to help patients 

with acute myeloid leukemia to overcome chemoresistance (Zhang et al., 2020). 

Furthermore, the post-translational alteration of c-Myc by lncRNAs has been linked to the 

jurisdiction of cancer energy metabolism. The lncRNA-GLCC1 safeguards c-Myc against 

ubiquitination by associating specifically with the heat shock protein 90(HSP90) (X u et al., 

2021). Interestingly, the transcriptional profile change of c-Myc target genes like LDHA lead 

to reprogramming glycolytic metabolism for CRC cell growth. Additionally, in multiple 

myeloma, the lncRNA PD1A3P associates with c-Myc to improve its transactivation and 

boosts pentose phosphate pathway by interacting with the promoter of glucose 6-phosphate 

dehydrogenase (Zhang et al., 2020). Increased ubiquitination of c-Myc and its target genes 

implicated in the glycolytic process, such as LDHA and HK2, have been linked to lncRNA 

MEG3 over-expression (Xu et al., 2021). Several lncRNAs have indeed been correlated to 

transcription factors in the NF-kB cascade in a variety of ways. 

Disruptions in metabolism-related proteins are characterized by significant changes in 

metabolic signaling networks.  The AMPK, AKT, mTOR and p53 are particularly prominent 

among the main effector molecules which play a central role in these regulations (Fig.2). 

4.1.2. lncRNA and Central players of metabolism 

Many studies in recent years have observed alteration of various signaling pathways in 

relation to lncRNA expression patterns. Nevertheless, just a limited amount of studies explain 

the regulatory mechanism. Due to their capability to influence multiple factors of signaling 

cascades such as AKT, mTOR, P53 and AMPK, lncRNAs have surfaced as potentially 

therapeutic and their deregulation plays a significant role in pathology of many human 

malignancies. 

Akt 
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The serine/threonine kinase Akt, (protein kinase B), is a crucial regulator of cell signaling. 

Stimulation by growth factors leads to activation of Akt resulting in phosphorylation and 

inhibition of multiple elements of the apoptotic pathway, preventing cell death. Akt genes 

have distinct functions in normal cell physiology and cancer pathogenesis and are expressed 

both at the mRNA and protein levels. Apoptosis-related kinases and GLUTs are two 

metabolic variables linked to Akt (RB et al., 2006). Akt activation can boost both ATP 

synthesis and oxygen uptake in cells. Akt controls glycolysis through a variety of ways, 

including raising GLUT expression and increasing the production of glycolytic enzymes such 

as HK2, PKM2 and suppressing mitochondrial respiration (Koelwyn et al., 2001).  

In many metabolic pathways, Akt is a main server among several signaling cascades, and it is 

quite often altered by different LncRNAs. MALAT1, LINK-A, LINC00470 and AK023391 

are examples of lncRNAs that enhance the activation of the Akt signaling pathway through a 

variety of methods (El et al., 2002).  LINC00470 glues to the FUS protein, trapping Akt in 

the cytoplasm and boosting its activity. In xenograft malignant cells, the lncRNA AK023391 

modulates the expression of Ki-67, p-FOXO3a, p-PI3K, p-AKT and p-NFkB. Recently 

FAL1, an lncRNA that suppresses p21 by deregulating its transcription and stimulates cell 

proliferation, has been discovered. The lncRNA FER1L4, on the other hand, promotes cell 

cycle arrest through regulating the Akt signaling pathway. LncRNA H19 works as a 

molecular sieve to block the action of miRNA let-7. The phosphorylation of the miRNA 

processing factor k5RP by the PI3K/Akt/ pathway lowers H19 expression. H19 inhibition 

raises let-7 levels, hindering the insulin/PI3K/Akt pathway and resulting in decreased glucose 

absorption. The Akt signaling pathway is also inactivated by lncRNAs. For example, 

LncHD1 regulates the SREBP-1c protein level, which is a major regulator of lipid 

metabolism in many malignancies, via modulating the phosphorylation of the 

PDK1/Akt/FOXO cascade (Krycer et al., 2010). 

mTOR 

mTOR (mechanistic target of rapamycin) is a significant signaling center that regulates 

necessary cellular responses and metabolism. mTOR is a PI3K-related serine/threonine-

protein kinase that is a catalytic member of two different protein complexes called mTORC1 

and mTORC2, which differ in their mode of action as well as in their structure. Gene 

transcription, translation, endocytosis and other growth-related activities are all regulated by 

mTORC1, while the function of mTORC2 is unknown. However, it is assumed to enhance 
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cell survival and actin cytoskeleton structure. Although several regulators participate in 

regulation of mTOR activity, new research has revealed lncRNAs as putative mTOR 

controllers. 

According to recent reports, UCA1 activates mTOR by over-expressing HK2 and promotes 

glycolysis by activating STAT3 and blocking miR-143. In bladder cancer cells, this revealed 

a new cascade of regulation on the metabolism of glucose in UCA1-mTOR-STAT3/miR-

143/HK2 axis. LncRNA ANRIL has been shown to aid neural progenitor cells (NPCs) 

development by up-regulation of GLUT1 and LDHA. The mechanism of action likely entails 

ANRIL-induced Akt phosphorylation, resulting in stimulating the mTOR pathway, which in 

turn potentiates GLUT1 and LDHA levels leading to increased NPC development (ZW et al., 

2016). MetaLnc9, also known as LINC00963 interacts with the phosphoglycerate kinase 1 

(PGK1) protein and is found on chromosome 9 (AN et al., 2013). This connection stops 

PGK1 from being ubiquitinated, resulting in accumulation of PGK1 and mTOR activation. 

Many lncRNAs in the Dlk1-Gtl2 locus gives birth to numerous miRNAs that aim for mTOR 

components. Dlk1-Gtl2 expression is essential for the maintenance HSCs in the mouse fetal 

liver and ablation of imprinting at the loci results in a large decrease of HSCs owing to AKT-

mTOR over-expression and metabolic problems (JE et al., 2006). 

AMPK 

AMP-activated protein kinase (AMPK) is a crucial energy monitor in cells. When AMPK is 

active, the TSC2 complex is triggered, which leads to the deactivation of the mTOR-

stimulated GTP-binding protein RHEB (Hardie et al., 2007). Impaired AMPK signaling, a 

crucial metabolic gatekeeper, contributes to high cell division and diminished autophagy in 

energy-stressed cells. Once intracellular ATP levels have dropped, the tumor suppressor 

LKB1 acts as an upstream regulator of kinases, phosphorylating and stimulating AMPK. As a 

result, when AMP is present, ATP-depleting processes are significantly suppressed and ATP 

generation is accelerated in the body (Shackelford et al., 2009). LncRNA LINC00473, as 

well as NBR2, are found to be associated with LKB1 dysregulation. LKB1 inactivation 

prompted LINC00473, while the LKB1-AMPK signaling pathway promoted lncRNA NBR2. 

By regulating the levels of AMPK kinase, NBR2 can operate as a tumor suppressor (Liu et 

al., 2016). AMPK slows ATP-drained anabolism and promotes ATP-induced catabolism via 

promoting a variety of downstream effectors. The NBR2, linc00473, and LKB1/AMPK 
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pathway could therefore play a big part in cancer cells through modulating pathways 

involved in many cellular metabolisms (Chen et al., 2016). 

P53 

Most human cancers effectively inhibit the transcription factor p53, which acts as a tumor 

suppressor. The lack of p53 in a cell can result in mitochondrial respiratory impairment as 

well as an upsurge in glycolysis (Bensaad and Vousden, 2007). P53 suppresses the activity of 

GLUT1 and GLUT4 while boosting HK, SCO2 and PTEN. Several p53-related lncRNAs 

have been implicated in metabolic diseases (Kim et al., 2016). MALAT1 was discovered to 

modulate p53 levels and MALAT1 knockout fibroblasts accelerated DNA damage repair, 

resulting in p53 activation and consequent target gene expression (Chen et al., 2012). In 

nasopharyngeal cancer, the HULC LncRNA HULC has been seen to suppress the function of 

p53 and p21 to encourage cell proliferation. (Matoba et al., 2006). 

4.2. LncRNA and lipid metabolism 

Lipids are fundamental components of membranes, energy stores and signal molecules which 

are essential for cell survival. The liver and adipose tissue are the key systems for generation 

of energy as well as storage. Lipid metabolism is a complicated process since it involves 

many distinct molecular networks and transcriptional factors, some of which have been 

studied so far. Many disorders of considerable relevance to human health, such as non-

alcoholic fatty liver disease (NAFLD) and cardiovascular diseases are caused by the 

dysregulation of lipid homeostasis mechanisms. Noncoding RNAs have surfaced as essential 

integrators of lipid metabolism in both the cell and the body. The link between different 

lncRNAs associated with lipid metabolism and their modes of action have been 

demonstrated. Majority of the associated molecular mechanisms are based on lncRNA-RNA 

or lncRNA-Protein inter-connections, where they function either as transcription regulators 

that function at the DNA level or post-transcription and translation controllers that operate at 

the RNA level and lastly as post-translation regulators that works at the protein level. 

