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Abstract: Long non-coding RNA (lncRNA) are an important class of ubiquitous genes involved in diverse biological 
functions. lncRNAs, defined as noncoding RNAs with a length exceeding 200 nucleotides, are abundantly expressed 
throughout cells; however, their precise functions remain largely elusive. From embryonic stem cell proliferation and 
differentiation to cancer cell proliferation and invasion, lncRNAs play multifaceted regulatory roles across various 
cellular stages. Moreover, lncRNAs participate in the regulation of differentiation and regeneration during cellular 
development processes while also playing a pivotal role in maintaining and regulating cell stemness. In this article, 
we comprehensively review the current knowledge regarding lncRNAs in this field, discussing their biological func-
tions and mechanisms underlying stemness regulation along with the factors implicated in these processes. We 
emphasize the growing evidence supporting the significance of lncRNAs in governing cell stemness while indicating 
that disruptions or mutations within them may serve as fundamental causes for certain developmental disorders.
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Introduction

lncRNAs are widely distributed in prokaryotic 
and eukaryotic genomes. Despite being one  
of the most conserved and rapidly evolving 
sequences in vertebrate genomes, non-pro-
tein-coding RNAs (ncRNAs) have long been  
considered to lack functionality. In the human 
genome, there are 5,446 lncRNA genes identi-
fied out of a total of approximately 24,000 full-
length cDNAs [1]. When compared to protein-
coding transcripts, lncRNAs are smaller in size, 
ranging from 200 nt to thousands of nt, with an 
average exon count of 2.9 [2]. They also pos-
sess longer introns and exhibit higher non-
poly(A) ratios than protein-coding transcripts 
[3]. According to their position relative to pro-
tein-coding genes, lncRNAs can be categorized 
as antisense RNAs, lncRNAs, sense overlap-
ping transcripts, sense intronic transcripts, and 
processed transcripts [3].

LncRNAs represent one of the regulatory com-
ponents of the eukaryotic genome and play 
diverse functions that are essential for a vari-

ety of biological processes and for coordinat- 
ing gene expression. Compared to microRNAs 
(miRNA), lncRNAs can fold into intricate second-
ary and higher structures, thereby providing  
a greater potential for target recognition [4]. 
lncRNAs play diverse roles in gene expression. 
The functional roles of lncRNAs can be summa-
rized into four mechanisms: signaling, decoy, 
guidance, and scaffolding [5].

Signaling involves the spatiotemporal expres-
sion of gene regulation pathways. lncRNAs reg-
ulate transcription factors (TFs), including mod-
ulating TF activity, interacting with TFs to in- 
fluence gene expression, and facilitating the 
nuclear translocation of TFs.

Decoy functions by guiding target factors to 
specific regions. As competitive endogenous 
RNAs (ceRNAs), lncRNAs act as decoys that  
can effectively consume miRNAs while compet-
itively binding to target genes to regulate their 
expression.

Guidance recruits the target proteins to either 
cis- or trans-regulate the target genes. Upon 
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signals of DNA damage, the proximal promoters 
of cyclin genes are transcribed into lncRNAs, 
which subsequently recruit RNA-binding pro-
teins to modulate transcriptional processes [6]. 
lncRNAs bind to polynuclear restriction com-
plex 2 (PRC2) and induce Histone H3 lysine-27 
trimethylation, leading to the inhibition of gene 
transcription and trans-regulation of coding 
genes [7]. lncRNAs interact with chromatin-
modifying proteins and recruit them to specific 
regions to inhibit the expression of adjacent 
loci, thus cis-regulating the neighboring genom-
ic elements [8].

Scaffolding facilitates the aggregation of multi-
ple proteins into functional complexes. lncRNAs 
serve as scaffold molecules that regulate pro-
tein delivery. The translation process is regu-
lated through interactions between protein-
coding genes and their homologous antisense 
transcripts, antisense ncRNA pairs with the 
mRNA bases to form RNA double strands that 
cover key cis-elements within mRNA, subse-
quently guiding the binding of mRNA isoforms 
with splicing regulatory proteins for alternative 
splicing [9]. The lncRNA Xist participates in 
chromosome dosage compensation by regulat-
ing X chromosome inactivation [10], forms RNA 
double-strands with the antisense transcript 
Tsix through annealing, and subsequently gen-
erate small interfering RNAs upon Dicer pro-
cessing, thereby participating in repressive 
chromatin modifications [11].