4.2.1. Role of LncRNA in lipoprotein and triglyceride metabolism 

Adipocyte maturation and triacylglycerol synthesis are both influenced by lncRNA Blnc1 via 

LXR stimulation, overexpression of Blnc1 greatly boosted SREBP1c expression, thereby 

elevating gene expression involved in the synthesis of triacylglycerol and hepatic steatosis in 

primary hepatocytes (Zhang et al., 2021). When liver X receptors (LXRs) were 
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mechanistically activated through drugs, the expression of lncRNA LeXis elevated in the 

liver, acting as a moderator of genes implicated in cholesterol homeostasis (Li et al., 2017). 

In mice, triggered LeXis lowered cholesterol biosynthetic pathway gene expression levels, 

particularly SREBF2 and HMGCR, as well as, systemic and hepatocyte total cholesterol. In 

mouse hepatic cells, palmitate-stimulated enhancement of MALAT1 expression was 

accompanied by a rise in SREBP1c level in primary murine hepatocytes via its ubiquitination 

and thereby stabilization of SREBP-1c in the nucleus. Knockdown of MALAT1 reduced 

MALAT1 to SREBP-1c interaction resulting in the accumulation of lipid in hepatocytes (Li 

et al., 2017). In vivo studies of lncRNA, lncARSR has shown that over-expression of the 

lncRNA has boosted liver cholesterol biogenesis by up-regulating the rate-limiting enzyme, 

HMGCR, in the biogenesis of cholesterol. LncARSR, leads to the activation of SREBP-2, a 

key transcription factor of the rate-limiting enzyme through PI3K/Akt pathway. Also, H19 

levels in hepatocytes were found to become higher by diet-induced fatty liver, resulting in 

increased triacylglycerol buildup (Schmidt et al., 2018). The activity of apolipoproteins that 

serve as a source for plasma lipoproteins production has been found to be regulated by two 

AS lncRNAs, APOA1-AS and APOA4-AS. But the mechanism of action needs to be studied 

(Qin et al., 2016). lncRNA BM450697 regulates low-density lipoprotein (LDL) receptors, 

important for swallowing and eliminating LDL particles from circulation.  LDLRs are 

activated by BM450697 silencing. The inhibition of interactions with RNA pol  II and 

perhaps SREBP1a at the LDLR promoter by BM450697 resulted in a reduction in LDLR 

mRNA levels. New data suggests that lncRNAs have a role in adipogenesis, promoting lipid 

storage and disposal. The lncRNA SRA1, for instance, has been shown to induce 

preadipocyte development in part through linking to PPARv by acting as a ceRNA for miR-

31 to target C/EBP-α in adipose tissue-derived mesenchymal stem cells (Li et al., 2019; 

Nuermaimaiti et al., 2018). 

Lipid metabolism may also undergo adaptations in the metabolic reprogramming of tumor 

cells, which require a high quantity of lipid to create organelles and key signaling 

components throughout aggressive proliferation, have their lipid biosynthesis altered to a 

substantial extent. In these cells, lncRNAs may have a role in the control of various fat 

metabolism-associated genes. For example in cervical cancer, lncRNA-LNMICC, by 

modulating a facilitator of fatty acid absorption and trafficking, fatty acid-binding protein 5, 

enables reprogramming to improve lymph node invasion. FASN is a crucial rate-limiting 

enzyme of fatty acid synthesis. LncRNA HOTAIR expression is favorably linked with FASN 
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expression in human nasopharyngeal cancer. Knocking down HOTAIR diminished free fatty 

acid and FASN levels at the genomic level. Other lncRNAs such as NEAT1 promotes uptake 

of lipid in macrophages through miR-342-3p-CD36 axis (Wang et al., 2014). NEAT 1 also 

has shown to modulate ATGL expression and impact the aberrant lipidosis of hepatocellular 

carcinoma cells (Wang et al., 2019). Two lncRNAs, GAS5 and RP5-833A20.1 has been 

found to reduce the efflux of cholesterol in macrophage derived cells. GAS5 regulates 

cholesterol levels through suppression of ABCA1 transciption, while RP5-833A20.1 exert 

their regulation through miR-382-5p-NFIA axis. (Meng et al., 2016; Hu et al., 2009) 

Research has shown that lncRNAs operate on the promoters of the gene associated with lipid 

metabolism. When mice primary hepatocytes were treated with GW3965, an agonist to the 

liver X receptor (LXR), which governs cellular cholesterol homeostasis and suppresses 

cholesterol production, the lncRNA LeXis was found to be the most up-regulated one among 

the other lncNAs. The presence of an LXR response element in the LeXis promoter was later 

demonstrated utilizing a luciferase reporter experiment (Zhang et al., 2021). 

The dysregulation of the lncRNA HULC has been linked to a variety of cellular processes, 

including hepatoma cell proliferation and infiltration. In hepatoma cells, cholesterol drives 

HULC production through the retinoic receptor RXRA, which enhances lipogenesis by 

inhibiting miR-9 target, peroxisome proliferator-activated receptors (PPARs). HULC 

suppresses miR-9 expression by methylating the CpG islands, which epigenetically silences 

the miR-9 promoter (Cui et al., 2015). This will lead to higher PPAR expression of the fatty 

acid synthase and acyl-CoA synthetase. This suggests that it is unreasonable to disregard the 

importance of lncRNA-mediated metabolic reprogramming in tumor development. They 

could be used in conjunction with other cancer treatments. 

4.3. LncRNA and amino acid metabolism 

Amino acids are the building blocks of proteins, a vital macromolecule that is further 

modified into various essential cellular effectors and regulator components such as enzymes, 

hormones and neurotransmitters. A succession of enzymatic and transcriptional events 

completes the intracellular metabolism of amino acids (Heiden V, 2011). LncRNA has been 

discovered to be engaged in the mechanism of amino acid metabolism by regulating these 

molecules in addition to being implicated in the control of glycolysis and lipid metabolism 

(Fig.3). Many of them have found different functions such as modulating enzyme, 

glutaminase alternative splicing pathway, as a competing endogenous RNA which 
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coordinates with glutamine metabolism-associated miRNA (Tennant et al., 2010; Le., 2012). 

In addition to that certain amino acid transporters have been identified to be regulated by 

lncRNAs and many controls the protective effects against antioxidants in cells. But more 

confirmative studies are needed to be performed for identifying their exact mode of action. 

A growing body of data suggests that cancer cell growth is aided by a relatively high 

requirement for amino acids. A range of amino acids serves an increasingly important role in 

tumor metabolism (Sivanand et al., 2020). Prior investigations have revealed information 

about the involvement of glutamine in cancer. Cancer cells rely on an external glutamine 

supply for amino acid metabolism. Glutamine is a key reservoir of reduced nitrogen for 

various metabolic pathways, as well as a supplier of carbon to refill the tricarboxylic acid 

(TCA) cycle. UDP-N-acetylglucosamine is a component in protein folding and trafficking 

and glutamine aids in its production. Protein folding will be defective and the ER-related 

stress response will be triggered in absence of glutamine in the cells. Knowledge of how 

lncRNAs are related to amino acid metabolism especially glutamine metabolism in malignant 

cells is still at the preliminary stage. The hepatocellular carcinoma-associated lncRNA 

HOTTIP which is an oncogene too is implicated in GLS1-associated metabolism of 

glutamine and overexpression of HOTTIP is expected to promote GLS1 expression and 

hence glutamine metabolism (Ge.,2015). By sponging miR-145, LncRNA TUG1 has been 

shown to increase glutamine metabolism in intrahepatic cholangiocarcinoma. Sirt3, a direct 

target of miR-145, has been shown to favorably regulate GDH production by deacetylating 

GDH in the mitochondrial matrix (Zeng et al., 2017). Another lncRNA PCGEM1 has been 

shown to affect prostate cancer metabolism, especially TCA and glutamine metabolism, by 

activating c-Myc, which recruits PCGEM1 to the promoters among its gene of interest, 

resulting in increased transactivation activity. LncRNA HOTAIR expression is discovered to 

be aberrantly elevated in glioma cells. It was found since the lncRNA HOTAIR, acts as a 

sponge for miR-126-5p and increases glutamine metabolism (Schlicker et al., 2008). 

Polypeptides synthesized from lncRNA have been proven to prevent cancer in amino acid 

metabolism in recent data. LncRNA HOXB-AS3, for example, slows down colon metastasis 

through a conserved peptide comprising 53 residues that suppresses amino acid metabolism 

(Tennant et al., 2010). The influence of LncRNAs on glutamine metabolism and other aspects 

of amino acid metabolism in tumor cells have to be investigated further since it might lead to 

effective therapeutic intervention. 

4.4. Therapeutic potential of LncRNA 
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LncRNAs are involved in almost every biological activity and have been related to a number 

of diseases. The mechanisms through which lncRNAs regulate gene expression are poorly 

understood. RNA-based therapeutic methods have made substantial progress in recent years. 

The results of the research have been recognized several advantages of using lncRNA as 

therapeutic targets. LncRNAs have grown to attention as a promising new class of molecules 

with the potential to alter diagnosis and treatment (Kim., 2020). 

There is a well-established relationship between lncRNA and disorders, notably 

malignancies. Several non-coding RNAs have been found as diagnostic and prognostic 

indicators as a result of the discovery of their functions in cancer (Wang et al., 2020; Mishra 

et al., 2019). Recent findings have shown the significance of lncRNAs in a wide variety of 

clinical conditions other than cancer, such as metabolic disorders (Masayuki et al., 2017). 

Because of their significant functions in different aspects of cellular metabolism, they are 

important.   It's a new field with a lot of potential for future lncRNA-mediated therapies 

focused against various metabolic disorders.  

Moreover, diseases, such as immunological dysfunction, have been linked to lncRNAs in 

research. According to mounting data, long noncoding RNAs (lncRNAs) are critical 

regulators of viral diseases and host immune responses, covering mechanisms involved in the 

control of COVID-19 and consequent clinical conditions (Wu et al.,2021; Henzinger H et al., 

2020). Cellular lncRNAs govern genetic material and influence viral replication and 

pathogenesis during viral infections by influencing the host transcriptome via virus-mediated 

changes. Certain lncRNAs have important regulatory functions in the viral course of infection 

in SARS-CoV-2 patients (Yu B et al., 2021). MALAT1 and NEAT1 lncRNAs do seem to be 

strongly linked to immunological responses and may play a role in the inflammatory course 

of SARS-CoV-2 infected cells according to the latest reports (Agwa SHA et al.,2021; Henzinger 

H et al., 2020). Elevated levels of LINC02207 and LINC01127 were known to be correlated to 

severe COVID-19, whilst LINC02084, LINC02446, LINC00861, LINC01871, and 

ANKRD44-AS1 were discovered to be correlated to mild COVID-19 (Saha C et al., 2021). 

When comparing severe COVID-19 patients to mild COVID-19 patients, PVT1 was also 

found to be downregulated (Yang Q et al., 2021). In the clinical treatment of COVID-19, 

medications such radecivir, baritinib, dexamethasone, and tocilizumab are already being used 

(Wu et al.,2021; Cheng J et al., 2021). Focused studies might lead to the development of 

lncRNA-based techniques and therapeutics by determining the prevalence and role of 

lncRNAs during SARS-CoV-2 infection. More research is needed due to the numbers of 
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lncRNA coded by the human genome and the lack of coherence on the altered lncRNA in 

SARS-CoV-2 infection. 

5. Conclusion 

The heterogeneity of responses seen in various tissues and disorders exemplifies the varied 

roles of lncRNAs in the cell.  A deeper knowledge of the functions of lncRNAs in various 

phases of hematopoiesis and metabolism, as well as their altered regulation in hematopoietic 

and metabolic diseases, would benefit to improve disease prediction and would lead to 

innovative treatment techniques that target regulatory molecules. The studies reviewed here 

have provided enough evidence that lncRNAs play vital roles in regulating various stages of 

hematopoiesis. Involvement of more functional studies are required to look at the role of 

lncRNAs in transcriptional and post-transcriptional modulation throughout hematopoiesis and 

how its aberrant expression results in the dynamic progression of myelodysplastic syndrome. 

As previously mentioned, the interaction of lncRNAs with key transcription factors or 

metabolic enzymes efficiently impacts glucose, lipid and amino acid metabolism while also 

promoting tumor growth.  Pathways such as PI3K/AKT/mTOR, p53 and AMPK which are 

integral for the regulation of glucose metabolism, especially in cancer are under the 

regulation of different lncRNAs. They also shown to have an impact on lipid metabolism 

such as apolipoproteins, cholesterol and triglyceride metabolism via interacting with SREBP 

transcription factors. Furthermore, lncRNA has been found to play functions in amino acid 

metabolism altering amino acid transporters and controlling glutamine metabolism 

specifically in cancer. Despite the fact that numerous essential biological roles of lncRNAs 

have been found in the last years, the vast majority of LncRNAs remain uncharacterized, and 

there is a good distance to cover before we can define, describe, and interpret the real 

functions of LncRNAs. As a result, a thorough analysis of the importance of lncRNA in 

regulating different targets and even the strategies by which it achieves it, would therefore aid 

in the development of new tools to manage myelodysplastic and metabolic syndrome, as well 

as the development of improved treatment interventions.  

Author contributions statement  

Sangeeth A,  Mahesh M, Mishra A and Gutti R. wrote or contributed to the writing of the 

manuscript. 

Disclosure of conflicts of interest 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 6, 2022 as DOI: 10.1124/jpet.121.001120

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


27 

No author has an actual or perceived conflict of interest with the contents of this article.  
 

The name and full address and e-mail address of person to receive reprint requests. 

Prof. Ravi Kumar Gutti 

Department of Biochemistry, School of Life Sciences, University of Hyderabad, (PO) 

Gachibowli, Hyderabad-500046 (TS), INDIA 

Email: guttiravi@gmail.com 

Authors' names and listed in order of appearance. 

Anjali Sangeeth1  

Mahesh Malleswarapu1 

Amit Mishra2 

Ravi Kumar Gutti2 

 

 

 

 

 

7.References 

A Gabory 1, M-A Ripoche, T Yoshimizu, L Dandolo. (2006) The H19 gene: regulation and function 

of a non-coding RNA. Cytogenet Genome Res. doi: 10.1159/000090831. 

Agwa SHA, Elghazaly H, Meteini MSE, Shawky SM, Ali M, Abd Elsamee AM, Sayed SM, Sherif N, 

Sharaf HM, Alhadidy MA, Matboli M. ( 2021) In Silico Identification and Clinical Validation of a 

Novel Long Non-Coding RNA/mRNA/miRNA Molecular Network for Potential Biomarkers for 

Discriminating SARS CoV-2 Infection Severity. Cells. doi: 10.3390/cells10113098. 

Ahmad I, Valverde A, Ahmad F, Naqvi AR. (2020) Long Noncoding RNA in Myeloid and Lymphoid 

Cell Differentiation, Polarization and Function. Review Cells. doi: 10.3390/cells9020269.   

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 6, 2022 as DOI: 10.1124/jpet.121.001120

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


28 

Alvarez-Dominguez JR, Hu W, Gromatzky AA, Lodish HF. (2014) Long noncoding RNAs during 

normal and malignant hematopoiesis. Int J Hematol. doi: 10.1007/s12185-014-1552-8. 

Alvarez-Dominguez JR, Hu W, Yuan B, Shi J, Park SS, Gromatzky AA, van Oudenaarden A, Lodish 

HF. (2014) Global discovery of erythroid long noncoding RNAs reveals novel regulators of red cell 

maturation. Blood. . doi: 10.1182/blood-2013-10-530683.  

Alvarez-Dominguez JR, Knoll M, Gromatzky AA, Lodish HF. (2017) The Super-Enhancer-Derived 

alncRNA-EC7/ Bloodlinc Potentiates Red Blood Cell Development in trans. Cell Rep. doi: 

10.1016/j.celrep.2017.05.082. 

Alvarez-Dominguez JR, Lodish HF. (2017) Emerging mechanisms of long noncoding RNA function 

during normal and malignant hematopoiesis. Blood. doi: 10.1182/blood-2017-06-788695. 

Amelio I,  Cutruzzolá F ,  Antonov A ,  Agostini M , Melino G.  (2014). Serine and glycine 

metabolism in cancer. Trends Bio- chem Sci. doi: 10.1016/j.tibs.2014.02.004 

Amin N, McGrath A, Chen YPP.  (2019) Evaluation of deep learning in non-coding RNA 

classification. Nature Machine Intelligence. doi:10.1038/s42256-019-0051-2.  

Aoki K, Harashima A, Sano M, Yokoi T, Nakamura S, Kibata M, Hirose T.(2010) A thymus-specific 

noncoding RNA, Thy-ncR1, is a cytoplasmic riboregulator of MFAP4 mRNA in immature T-cell 

lines. BMC Mol Biol. doi: 10.1186/1471-2199-11-99 

Aquilano K, Baldelli S, Pagliei B, Cannata SM, Rotilio G, Ciriolo MR.(2013)  p53 orchestrates the 

PGC-1alpha-mediated antioxidant response upon mild redox and metabolic imbalance. Antioxid 

Redox Signal. doi: 10.1089/ars.2012.4615.  

Bensaad K, Tsuruta A, Selak MA, Vidal MN, Nakano K, Bartrons R. (2006) TIGAR, a p53-inducible 

regulator of glycolysis and apoptosis. Cell.doi:10.1016/j.cell.2006.05.036 

Bensaad K, Vousden KH.(2007) p53: new roles in metabolism. Trends Cell Biol. 

doi.org/10.1016/j.tcb.2007.04.004 

Bhat AA, Younes SN, Raza SS, Zarif L, Nisar S, Ahmed I, Mir R, Kumar S, Sharawat SK, Hashem S, 

Elfaki I, Kulinski M, Kuttikrishnan S, Prabhu KS, Khan AQ, Yadav SK, El-Rifai W, Zargar MA, 

Zayed H, Haris M, Uddin S. (2020) Role of non-coding RNA networks in leukemia progression, 

metastasis and drug resistance. Mol Cancer. doi: 10.1186/s12943-020-01175-9. 

Bhatlekar S, Fields JZ, Boman BM. (2018) Role of HOX Genes in Stem Cell Differentiation and 

Cancer. Stem Cells Int. doi: 10.1155/2018/3569493. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 6, 2022 as DOI: 10.1124/jpet.121.001120

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


29 

Cavazzana-Calvo M, Fischer A, Bushman FD, Payen E, Hacein-Bey-Abina S, Leboulch P. (2011) Is 

normal hematopoiesis maintained solely by long-term multipotent stem cells?. Blood. doi: 

10.1182/blood-2010-09-255679. 