Furthermore, lncRNA can actively contribute to 
the regulation of pluripotency in embryonic 
stem cells (ESC) through the targeted modula-
tion of gene expression. Additionally, lncRNAs 
have been shown to play significant roles in 
various human diseases, including cancer, 
endocrine disorders, neurodegenerative and 
psychiatric conditions, cardiovascular diseas-
es, hypertension, stroke, immune dysfunction, 
and autoimmune disorders [4].

This review provides a comprehensive summa-
ry of how lncRNAs can alter cell differentiation 
potential and inhibit or promote the formation 
of functionally mature channels by regulating 
the spatiotemporal expression of coding genes 
through the binding of specific TFs, priming tar-
gets, recruiting protein-regulated target genes, 
and recruiting protein-functional complexes. 
During tissue repair and regeneration, lncRNAs 
regulate the self-renewal capacity of cells and 

participate in cell differentiation. Moreover, 
during injury or disease, lncRNAs contribute to 
cellular activation and differentiation for effec-
tive tissue and organ repair and regeneration. 
In developmental contexts, cell stemness re- 
fers to the undifferentiated state observed in 
ESCs and induced pluripotent stem cells 
(iPSCs). lncRNAs can dynamically modulate cell 
stemness through gene expression regulation 
mechanisms such as epigenetic modifications 
and intricate signaling pathways that orches-
trate tissue development events. Cancer in- 
itiation and progression are significantly influ-
enced by alterations in cell stemness. Here we 
have discussed the involvement of lncRNA-reg-
ulated cancer cell stemness in the prolifera-
tion, migration, invasion, and metastasis of 
various tumo cells. Several examples are illus-
trated in Table 1.

lncRNA regulates cell differentiation

In biology, the regulation of cell differentiation 
is a pivotal research direction. Recent studies 
have revealed that certain epigenetic regulato-
ry factors, such as histone modification and 
DNA methylation, can influence gene expres-
sion, thereby modulating the trajectory of cel-
lular differentiation. Additionally, signal trans-
duction pathways have been shown to play a 
crucial role in governing cell differentiation, and 
aberrant activation or inhibition of molecules 
within these pathways can result in abnormal 
cellular differentiation patterns. Remarkable 
progress has been made in the field of biotech-
nology in investigating the regulation of cell dif-
ferentiation. For instance, researchers can pre-
cisely manipulate gene expression within cells 
using gene-editing technologies, thus elucidat-
ing the key factors that are involved in cellular 
differentiation. Certain previous studies have 
demonstrated that AAV-ie-K558R [12] and  
AAV-Net1 [13] promote trans-differentiation 
from supporting cells to hair cells within the 
mouse cochlea and knocking out Foxg1 in sup-
porting cells facilitates their trans-differentia-
tion into hair cells [14]. Recent research has 
highlighted the crucial role of lncRNAs in cellu-
lar differentiation. By employing various mech-
anisms, lncRNAs effectively coordinate and 
regulate cell differentiation.

lncRNAs are involved in the spatiotemporal 
expression of genes through signal transduc-



lncRNAs regulate cell stemness

61 Am J Stem Cells 2024;13(2):59-74

Table 1. Advances in lncRNAs targeting cell stemness
lncRNA Disease Mechanism Stemness regulation Reference
H19 Ulcerative colitis Inhibiting p53 protein, microRNA 34a, and let-7 Promotes mucosal regeneration [15]

Esophageal cancer Regulated STAT3 negatively regulated let-7c in esophageal cancer 
cell lines

Involves in esophageal cancer cell proliferation, migration and invasion, 
EMT and metastasis

[16]

Gastric cancer H19-derived miR-675 targets the tumor suppressor RUNX1 Regulates the gastric cancer cell proliferation phenotype [17]

NEAT1 Myocardial ischemia/reperfusion injury Negative regulation targeting miR-193a Inhibits cell proliferation and increases apoptosis [18]

CAREL Myocardial infarction Derepress the expression of Trp53inp1 and Itm2a, the target 
genes of miR-296

Reduces cardiomyocyte division and proliferation and blunt neonatal 
heart regeneration after injury

[19]