Chen H, Untiveros GM, McKee LA, Perez J, Li J, Antin PB, et al.(2012) Micro-RNA- 195 and -451 

regulate the LKB1/AMPK signaling axis by targeting MO25. PLoS One. 

doi:10.1371/journal.pone.0041574 

Chen Z, Li JL, Lin S, Cao C, Gimbrone NT, Yang R.(2016) cAMP/CREB regulated LINC00473 

marks LKB1-inactivated lung cancer and mediates tumor growth. J Clin Invest. 

doi: 10.1172/JCI85250. 

Cheng J, Zhou X, Feng W, Jia M, Zhang X, An T, Luan M, Pan Y, Zhang S, Zhou Z, Wen L, Sun Y, 

Zhou C. (2021). Risk stratification by long non-coding RNAs profiling in COVID-19 patients. J Cell 

Mol Med.doi.org/10.1111/jcmm.16444 

Cheng Z, Luo C, Guo Z. (2020) LncRNA-XIST/microRNA-126 sponge mediates cell proliferation 

and glucose metabolism through the IRS1/PI3K/Akt pathway in glioma. J Cell 

Biochem. doi:121:2170–83. 10.1002/jcb.29440  

Cui M , Xiao Z , Wang Y , et al. (2015) Long noncoding RNA HULC modulates abnormal lipid 

metabolism in hepatoma cells through an miR-9-mediated RXRA signaling pathway. Cancer doi: 

75:846–857.25592151. 

D’Autreaux B, Toledano MB. (2007) ROS as signalling molecules: mechanisms that generate 

specifcity in ROS homeostasis. Nat Rev Mol Cell Biol. doi:10.1038/nrm2256 

Dahariya S, Paddibhatla I, Kumar S, Raghuwanshi S, Pallepati A, Gutti RK. (2019 ) Long non-coding 

RNA: Classification, biogenesis and functions in blood cells. Mol Immunol. doi: 

10.1016/j.molimm.2019.04.011.  

Derrien T, Johnson R, Bussotti G, Tanzer A, Djebali S, Tilgner H, Guernec G, Martin D, Merkel A, 

Knowles DG, Lagarde J, Veeravalli L, Ruan X, Ruan Y, Lassmann T, Carninci P, Brown JB, 

Lipovich L, Gonzalez JM, Thomas M, Davis CA, Shiekhattar R, Gingeras TR, Hubbard TJ, 

Notredame C, Harrow J, Guigó R. (2012) The GENCODE v7 catalog of human long noncoding 

RNAs:Analysis of their gene structure, evolution, and expression. Genome Res. 

doi:10.1101/gr.132159.111 

Dhanoa JK, Sethi RS, Verma R, Arora JS, Mukhopadhyay CS. (2018) Long non-coding RNA: its 

evolutionary relics and biological implications in mammals: a review. J Anim Sci Technol doi: 

10.1186/s40781-018-0183-7 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 6, 2022 as DOI: 10.1124/jpet.121.001120

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


30 

Díaz-Beyá M, Brunet S, Nomdedéu J, Pratcorona M, Cordeiro A, Gallardo D, Escoda L, Tormo M, 

Heras I, Ribera JM, Duarte R, de Llano MP, Bargay J, Sampol A, Nomdedeu M, Risueño RM, Hoyos 

M, Sierra J, Monzo M, Navarro A, Esteve J.(2015) The lincRNA HOTAIRM1, located in the HOXA 

genomic region, is expressed in acute myeloid leukemia, impacts prognosis in patients in the 

intermediate-risk cytogenetic category, and is associated with a distinctive microRNA signature. 

Oncotarget. doi: 10.18632. 

Ema H, Suda T, Nagayoshi K, Miura Y, Civin CI, Nakauchi H. (1990) Target cells for granulocyte 

colony-stimulating factor, interleukin-3, and interleukin-5 in differentiation pathways of neutrophils 

and eosinophils. Blood. doi;1990;76:1956–1961. 

Emmrich S, Streltsov A, Schmidt F, Thangapandi VR, Dirk Reinhardt, and Jan-Henning Klusmann 

(2014) LincRNAs MONC and MIR100HG act as oncogenes in acute megakaryoblastic leukemia. Mol 

Cancer. doi: 10.1186/1476-4598-13-171.  

Feng J, Ma J, Liu S, Wang J, Chen Y. (2019) A noncoding RNA LINC00504 interacts with c-Myc to 

regulate tumor metabolism in colon cancer. J Cell Biochem.doi:120:14725–34. 10.1002/jcb.28733. 

Feun LG, Kuo MT, Savaraj N.(2015) Arginine deprivation in cancer therapy. Curr Opin Clin Nutr 

Metab Care. doi:10.1097/MCO.0000000000000122. 

Firmin FF, Oger F, Gheeraert C, Dubois-Chevalier J, Vercoutter-Edouart AS, Alzaid F, et al. 

(2017) The RBM14/CoAA-interacting, long intergenic non-coding RNA Paral1 regulates 

adipogenesis and coactivates the nuclear receptor PPARγ. Sci Rep.doi:7:14087. 10.1038/s41598-017-

14570-y.  

Gao J, Wang F, Wu P, Chen Y, Jia Y. (2020) Aberrant LncRNA Expression in Leukemia. J Cancer.  

doi: 10.7150/jca.42093. 

Ge Y, Yan X, Jin Y, Yang X, Yu X, Zhou L, Han S, Yuan Q, Yang M. (2015)  MiRNA-192 and 

miRNA-204 directly suppress lncRNA HOTTIP and interrupt GLS1-mediated glutaminolysis in 

hepato- cellular carcinoma. PLoS Genet. doi:10.1371/journal.pgen.1005726  

Gottlob K, Majewski N, Kennedy S, Kandel E, Robey RB, Hay N. (2009) Inhibition of early 

apoptotic events by Akt/PKB is dependent on the first committed step of glycolysis and mitochondrial 

hexokinase. Genes Dev. doi: 10.1016/S0076-6879(08)01422-5 

Goyal N, Tiwary S, Kesharwani D, Datta M. (2019) Long non-coding RNA H19 inhibition promotes 

hyperglycemia in mice by upregulating hepatic FoxO1 levels and promoting gluconeogenesis. J Mol 

Med.  doi:97:115–26. 10.1007/s00109-018-1718-6. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 6, 2022 as DOI: 10.1124/jpet.121.001120

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


31 

Gutschner T, Hämmerle M, Eissmann M, Hsu J, Kim Y, Hung G, et al. (2013) The noncoding RNA 

MALAT1 is a critical regulator of the metastasis phenotype of lung cancer cells. Cancer 

Res. doi: 73:1180–9. 10.1158/0008-5472.CAN-12-2850. 

Hajjari M, Salavaty A. (2015) HOTAIR: an oncogenic long non-coding RNA in different cancers. 

Cancer Biol Med. doi: 10.7497/j.issn.2095-3941.2015.0006. 

Han X, Yang Y, Sun Y, Qin L, Yang Y.  (2018) LncRNA TUG1 affects cell viability by regulating 

glycolysis in osteosarcoma cells. Gene.  doi:674:87–92. 10.1016/j.gene.2018.06.085  

Hardie DG. (2007) AMP-activated/SNF1 protein kinases: conserved guardians of cellular energy. Nat 

Rev Mol Cell Biol.doi:org/10.1038/nrm2249. 

Henzinger, H., Barth, D. A., Klec, C., & Pichler, M. (2020). Non-Coding RNAs and SARS-Related 

Coronaviruses. Viruses. doi.org/10.3390/v12121374 

Hon C-C, Ramilowski JA, Harshbarger J, Bertin N, Rackham OJL, Denisenko E, Sebastian Schmeier 

S, Thomas M. Poulsen TM, Jessica Severin J, Marina Lizio M, Hideya Kawaji H, Takeya Kasukawa 

T, Masayoshi Itoh M, A. Maxwell Burroughs AM, Shohei Noma S, Sarah Djebali S, Tanvir Alam T, 

Yulia A. Medvedeva YA, Alison C. Testa AC, Leonard Lipovich L, Chi-Wai Yip C, Imad 

Abugessaisa I, Mickaël Mendez M, Akira Hasegawa A, Dave Tang D, Timo Lassmann T, Peter 

Heutink P, Magda Babina M, Christine A. Wells CA, Soichi Kojima S, Yukio Nakamura Y, Harukazu 

Suzuki H, Daub CO, (2017) An atlas of human long non-coding RNAs with accurate 5′ ends. Nature. 

doi: 10.1038/nature21374. 

Hu W, Yuan B, Flygare J, Lodish HF. (2011) Long noncoding RNA-mediated anti-apoptotic activity 

in murine erythroid terminal differentiation. Genes Dev. doi: 10.1101/gad.178780.111. 

Inoki K, Zhu T, Guan KL.(2003) TSC2 mediates cellular energy response to control cell growth and 

survival. Cell. doi: 10.1016/s0092-8674(03)00929-2 

Jagannathan-Bogdan M, Zon LI. (2013) Hematopoiesis. Development. 2463–2467. doi: 

10.1242/dev.083147.  

Jarroux J, Morillon A, Pinskaya M. (2017) History, Discovery, and Classification of lncRNAs. Adv 

Exp Med Biol. doi: 10.1007/978-981-10-5203-3_1.  

Kahn BB, Alquier T, Carling D, Hardie DG. (2005) AMP-activated protein kinase: ancient energy 

gauge provides clues to modern understanding of metabolism. Cell Metab. doi: 10.1038/ncb2329 

Kallen AN, Zhou XB, Xu J, Qiao C, Ma J, Yan L, et al.(2013) The imprinted H19 lncRNA 

antagonizes let-7 microRNAs. Mol Cell. doi: 10.1016/j.molcel.2013.08.027 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 6, 2022 as DOI: 10.1124/jpet.121.001120

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


32 

Keniry A , Oxley D, Monnier P, Kyba M, Dandolo L, Smits G, Reik W. (2012) The H19 lincRNA is a 

developmental reservoir of miR-675 that suppresses growth and Igf1r. Nat Cell Biol. doi: 

10.1038/ncb2521.   

Kim SH, Choi SI, Won KY, Lim SJ.(2016) Distinctive interrelation of p53 with SCO2, COX, and 

TIGAR in human gastric cancer. Pathol Res Pract. doi:10.1016/j.prp.2016.07.014  

Kim YK. (2020) RNA Therapy: Current Status and Future Potential. Chonnam Med J 

doi:10.4068/cmj.2020.56.2.87 

Kondo M. (2010) Lymphoid and myeloid lineage commitment in multipotent hematopoietic 

progenitors. Immunol Rev. doi: 10.1111/j.1600-065X.2010.00963.x. 

Kotzin JJ, Spencer SP, McCright SJ, Kumar DBU, Collet MA, Mowel WK, Elliott EN, Uyar A, 

Makiya MA, Dunagin MC, Harman CCD, Virtue AT, Zhu S, Bailis W, Stein J, Hughes C, Raj A, 

Wherry EJ, Goff LA, Klion AD, Rinn JL, Williams A, Flavell RA, Henao-Mejia J. (2016) The long 

non-coding RNA Morrbid regulates Bim and short-lived myeloid cell lifespan. Nature. doi: 

10.1038/nature19346. 

Krawczyk M, Emerson BM. (2014) p50-associated COX-2 extragenic RNA (PACER) activates COX-

2 gene expression by occluding repressive NF-κB complexes. Elife. doi: 10.7554/eLife.01776. 

Krycer J, Sharpe L,Luu W (2010) The Akt-SREBP nexus: Cell signaling meets lipid 

metabolism.TRENDS ENDOCRIN MET .doi:10.1016/j.tem.2010.01.001 

Ku GM, Kim H, Vaughn IW, Hangauer MJ, Myung Oh C, German MS, et al. (2012) Research 

resource: RNA-Seq reveals unique features of the pancreatic β-cell transcriptome. Mol 

Endocrinol. doi:26:1783–92. 10.1210/me.2012-1176 

Kung JT, Colognori D, Lee JT. (2013 ) Long Noncoding RNAs: Past, Present, and Future. 

Geneticsdoi: 10.1534/genetics.112.146704. 

Le A , Lane AN, Hamaker M,  Bose S, Gouw A,  Barbi J,  Tsukamoto T,  Rojas CJ,  Slusher 

BS, Zhang H,  Zimmerman LJ, Liebler DC, Slebos RJ,  Lorkiewicz PK, Higashi RM, Dang C V 

(2012). Glucose-independent glutamine metabolism via TCA cycling for proliferation and survival in 

B cells. Cell Metab. doi: 10.1016/j.cmet.2011.12.009. 

Li D, Cheng M, Niu Y, Chi X, Liu X, Fan J, Fan H, Chang Y, Yang W. (2017) Identification of a 

novel human long non-coding RNA that regulates hepatic lipid metabolism by inhibiting SREBP-

1c. Int J Biol Sci. doi:13:349–57. 10.7150/ijbs.16635. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 6, 2022 as DOI: 10.1124/jpet.121.001120

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


33 

Li D, Feng J, Wu T, Wang Y, Sun Y, Ren J.(2013) Long intergenic noncoding RNA HOTAIR is 

overexpressed and regulates PTEN methylation in laryngeal squamous cell carcinoma. Am J 

Pathol.  doi: 10.1371/journal.pone.0122679 

Li M, Gao Q, Tian Z, Lu X, Sun Y, Chen Z. (2019) MIR221HG is a novel long noncoding RNA that 

inhibits bovine adipocyte differentiation. Genes. doi:11:29. 10.3390/genes11010029. 

Li W, Ren Y, Si Y, Wang F, Yu J. (2018) Long non-coding RNAs in hematopoietic regulation. Cell 

Regen. doi: 10.1016/j.cr.2018.08.001. 

Lina Ma, Jiabao Cao, Lin Liu, Qiang Du, Zhao Li, Dong Zou, Vladimir B Bajic, and Zhang Zhang. 

(2017)  LncBook: a curated knowledgebase of human long non-coding RNAs. Nucleic Acids Res. 

doi: 10.1093/nar/gky960. 

Lina Ma, Vladimir B. Bajic, Zhang Zhang. (2013). On the classification of long non-coding RNAs. 

RNA Biol doi: 10.4161/rna.24604. 

Liu J, Wang H, Chua NH.  (2015). Long noncoding RNA transcriptome of plants. Plant Biotechnol J 

doi: 10.1111/pbi.12336.  

Liu Q, Huang J, Zhou N, Zhang Z, Zhang A, Lu Z, Wu F, Mo YY. (2013). LncRNA loc285194 is a 

p53-regulated tumor suppressor. Nucleic Acids Res. doi:10.1093/nar/gkt182. 

Liu X, Xiao ZD, Gan B.(2016) An lncRNA switch for AMPK activation cell cycle. 

doi:10.1080/15384101.2016.1184515. 

Liu X, Xiao ZD, Han L, Zhang J, Lee SW, Wang  (2016) LncRNA NBR2 engages a metabolic 

checkpoint by regulating AMPK under energy stress. Nat Cell Biol doi: 10.1038/ncb3328. 

Losko M, Kotlinowski J, Jura J. (2016) Long Noncoding RNAs in Metabolic Syndrome Related 

Disorders. Mediators Inflamm doi: 10.1155/2016/5365209.  

Luan W, Zhou Z, Ni X, Xia Y, Wang J, Yan Y, et al.(2018) Long non-coding RNA H19 promotes 

glucose metabolism and cell growth in malignant melanoma via miR-106a-5p/E2F3 axis. J Cancer 

Res Clin Oncol. doi:144:531–42. 10.1007/s00432-018-2582-z 

Luo M, Jeong M, Sun D, Park HJ, Rodriguez BA, Xia Z, Yang L, Zhang X, Sheng K, Darlington GJ, 

Li W, Goodell MA. (2015) Long Non-Coding RNAs Control Hematopoietic Stem Cell Function. Cell 

Stem Cell. doi: 10.1016/j.stem.2015.02.002. 

Magli MC, Barba P, Celetti A, De Vita G, Cillo C, Boncinelli E. (1991) Coordinate regulation of 

HOX genes in human hematopoietic cells. Proceedings of the National Academy of 

Sciences. doi;88:6348–6352. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 6, 2022 as DOI: 10.1124/jpet.121.001120

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


34 

Majumder PK, Febbo PG, Bikoff R, Berger R, Xue Q, McMahon LM, et al. (2004) mTOR inhibition 

reverses Akt-dependent prostate intraepithelial neoplasia through regulation of apoptotic and HIF-1-

dependent pathways. Nat Med. doi: 10.1038/nm1052 

Matoba S, Kang JG, Patino WD, Wragg A, Boehm M, Gavrilova O, et al. (2006) p53 regulates 

mitochondrial respiration. Science. doi:10.1126/science.1126863 

Matsui M, Corey DR,(2017) Noncoding RNAs as drug targets. Nat Rev Drug Discov. 

doi: 10.1186/s13058-021-01491-y. 

Mishra S, Verma SS, Rai V, Awasthee N.(2019) Long non-coding RNAs are emerging targets of 

phytochemicals for cancer and other chronic diseases. Cell Mol Life Sci 

Miyamoto S, Murphy AN, Brown JH. (2007) Akt mediates mitochondrial protection in 

cardiomyocytes through phosphorylation of mitochondrial hexokinase-II. Cell Death Differ. 

doi:10.1038/sj.cdd.4402285 

Morán I, Akerman I, van de Bunt M, Xie R, Benazra M, Nammo T, Arnes L, Nakić N, García-

Hurtado J, Rodríguez-Seguí S, Pasquali L, Sauty-Colace C, Beucher A, Scharfmann R, van 

Arensbergen J, Johnson PR, Berry A, Lee C, Harkins T, Gmyr V, Pattou F, Kerr-Conte J, Piemonti L, 

Berney T, Hanley N, Gloyn AL, Sussel L, Langman L, Brayman KL, Sander M, McCarthy MI, 

Ravassard P, Ferrer J. (2012) Human β cell transcriptome analysis uncovers lncRNAs that are tissue-

specific, dynamically regulated, and abnormally expressed in type 2 diabetes. Cell Metab.doi:16:435–

48. 10.1016/j.cmet.2012.08.010  

Nolan CJ, Prentki M. (2008) The islet beta-cell: fuel responsive and vulnerable. Trends Endocrinol 

Metab doi19:285–91. 10.1016/j.tem.2008.07.006 

Nuermaimaiti N, Liu J, Liang X, Jiao Y, Zhang D, Liu L, et al. (2018) Effect of lncRNA HOXA11-

AS1 on adipocyte differentiation in human adipose-derived stem cells. Biochem Biophys Res 

Commun. doi:495:1878–84. 10.1016/j.bbrc.2017.12.006. 