PCA3 Prostate cancer Controlling the androgen receptor pro-survival signaling Involves in prostate cancer cells survival pathways by controlling cell 
growth and viability

[20]

HOTAIR Breast cancer Recruits and binds the transcriptional co-repressor polynucleotide 
restriction complex 2 to specific target genes across the genome, 
resulting in H3K27 trimethylation and subsequent epigenetic 
silencing of metastasis suppressor genes

Mediates invasion and metastasis of breast cancer cells [21]

Pancreatic cancer Involves in the pro-oncogenic function in pancreatic cancer [22]

Hepatocellular carcinoma Increased risk of hepatocellular carcinoma recurrence and lymph node 
metastasis

[23]

Human non-small cell lung cancer Promotes aggressive behavior in human non-small cell lung cancer [24]

UCA1 Bladder carcinoma Modulates the expression of several genes involved in tumorigenic 
potential, drug resistance and embryonic development

Enhances the proliferative, migrative, invasive, and drug resistance 
behaviors of human bladder TCC cell line BLS-211

[25]

TUG1 Bladder cancer Activating AnnexinA8 by sponging miR-140-3p Promotes bladder cancer progression and metastasis [26]
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tion, thereby regulating differentiation. Four 
neuronal lncRNAs have been identified: RMST, 
lncRNA_N1, lncRNA_N2, and lncRNA_N3 [27]. 
RMST and lncRNA_N1 were specifically ex- 
pressed in the brain. lncRNA_N3 interacts with 
SUZ12 to participate in epigenetic gene silenc-
ing. lncRNA_N2 maintains the cytoplasmic lev-
els of miR-125B and LET7, promoting the neu-
rogenesis of neural progenitor cells [27]. The 
transcript of metastasis-associated lung ade-
nocarcinoma transcript 1 (Malat1) is a highly 
conserved 8.7 kb RNA molecule. Malat1 acts 
as a downstream target of myogenic proteins 
and potently regulates skeletal muscle growth 
and development [28]. Myostatin downregu-
lates Malat1 expression in skeletal muscle and 
inhibits Malat1 transcripts levels in proliferat-
ing primary human myoblasts, whereas it has 
been shown that myostatin does not impact 
the expression of Malat1 in proliferating mo- 
use C2C12 myoblasts [28]. The ANCR gene, 
located on human chromosome 4, produces a 
single 855-bp RNA transcript known as Lnc- 
RNA NR_024031 or anti-differentiation ncRNA 
(ANCR) [29]. Within the epidermal tissue pro-
genitor-containing compartment, ANCR pre-
vents the expression of differentiation-related 
genes to maintain an undifferentiated state. 
Deletion of ANCR disrupts the normal expres-
sion pattern of TFs (such as CEBPA [30], GRHL3 
[31], and HOPX [32]) involved in epidermal dif-
ferentiation. The lncRNA RNCR2 exhibits high 
expression levels in differentiating mouse reti-
nal cells and is predominantly localized within 
the nucleus [33]. Knockout of the RNCR2 gene 
and ectopic nuclear export of RNCR2 RNA 
results in an augmented population of amnio- 
tic cells and Müller glial cells while concomi-
tantly reducing the number of photoreceptor 
cells [33].

lncRNAs participate in cell differentiation by 
directing target factors to specific regions to 
function as decoys. Muscle-specific long non-
coding RNA (lnc-MD1) expression is localized in 
the cytoplasm and is induced during muscle 
cell differentiation [34]. Functioning as a ce- 
RNA, lnc-MD1 competes with miR-133 and 
miR-135 for binding, thereby regulating the dis-
tribution of these miRNAs to their targets and 
facilitating post-transcriptional gene regulation 
[35, 36]. lnc-MD1 functions as a competitive 
endogenous RNA (ceRNA) by binding to miR-
133 and miR-135, thereby competing for their 