Pettinelli P, Del Pozo T, Araya J, Rodrigo R, Araya AV, Smok G, et al. (2009) Enhancement in liver 

SREBP-1c/PPAR-alpha ratio and steatosis in obese patients: correlations with insulin resistance and 

n-3 long-chain polyunsaturated fatty acid depletion. Biochim Biophys Acta.doi:1792:1080–6. 

10.1016/j.bbadis.2009.08.015. 

Poliseno L, Salmena L, Zhang J, Carver B, Haveman WJ, Pandolfi PP. (2010) A coding-independent 

function of gene and pseudogene mRNAs regulates tumour biology. Nature. 

doi: 10.1038/nature09144 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 6, 2022 as DOI: 10.1124/jpet.121.001120

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


35 

Qin W, Li X, Xie L, Li S, Liu J, Jia L, et al. (2016) A long non-coding RNA, APOA4-AS, regulates 

APOA4 expression depending on HuR in mice. Nucleic Acids Res.doi:44:6423–33. 

10.1093/nar/gkw341 

Quinn JJ, Chang HY. (2016) Unique features of long non-coding RNA biogenesis and function. Nat 

Rev Genet doi: 10.1038/nrg.2015.10.  

Rajeshkumar NV, Dutta P, Yabuuchi S, de Wilde RF, Martinez GV, Le A (2015). Therapeutic 

targeting of the Warburg effect in pancreatic cancer relies on an absence of p53 function. Cancer 

Res.doi:10.1158/0008-5472.CAN-15-0108. 

Richard Boland C (2017). Non-coding RNA: It’s Not Junk C. Dig Dis Sci doi: 10.1007/s10620-017-

4506-1.  

Robey RB, Hay N. (2006) Mitochondrial hexokinases, novel mediators of the antiapoptotic effects of 

growth factors and Akt. Oncogene.doi: 10.1038/sj.onc.1209595 

Robey RB, Hay N. (2009) Is Akt the “Warburg kinase”?-Akt-energy metabolism interactions and 

oncogenesis. Semin Cancer Biol. doi.org/10.1016/j.semcancer.2008.11.010. 

Ruan X, Li P, Cangelosi A, Yang L, Cao H. (2016) A long non-coding RNA, lncLGR, regulates 

hepatic glucokinase expression and glycogen storage during fasting. Cell Rep.doi:14:1867–75. 

10.1016/j.celrep.2016.01.062 

Saha C, Laha S, Chatterjee R, Bhattacharyya NP. ( 2021) Co-Regulation of Protein Coding Genes by 

Transcription Factor and Long Non-Coding RNA in SARS-CoV-2 Infected Cells: An In Silico 

Analysis. Noncoding RNA. doi: 10.3390/ncrna7040074. 

Salani B, Ravera S, Amaro A, Salis A, Passalacqua M, Millo E, et al. (2015) IGF1 regulates PKM2 

function through Akt phosphorylation. Cell Cycle. doi.org/10.1080/15384101.2015.1026490 

Sanchez-Parra C, Jacovetti C, Dumortier O, Lee K, Peyot ML, Guay C, Prentki M, Laybutt DR, Van 

Obberghen E, Regazzi R. (2018) Contribution of the long noncoding RNA H19 to β-cell mass 

expansion in neonatal and adult rodents. Diabetes. (2018doi:67:2254–67. 10.2337/db18-0201  

Satpathy AT, Chang HY(2015) Long noncoding RNA in hematopoiesis and immunity. Immunity. 

doi: 10.1016/j.immuni.2015.05.004. 

Schlicker C (2008). Substrates and regulation mechanisms for the human mitochondrial sirtuins Sirt3 

and Sirt5. J Mol Biol. doi:10.1016/j.jmb.2008.07.048 

Schmidt E, Dhaouadi I, Gaziano I, Oliverio M, Klemm P, Awazawa M, et al.(2018) LincRNA H19 

protects from dietary obesity by constraining expression of monoallelic genes in brown fat. Nat 

Commun. doi:9:3622. 10.1038/s41467-018-05933-8. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 6, 2022 as DOI: 10.1124/jpet.121.001120

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


36 

Shackelford DB, Vasquez DS, Corbeil J, Wu S, Leblanc M, Wu CL, et al.(2009) mTOR and HIF-

1alpha-mediated tumor metabolism in an LKB1 mouse model of Peutz-Jeghers syndrome. Proc Natl 

Acad Sci U S A. doi: 10.1073/pnas.0900465106 

Shang G, Wang Y, Xu Y, Zhang S, Sun X, Guan H, et al. (2018) Long non-coding RNA 

TCONS_00041960 enhances osteogenesis and inhibits adipogenesis of rat bone marrow 

mesenchymal stem cell by targeting miR-204-5p and miR-125a-3p. J Cell Physiol. Doi:233:6041–51. 

10.1002/jcp.26424. 

Shangda Yang, MD, Guohuan Sun, Peng Wu, MD PhD, Yijin Kuang, Cong Chen, Zhaofeng Zheng, 

Quan Gu, PhD, Caiying Zhu, Fanglin Gou, Zining Yang, Xiangnan Zhao, Liu Yang, Shihong Lu, Shi 

Lihong, Xue Lv, Fang Dong, PhD, Lihong Shi, Lai Guang Ng, Jing Liu, PhD, Hui Cheng, Tao Cheng. 

(2020) A Novel Lncrna, Lncery, Interacts with Wdr82 to Regulate Erythroid Differentiation By 

Promoting Globin Gene Transcription. Blood  https://doi.org/10.1182/blood-2020-139258.  

Shankaraiah RC, Veronese A, Sabbioni S, Negrini M. (2018) Non-coding RNAs in the 

reprogramming of glucose metabolism in cancer. Cancer Lett .doi:10.1016/j.canlet.2018.01.048 

Sheen JH, Zoncu R, Kim D, Sabatini DM (2011) Defective regulation of autophagy upon leucine 

dep- rivation reveals a targetable liability of human melanoma cells in vitro and in vivo. Cancer Cell. 

doi:10.1038/s41598-017-18323-9. 

Shelly C. Lu.(2013) Glutathione synthesis. Biochim Biophys Acta. 

doi: 10.1016/j.bbagen.2012.09.008 

Shen C, Chen MT, Zhang XH, Yin XL, Ning HM, Su R, Lin HS, Song L, Wang F, Ma YN, Zhao HL, 

Yu J, Zhang JW.  (2015) PU.1-Regulated Long Noncoding RNA lnc-MC Controls Human 

Monocyte/Macrophage Differentiation through Interaction with MicroRNA 199a-5p. Mol Cell Biol.  

doi: 10.1128/MCB.00429-15.   

Sies H. (1999) Glutathione and its role in cellular functions. Free Radic Biol Med. 

doi.org/10.1016/S0891-5849(99)00177-X. 

Singh R, Chandel S, Dey D, Ghosh A, Roy S, Ravichandiran V, Ghosh D. (2020) Epigenetic 

modification and therapeutic targets of diabetes mellitus. Biosci Rep. doi: 10.1042/BSR20202160 

Sivanand S, Vander Heiden MG.(2020) Emerging roles for branched-chain amino acid metabolism in 

cancer. Cancer Cell.doi:10.1016/j.ccell.2019.12.011. 

Skeen JE, Bhaskar PT, Chen CC, Chen WS, Peng XD, Nogueira V, Hahn-Windgassen A, Kiyokawa 

H, Hay N (2006) Akt deficiency impairs normal cell proliferation and suppresses oncogenesis in a 

p53- independent and mTORC1-dependent manner. Cancer Cell. doi.org/10.1038/cddis.2016.8 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 6, 2022 as DOI: 10.1124/jpet.121.001120

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


37 

Song M, Zou L, Peng L, Liu S, Wu B, Yi Z. (2017) LncRNA NONRATT021972 siRNA normalized 

the dysfunction of hepatic glucokinase through AKT signaling in T2DM rats. Endocr 

Res. doi:42:180–90. 10.1080/07435800.2017.1292522  

Sun LY, Li XJ, Sun YM, Huang W, Fang K, Han C. (2018). LncRNA ANRIL regulates AML 

development through modulating the glucose metabolism pathway of AdipoR1/AMPK/SIRT1. Mol 

Cancer. doi:17:127. 10.1186/s12943-018-0879-9. 

Sun M, Kraus WL. (2015) From discovery to function: the expanding roles of long noncoding RNAs 

in physiology and disease. Endocr Rev doi: 10.1210/er.2014-1034.  

Takahashi K, Yan IK, Haga H, Patel T. (2014) Modulation of hypoxia-signaling pathways by 

extracellular linc-RoR. J Cell Sci. doi.org/10.1242/jcs.141069 

Takahashi N, Kimura AP, Otsuka K, Ohmura K, Naito S, Yoshida M. (2019) Dreh, a long noncoding 

RNA repressed by metformin, regulates glucose transport in C2C12 skeletal muscle cells. Life 

Sci.  doi:236:116906. 10.1016/j.lfs.2019.116906. 

Tay Y, Rinn J, Pandolf PP. (2014) The multilayered complexity of ceRNA cross- talk and 

competition. Nature. doi: 10.1038/nature12986. 

Tennant DA, Duran RV, Gottlieb E. (2010) Targeting metabolic transformation for cancer therapy. 

Nat Rev Cancer. doi:10.1038/nrc2817. 

Trimarchi T, Bilal E, Ntziachristos P, Fabbri G, Dalla-Favera R, Tsirigos A, Aifantis I. (2014) 

Genome-wide mapping and characterization of Notch-regulated long noncoding RNAs in acute 

leukemia. Cell. doi: 10.1016/j.cell.2014.05.049.   

Van Dam EM, Govers R, James DE.(2005) Akt activation is required at a late stage of insulin-induced 

GLUT4 translocation to the plasma membrane. Mol Endocrinol. doi: 10.1210/me.2007-0282 

Vander Heiden MG. (2011) Targeting cancer metabolism: a therapeutic win- dow opens. Nat Rev 

Drug Discov. doi:10.1038/nrd3504. 

Venkatraman A, He XC, Thorvaldsen JL, Sugimura R, Perry JM, Tao F, Zhao M, Christenson MK, 

Sanchez R, Yu JY, Peng L, Haug JS, Paulson A, Li H, Zhong X, Clemens TL, Bartolomei MS, Li L. 

(2013) Maternal imprinting at the H19-Igf2 locus maintains adult haematopoietic stem cell 

quiescence. Nature. doi: 10.1038/nature12303. 

Venkatraman A, He XC, Thorvaldsen JL, Sugimura R, Perry JM, Tao F, Zhao M, Christenson MK, 

Sanchez R, Yu JY, Peng L, Haug JS, Paulson A, Li H, Zhong XB, Clemens TL, Bartolomei MS, Li 

L.  (2013) Maternal imprinting at the H19-Igf2 locus maintains adult haematopoietic stem cell 

quiescence. Nature. doi: 10.1038/nature12303. Epub 2013 Jul 17. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 6, 2022 as DOI: 10.1124/jpet.121.001120

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


38 

Vikram R. Paralkar and Mitchell J. Weiss. (2011) A new ‘Linc’ between noncoding RNAs and blood 

development. Genes Dev. doi: 10.1101/gad.183020.111.  

Vikram R. Paralkar1 and Mitchell J. Weiss. (2013) Long noncoding RNAs in biology and 

hematopoiesis. Blood. doi: 10.1182/blood-2013-03-456111. 

Villamizar O, Chambers CB, Mo YY, Torry DS, Hofstrand R, Riberdy JM, Persons DA, Wilber 

A. Fas-antisense (2016) long noncoding RNA is differentially expressed during maturation of human 

erythrocytes and confers resistance to Fas-mediated cell death. Blood Cells Mol Dis.doi: 

10.1016/j.bcmd.2016.03.002.  

 Wagner LA, Christensen CJ, Dunn DM, Spangrude GJ, Georgelas A, Kelley L, Esplin MS, Weiss 

RB, Gleich GJ. (2007) EGO, a novel, noncoding RNA gene, regulates eosinophil granule protein 

transcript expression. Blood. doi: 10.1182/blood-2006-06-027987.   

Wagner LA, Christensen CJ, Dunn DM, Spangrude GJ, Georgelas A, Kelley L, Esplin MS, Weiss 

RB, Gleich GJ. (2007) EGO, a novel, noncoding RNA gene, regulates eosinophil granule protein 

transcript expression. Blood. 

Wang C ,Wu X ,Shen F, Li Y, Zhang Y ,Yu D.  (2015) Shlnc-EC6 regulates murine erythroid 

enucleation by Rac1-PIP5K pathway. Dev Grow doi: 10.1111/dgd.12225. 

Wang FY, Gu ZY, Gao CJ. (2019)  Long non-coding RNAs during normal erythropoiesis. Blood 

Science doi: 10.1097/BS9.0000000000000027. 

Wang H, Li W, Guo R, Sun J, Cui J, Wang G, Hoffman AR, Hu JF. (2014) An intragenic long 

noncoding RNA interacts epigenetically with the RUNX1 promoter and enhancer chromatin DNA in 

hematopoietic malignancies. Int J Cancer.  doi: 10.1002/ijc.28922.   

Wang L, Xia JW, Ke ZP, Zhang BH. (2019) Blockade of NEAT1 represses inflammation response 

and lipid uptake via modulating miR-342-3p in human macrophages THP-1 cells. J Cell 

Physiol.doi:234:5319–26. 10.1002/jcp.27340. 

Wang N, Zhu Y, Xie M, Wang L, Jin F, Li Y, Yuan Q, De W. (2018) Long noncoding RNA meg3 

regulates mafa expression in mouse beta cells by inactivating Rad21, Smc3 or Sin3α. Cell Physiol 

Biochem.doi:45:2031–43. 10.1159/000487983. 

Wang P, Xue Y, Han Y, Lin L, Wu C, Xu S, Jiang Z, Xu J, Liu Q, Cao X.Qiuyan Liu, Xuetao Cao. 

(2014) The STAT3-binding long noncoding RNA lnc-DC controls human dendritic cell 

differentiation. Science. doi: 10.1126/science.1251456.   

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 6, 2022 as DOI: 10.1124/jpet.121.001120

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


39 

Wang Y, Fang Z, Hong M, Yang D, Xie W. (2020) Long-noncoding RNAs (lncRNAs) in drug 

metabolism and disposition, implications in cancer chemo-resistance. Acta Pharm Sin 

doi.org/10.1186/s12943-020-0. 

Wang Y, Zhou Q, Ma JJ. (2018) High expression of lnc-CRNDE presents as a biomarker for acute 

myeloid leukemia and promotes the malignant progression in acute myeloid leukemia cell line U937. 

Eur Rev Med Pharmacol Sci. doi: 10.26355/eurrev_201802_14310.   

Wei S, Fan Q, Yang L, Zhang X, Ma Y, Zong Z, Hua X, Su D, Sun H, Li H, Liu Z. (2017)Promotion 

of glycolysis by HOTAIR through GLUT1 upregulation via mTOR signaling. Oncol 

Rep. doi:38:1902–8. 10.3892/or.2017.5840 

Whiteman EL, Cho H, Birnbaum MJ. (2002) Role of Akt/protein kinase B in metabolism. Trends 

Endocrinol Metab. doi: 10.1016/s1043-2760(02)00662-8 

Wu M, An J, Zheng Q, Xin X, Lin Z, Li X (2016). Double mutant P53 (N340Q/ L344R) promotes 

hepatocarcinogenesis through upregulation of Pim1 mediated by PKM2 and LncRNA CUDR. 

Oncotarget. doi:10.18632/oncotarget.9089 

Wu Y, Zhao T, Deng R, Xia X, Li B, Wang X. (2021) A study of differential circRNA and lncRNA 

expressions in COVID-19-infected peripheral blood. Sci Rep. doi: 10.1038/s41598-021-86134-0. 

Xiao ZD, Liu X, Zhuang L, Gan B.(2016) NBR2: a former junk gene emerges as a key player in 

tumor suppression. Mol Cell Oncol. doi: 10.1080/23723556.2016.1187322 

Xiong G, Pan S, Jin J, Wang X, He R, Peng F, Li X, Wang M, Zheng J, Zhu F, Qin R. (2021) Long 

Noncoding Competing Endogenous RNA Networks in Pancreatic Cancer. Front 

Oncol. doi: 10.3389/fonc.2021.765216 

 Ya Lu, Huanhuan Sha, Xun Sun, Yuan Zhang, Yang Wu, Junying Zhang, Hui Zhang, Jianzhong Wu, 

Jifeng Feng. (2020) CRNDE: an oncogenic long non-coding RNA in cancers. Cancer Cell Int. doi: 

10.1186/s12935-020-01246-3.  

Yang C (2012) Long non-coding RNA UCA1 regulated cell cycle distribu- tion via CREB through 

PI3-K dependent pathway in bladder carcinoma cells. Gene.doi.org/10.1016/j.gene.2012.01.012 

Yang L, Wang X, Guo H, Zhang W, Wang W, Ma H. (2019) Whole transcriptome analysis of obese 

adipose tissue suggests u001kfc.1 as a potential regulator to glucose homeostasis. Front 

Genet. doi:10:1133. 10.3389/fgene.2019.01133. 

Yang Q, Lin F, Wang Y, Zeng M, Luo M. (2021) Long Noncoding RNAs as Emerging Regulators of 

COVID-19. Front Immunol. doi: 10.3389/fimmu.2021.700184. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 6, 2022 as DOI: 10.1124/jpet.121.001120

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


40 

Yildirim E, Kirby JE, Brown DE, Mercier FE, Sadreyev RI, Scadden DT, Lee JT .(2013) Xist RNA is 

a potent suppressor of hematologic cancer in mice. Cell.doi: 10.1016/j.cell.2013.01.034.   