mRNA targets such as MAML1 and MEF2C, and 
plays a crucial role in regulating the timing of 
myocyte differentiation [34]. lncRNA H19, a 
well-known maternally expressed and paternal-
ly imprinted gene [37], does not encode pro-
teins, but rather encodes a 2.3 kb long H19 
ncRNA. H19 was found to promote the diffe- 
rentiation of human mesenchymal stem cells 
(hMSCs) into osteoblasts by targeting miR-141 
and miR-22, thereby activating the Wnt/β- 
catenin pathway and facilitating hMSCs osteo-
blastic differentiation [38]. H19 acts as a 
ceRNA for two miRNAs, miR-141 and miR-22. 
H19 and its exon 1 encode two evolutionarily 
conserved miRNAs [39]: miR-675-3p and miR-
675-5-p, which are involved in myoblast differ-
entiation, skeletal muscle satellite cell diffe- 
rentiation, and skeletal muscle regeneration. 
MiR-675-3p and miR-675-5-p exert their pro-
myogenic effects by targeting Smad1 and 
Smad5 (TFs mediating the anti-differentiation 
effect of the BMP pathway), and the DNA repli-
cation initiation factor Cdc6 [40]. Sirtuin 1 
(Sirt1) is an NAD-dependent deacetylase in- 
volved in myogenesis [41]. During C2C12 cell 
myogenic differentiation, Sirt1 and Sirt1-AS 
exhibit decreased expression. It has been 
shown that, miR-34a targeting Sirt1 gradually 
causes its accumulation [41]. MiR-34a reduces 
the abundance of Sirt1 mRNA by binding to its 
target site within the 3’UTR region. Over- 
expression of the lncRNA Sirt1-AS leads to 
increased levels of the corresponding protein, 
thereby counteracting the miR-34a-mediated 
downregulation of SIRTUIN 1 [41]. PU.1, an Ets 
family TF, has been shown to plays a crucial role 
in lymphocyte differentiation in the bone mar-
row [42]. lncRNA PU.1-as acts as an antisense 
transcript for PU.1. lncRNA PU.1-as forms a 
double-chain complex with PU.1 mRNA, mRNA/
AS lncRNA, which hinders the translation of 
PU.1 mRNA [42].

lncRNAs recruit target proteins to cis- or trans-
regulate target genes, thereby affecting cell dif-
ferentiation. The lncRNA ANCR is involved in 
the regulation of osteoblast differentiation of 
mesenchymal stem cells through its interaction 
with the Runx2 gene [43]. Specifically, ANCR 
physically interacts with EZH2 at its 3’ end with-
in the 305-nt region. EZH2 inhibits gene ex- 
pression by catalyzing histone H3 lysine 27 
methylation in the promoter regions of the tar-
get genes [44]. EZH2 specifically mediates his-
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tone H3 lysine 27 methylation within the pro-
moter region of Runx2, consequently impeding 
its regulatory function exerted by Runx2 on 
osteoblast differentiation [43]. The lncRNA H19 
and its encoded miR-675 promote osteoblastic 
differentiation of human bone marrow mesen-
chymal stem cells, and miR-675 is involved in 
regulating H19’s osteogenic effect [45]. The 
H19/miR-675 axis negatively regulates TGF-b1 
expression in hMSCs, leading to the down-re- 
gulation of TGF-b-phosphorylated Smad3 and 
subsequently attenuating the recruitment of 
Smad3 to HDAC4/5 [46]. This reduces the 
binding affinity between HDAC4/5 and the  
runt-related TF 2 (Runx2) DNA sequence [47]. 
HDAC4/5 activity-dependent TGF-b1 inhibits 
the osteogenic differentiation of hMSCs; how-
ever, decreased expression of histone deacety-
lase HDAC4/5 due to TGF-b1 downregulation 
impedes hMSCs’ commitment towards an 
osteoblastic lineage. Upregulation of H19 ex- 
pression stimulated endogenous TGF-b1 ex- 
pression, thereby inducing tendon differentia-
tion and repair [48]. H19 promotes tendon dif-
ferentiation by targeting miR-29b-3p, which 
downregulates the expression of key tendon 
marker genes, including SCX, MKX, EGR1, 
TNMD, FMOD, and DCN. Specifically, miR-29b-
3p binds to TGF-b1 within its coding region and 
targets COL1A1 in skin fibroblasts post-tran-
scriptionally. lncRNA SRA transcripts are pres-
ent in distinct ribonucleoprotein complexes and 
they exhibit selective interactions with steroid 
receptors, thereby activating their transcrip-
tional activity [49]. The noncoding RNA steroid 
receptor activator (SRA) functions as a coacti-
vator of MyoD during skeletal muscle differen-
tiation [50]. SRA acts as a coactivator specifi-
cally for MyoD-E12, promoting the conversion 
of MyoD-induced mouse fibroblasts into squa-
mous myocytes [50]. The yin-yang 1 (YY1)-
associated muscle lncRNA (Yam-1) is a muscle-
specific lncRNA expressed in the nucleus and 
cytoplasm with a transcript length of 923 nt. 
Yam-1 has been shown to function as an anti-
myogenic factor during in vivo muscle regenera-
tion. It interacts with the TF YY1 in the promoter 
region and cis-regulates miR-715 to inhibit 
Wnt7b levels [51]. In additionally, Yam-2 pro-
motes early stage myogenic differentiation.  
The bone morphogenetic proteins (BMP)/OP- 
responsive gene (BORG) represents a common-
ly targeted gene by BMPs. In the C2C12 mouse 
myoblast cell line, transfection with antisense 

oligonucleotides targeting BORG partially inhib-
ited BMP-induced alkaline phosphatase acti- 
vity, thereby impeding the differentiation of 
C2C12 cells into osteoblasts [52]. Nkx2.2 is a 
pivotal TF involved in the differentiation of neu-
ral stem cells into oligodendrocytes [53]. 
lncRNA Nkx2.2AS acts as an endogenous anti-
sense transcript of Nkx2.2 gene, comprising a 
4.3 kb cDNA that exhibits specific cytoplasmic 
expression patterns [54]. While positively regu-
lating the mRNA level of Nkx2.2AS, overexpres-
sion of this lncRNA also leads to the upregula-
tion of the corresponding Nkx2.2 mRNA levels 
within neural stem cells and subsequently 
induces their differentiation into oligodendro-
cyte lineages [54]. The lncRNA Evf-2 is tran-
scribed from a highly conserved sequence 
located between the two Dlx-5/6 genes during 
neuronal differentiation in the brain [55]. Evf-2 
interacts with the homeodomain protein Dlx-2 
and selectively enhances the activity of the Dlx-
5/6 enhancer region through a targeted mech-
anism specific for homeodomain binding [55].

lncRNAs can act as scaffolds for aggregating 
multiple proteins to form functional complexes 
that regulate differentiation. The nuclear local-
ization of Men epsilon (ε) and Men beta (β) was 
significantly upregulated at paraspeckles dur-
ing myoblast differentiation, which resulted in a 
3.2-4.9 fold increase in expression levels [56]. 
lncRNA Men ε, also known as Neat1, is derived 
from mouse chromosome 19qA and spans 
approximately 3.2 kb in length. lncRNA MEN β 
represents an unspliced transcript spanning 
around 23 kb, with its 3’ end being subjected to 
RNase H digestion resulting in a short poly(A)-
enriched segment formation [57]. The tRNA-
like structure generated by MEN β/MEN β locus 
transcript through RNase P action can also 
undergo subsequent cleavage mediated by 
RNase Z enzyme activity. lncRNA MEN ε/β 
exhibits with Non-POU-domain-containing, oc- 
tamer binding protein (also known as p54/nrb) 
complex crucial for initial establishment and 
maintenance of stable paraspeckles architec-
ture [56]. The transcript size of the nuclear fac-
tor of activated T cells (NFAT) non-coding inhibi-
tor (NRON) gene ranges from 0.8-3.7 kb [58]. 
NFAT, a calcium-sensitive TF, plays a crucial 
role in T cell receptor-mediated immune res- 
ponses by regulating immune cell differentia-
tion. The direct interaction between the lncRNA 
NRON and importin-beta 1 modulates NFAT 
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activity. Furthermore, lncRNA NRON specifically 
regulates the nuclear trafficking of NFAT, there-
by controlling its transcriptional activity [58].

lncRNA regulate cell regeneration and tissue 
development

Recently, significant advances have been made 
in biological science regarding the regulation of 
cell regeneration. Through the investigations of 
cell surface receptors, signaling pathway mole-
cules, and TFs, researchers have been able to 
elucidate the intricate interactions and regula-
tory networks of multiple signaling pathways 
involved in cellular differentiation processes. 
Researchers have been able to identify key 
cells with regenerative potential during embry-
onic development, offering novel insights into 
tissue and organ regeneration. For instance, 
Lgr5-positive progenitors in mammals can re- 
generate into hair cells [59] and researchers 
have enhanced this regeneration process by 
overexpressing Rps14 [60]. Additionally, some 
studies have demonstrated that AAV-IE-me- 
diated upregulation of Espin can optimize ste-
reocilia development in Atoh1-induced cochlear 
hair cells [61]. lncRNAs have a wide range of 
important functions in cellular regeneration 
and tissue development. It regulates these  
processes through various mechanisms, in- 
cluding chromatin remodeling, transcriptional 
and translational regulation, and cell cycle 
modulation.