You L, Wang N, Yin D, Wang L, Jin F, Zhu Y. (2016) Downregulation of long noncoding RNA 

Meg3 affects insulin synthesis and secretion in mouse pancreatic beta cells. J Cell Physiol. 

doi:231:852–62. 10.1002/jcp.25175  

Yu B, Qi Y, Li R, Shi Q, Satpathy AT, Chang HY. (2021). B cell-specific XIST complex enforces X-

inactivation and restrains atypical B cells. Cell. doi.org/10.1016/j.cell.2021.02.015 

Yuan Y, Cao X, Hu J, Li J, Shen D, You L, et al. (2019) The role and possible mechanism of lncRNA 

AC092159.2 in modulating adipocyte differentiation. J Mol Endocrinol. doi:62:137–48. 

10.1530/JME-18-0215. 

Zeng B  Huilin Ye Jianming Chen , Di Cheng , Canfeng Cai , Guoxing Chen , Xiang Chen , Haiyang 

Xin , Chaoming Tang , Jun Zeng  (2017). LncRNA TUG1 sponges miR-145 to promote cancer 

progression and regulate glutamine metabolism via Sirt3/GDH axis. Oncotarget. doi: 

10.18632/oncotarget.21922 

Zeng C, Xu Y, Xu L, Yu X, Cheng J, Yang L, Chen S, Li Y. (2014) Inhibition of long non-coding 

RNA NEAT1 impairs myeloid differentiation in acute promyelocytic leukemia cells. BMC Cancer. . 

doi: 10.1186/1471-2407-14-693. 

Zhang N, Zhou Y, Yuan Q, Gao Y, Wang Y, Wang X, et al. (2018) Dynamic transcriptome profile in 

db/db skeletal muscle reveal critical roles for long noncoding RNA regulator. Int J Biochem Cell 

Biol. doi:104:14–24. 10.1016/j.biocel.2018.08.013. 

Zhang P, Wu W, Chen Q, Chen M. (2019) Non-Coding RNAs and their Integrated Networks. J Integr 

Bioinform. doi: 10.1515/jib-2019-0027. 

Zhang X, Weissman SM, Newburger PE. (2014) Long intergenic non-coding RNA HOTAIRM1 

regulates cell cycle progression during myeloid maturation in NB4 human promyelocytic leukemia 

cells. RNA Biol. 787. doi: 10.4161/rna.28828. 

 Zhang Y, Xu N, Xu J, Kong B, Copple B, Guo GL, et al. (2014) E2F1 is a novel fibrogenic gene that 

regulates cholestatic liver fibrosis through the Egr-1/SHP/EID1 network. Hepatology.  doi; 60:919–

30. 10.1002/hep.27121 

Zheng Y, Wu J, Deng R, Lin C, Huang Y, Yang X, Wang C, Yang M, He Y, Lu J, Su X, Yan Q, Zhu 

Y, Guan X, Li Y, Yun J .(2021) G3BP2 regulated by the lncRNA LINC01554 facilitates esophageal 

squamous cell carcinoma metastasis through stabilizing HDGF transcript. Oncogene. 

doi.org/10.1038/s41388-021-02073-0  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 6, 2022 as DOI: 10.1124/jpet.121.001120

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


41 

Zheng YL, Li L, Jia YX, Zhang BZ, Li JC, Zhu YH, et al. (2019) LINC01554-mediated glucose 

metabolism reprogramming suppresses tumorigenicity in hepatocellular carcinoma via 

downregulating PKM2 expression and inhibiting Akt/mTOR signaling 

pathway. Theranostics.doi:9:796–810. 10.7150/thno.28992. 

Zhengkun Li, Xu Li, Shouzhen Wu, Mei Xue, Wei Chen (2014) Long non-coding RNA UCA1 

promotes glycolysis by upregulating hexokinase 2 through the mTOR-STAT3/ microRNA143 

pathway. Cancer Sci. doi: 10.1111/cas.12461 

Zhu X, Wu YB, Zhou J, Kang DM.  (2016) Upregulation of lncRNA MEG3 promotes hepatic insulin 

resistance via increasing FoxO1 expression. Biochem Biophys Res Commun. doi:L469:319–25. 

10.1016/j.bbrc.2015.11.048. 

Zou ZW, Ma C, Medoro L, Chen L, Wang B, Gupta R, et al.(2016) LncRNA ANRIL is up-regulated 

in nasopharyngeal carcinoma and promotes the cancer progression via increasing proliferation, 

reprograming cell glucose metabolism and inducing side-population stem-like cancer cells. 

Oncotarget. doi: 10.18632/oncotarget.11437. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1: LncRNAs reported in normal hematopoiesis. 
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Table 2: LncRNAs reported in Myelodysolastic Syndrome. 

 LncRNA Stage associated Mechanism Associated MDS References 
 

 LncNA Stage associated Mechanism References 

1 H19 HSC quiescence Regulating the Igf2-Igfr1 signalling 
pathway 

Luo et al., 2015 

2 LncHSC-1 
 
LncHSC-2 
 

myeloid 
differentiation 
 
HSC self-renewal 
and 
lymphoid differentia
tion 
 

 
Mediates transcription factors binding 
to promoters of genes of hematopoiesis 

Hu et al., 2011 

3 elncRNA-EC 3 
 

Erythropoiesis 
 

cis-regulating of 2A (KIF2A) 
expression 

Juan et al., 2014 

4 Bloodlinc 
 

Erythroid maturation 
 

Enhances BAND3 of Solute Carrier 4 
family of bicarbonate transporters 
(SLC4A1). 
 

Wang et al., 2018 

5 lnc-MC 
 

Monocytopoiesis 
 

Regulated by the expression of PU.1  
in GMPs 
 

Ahmed et al., 2020 
 

6 Fas-AS1 
 
 

Erythrocyte 
maturation 

Regulated by erythroid transcription 
factors 

Villmizar et al., 2016

7 lncEry 
 

Erythroid 
differentiation 
 

Interact with WD Repeat Domain 82 
to facilitate the epigenetic modification 
of the promoter region of globin genes 
 

Yang et al., 2020 

8 lncRNA EGO 
 
 

CD34+differentiatio
n into esnophils. 
 

Transiently increase cytokine, 
interleukin-5 stimulation of high 
proliferative capacity 
CD34+ hematopoietic progenitors 

Wagner et al., 2007 

9 lnc-DC 
 

Dendritic cell (DC) 
differentiation 
 

Activates the transcription factor 
STAT3. 
 

Wang et al., 2014 

10 Thy-ncR1 
 
 

Proliferation and 
Differentiation of T 
lymphocytes 
 

Reduce the mRNA MFAP4 level in T-
cell 

Aoki et al., 2010 

11 Morrbid 
 

Myeloid cells 
survival 
 

Mediates response to pro-survival 
cytokines 

Kotzin et al., 2016 
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1 Xist Early embryogenesis  
 

Trigger X chromosome 
inactivation 
 

Myeloproliferative 
neoplasm  
 

Yildrim et 
al.,2013 

2 HOTAIRM 
.  
 

 Various stages of 
hematopoiesis 
 

Transcriptional activation of 
genes involved in different 
lineages of hematopoiesis 
 

Promyelocytic 
leukemia  
 

Bhat et al., 
2020 

3 LUNAR1 
 

T-ALL cell 
proliferation 

Promotes IGF1R expression 
and IGF1R signalling  
 

T-cell Acute 
Lymphoblastic 
Leukemia  
 

 
Trimachi et 
al., 2014. 
 

4 lncRNA-
CRNDE 
 

Myeloid Proliferation Inhibition of apoptosis by 
targeting miRNAs and cell 
signalling pathways 
 

Acute myeloid 
leukemia 
 

Lu et al., 
2020 

5 RUNX1 
 
 

HSC self-renewal and 
differentiation 
haematopoietic cell  
lineages 

epigenetically regulates the 
RUNX1 via H3-K27 
methylase Enhancer of zeste 
 
 

Acute myeloid 
leukemia 
 

Wang et al., 
2014 

6 MIR99AHG 
 
MIR100HG 
  
 

 
Lineage commitment  
Erythroid progenitor 
cells 

Regulation of lineage 
commitment of MEP cells 

megakaryoblastic 
leukemia 

Emmrich et 
al., 2014 

7 NEAT1 
 

Mononuclear cells  
 differentiation  
 

Induces PML-RARα fusion 
protein. 
 

Acute 
promyelocytic 
leukemia  
 

Zeng et al., 
2014. 
 

 

 

 

 

 

 

 

 

 

Figure Legends 
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Figure 1: Alteration of of Glucose metabolism by LncRNAs via: A) Enzymes; Different 

LncRNAs mediate phosphorylation and ubiquitination of critical metabolic enzymes 

associated with the metabolism of glucose. B) Transcription Factors: Aerobic glycolysis is 

under regulation of different LncRNAs through ubiquitination, hydroxylation and 

phosphorylation of associated transcriptional factors. 

 

Figure 2: LncRNA mediated alteration of metabolism related signaling pathways.  
LncRNAs mediate modification of components of various signalling pathways; AMPK and 

PI3K/ AKT pathway through phosphorylation of various factors in the cascade. P53 and 

mTOR pathway through phosphorylation, acetylation and ubiquitination of different 

components leading to the metabolic regulation. 

Figure 3: Overall illustration of lncRNA mediated regulation of metabolism. Schematic 

representation of various lncRNAs involved in regulation of carbohydrate, lipids and amino 

acid metabolism. 
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