Intestinal mucosa regeneration

H19 LncRNA promotes the proliferation and 
epithelial regeneration of intestinal epithelial 
cells (IEC) by inhibiting p53 protein, microRNA 
34a, and let-7 [15]. Upon the IECS injury and 
inflammation, interleukin-22 (IL-22) induces the 
expression of H19 lncRNA. IL-22 induces the 
expression of H19 lncRNAs in IECs via cyclic 
adenosine monophosphate-independent acti-
vation of protein kinase A and signal transducer 
and activator of transcription 3 (STAT3) signal 
transduction. Inflammation triggers the IL-22 
signaling cascade, where H19 lncRNA acts as a 
downstream target involved in the crucial pro-
cesses of intestinal epithelial healing and 
repair. Studies have demonstrated that the 
binding between H19 lncRNA and let-7 miRNA 
reduces their bioavailability [62]. Inflammation-
induced H19 lncRNA potentially competes with 
growth-inhibitory miRNAs in vivo by binding to 

Mir34a and let-7, thereby attenuating their neg-
ative regulation of the IECs, whilst promoting 
MYCN expression (a positive regulator of epi-
thelial cell proliferation) [15]. Furthermore, 
inflammation-induced H19 lncRNA interacts 
with p53 to dampen its activity, reducing the 
growth inhibition of the IECs while enhancing 
FOXM1 expression (a growth-promoting factor), 
thus facilitating regeneration of the intestinal 
mucosa [15].

Liver regeneration

lncRNA-uc008aun exhibits differential expres-
sion during liver regeneration and displays high 
nucleotide homology with human sequences, 
leading to its designation as lncRNA-long non-
coding RNA associated with liver regeneration 
(LALR1) [63]. During the early stage of liver 
regeneration in mice, lncRNA-LALR1 facilitated 
hepatocyte proliferation and cell cycle pro- 
gression, thereby enhancing liver regenerative 
capacity [63]. Mechanistically, lncRNA-LALR1 
recruited CCCTC-binding factor to the AXIN1 
promoter region, resulting in Axin1 downre- 
gulation. Moreover, lncRNA-LALR1 inhibited 
β-Catenin protein phosphorylation, promoting 
active β-Catenin translocation into the nucleus 
and significantly increasing nuclear β-Catenin 
levels.

Cardiac regeneration

Adult mammalian hearts lose their regenera-
tive capacity following ischemic injury. Cardiac 
regeneration-associated lncRNA (CAREL) is sig-
nificantly upregulated during neonatal heart 
development in mice [19]. CAREL acts as a 
ceRNA for miR-296, which inhibits CAREL 
expression by targeting the 3’ untranslated 
region of Trp53inp1 and Itm2a genes. The 
lncRNA CAREL regulates postnatal and adult 
cardiac injury-induced cardiomyocyte (CM)  
proliferation and cardiac regeneration through 
the CAREL-miR-296-Trp53inp1/Itm2a signaling 
pathway [19].

The lncRNA NONHSAG042100.1 exhibited >12- 
fold upregulation in fetal heart and was desig-
nated as an endogenous cardiac regeneration-
associated regulator (ECRAR) [64]. Significant 
enrichment of H3K4me3 and H3K36me3 indi-
cates that ECRAR is an active chromatin state 
in the fetal heart. ECRAR participated in cell 
cycle regulation by promoting DNA synthesis, 
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mitosis, and cell division in rat CMs [64]. The TF 
E2F1 targets the promoter region of ECRAR and 
upregulates its transcription. Increased levels 
of ECRAR bind to extracellular signal-regulated 
kinases 1 and 2 (ERK1/2) leading to them 
being phosphorylated. Activated ERK1/2 in- 
duces cyclin D1 expression through multiple 
mechanisms that further activate E2F1, estab-
lishing an E2F1-ECRAR-ERK1/2 positive feed-
back loop for the continuous promotion of CM 
proliferation [64].

The upregulated lncRNA NONHSAG007671 in 
adult cardiac tissue was designated as a CM 
regeneration-related lncRNA (CRRL) with a full-
length of 562 bp [65]. CRRL negatively regu-
lates endogenous CM proliferation. CRRL acts 
as a competitive endogenous RNA (ceRNA) for 
miR-199a-3p, exerting inhibitory effects on its 
ability to upregulate the expression of Hopx, a 
key negative regulator of embryonic CM prolif-
eration [65].

Lung epithelial cell regeneration

Foxa2-adjacent lncRNA (Falcor) is downstream 
of Foxa2 and its expression patterns exhibit 
remarkable similarities throughout mouse de- 
velopment. The TF Foxa2 binds to chromatin 
and plays a crucial role in early embryonic 
development. Although Falcor is dispensable 
for normal development, its absence may 
attenuate the epithelial response to injury [66]. 
Falcor positively regulates the expression of 
Foxa2, while Foxa2 negatively regulates Falcor 
expression by directly binding to the Falcor pro-
moter. In this regulatory feedback loop between 
Foxa2 and Falcor, Falcor finely tunes the ex- 
pression of Foxa2, maintains airway epithelial 
cell homeostasis, and facilitates lung epithelial 
cell regeneration [66]. The absence of Falcor in 
the lung disrupts the specific regulation medi-
ated by the Foxa2-Falcor feedback loop, lead-
ing to chronic inflammatory changes and 
impaired epithelial cell regeneration following 
airway injury, ultimately resulting in defective 
repair [66].

Otocyst development

The non-coding RNA Meg3/Gtl2 gene is impli-
cated in early stage growth, otocysts prolifera-
tion, and late-stage specific cell differentiation 
within the inner ear [67]. During mouse em- 
bryonic development, lncRNA Meg3/Gtl2 is 

expressed in the otocyst region from the one-
cell stage onwards. In highly proliferative oto-
cyst, Meg3/Gtl2 RNA expression is localized in 
the cytoplasm. As development progressed, 
there was a sharp increase in Meg3/Gtl2 ex- 
pression levels. By E14.5, Meg3/Gtl2 expres-
sion was restricted to the epithelial cells of the 
cochlear canaliculus. In the later stages of 
development, Meg3/Gtl2 predominantly local-
izes to the cochlear canaliculus, where it 
becomes nuclear and is closely associated 
with neurogenesis, epithelial canalization, and 
myogenesis. At this stage, Meg3/Gtl2 RNA is 
expressed in the Great Epithelial Ridge region 
and contributes to inner hair cell differentiation 
[67].

Mammary gland development

The full-length pregnancy-induced ncRNA 
(PINC) is 6.3 kb, with a transcript size ranging 
from 1.2-4.8 kb. PINC is a developmentally reg-
ulated ncRNA that is abundantly expressed 
during mouse embryogenesis, whereas its high 
expression in adult mouse tissues is predomi-
nantly restricted to the mammary glands and 
testis [68]. PINC expression is induces during 
pregnancy and hormonal stimulation of the 
mammary glands. PINC-1.6 transcript partici-
pates in cell cycle regulation by reducing its 
expression to promote S-phase entry.

Embryonic development

The lncRNA UCA1 was isolated from the human 
bladder transitional cell carcinoma cell line 
BLZ-211 and yield a full-length cDNA sequence 
of 1442 bp [25]. Expression of UCA1 initiates  
at an early-stage post-fertilization and persists 
throughout embryogenesis. UCA1 exhibits ro- 
bust transcriptional activity in the placenta, 
embryo, and various fetal tissues during devel-
opment [25]. Furthermore, UCA1 downregu-
lates methyl-CpG binding domain protein 3 
[69], a pivotal player in mouse embryogenesis.

lncRNA regulates ESC pluripotency and par-
ticipates in embryonic development

The regulation of stem cell pluripotency has 
always been a focal point in life sciences. 
Researchers have identified a plethora of piv-
otal factors involved in regulating this process, 
including signaling pathways, TFs, and epigen-
etic regulators. The Wnt, Notch, and FGF signal-
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ing pathways have been shown to exert a sig-
nificant influence on stem cell pluripotency 
regulation. Researchers have discovered that 
structurally tunable reduced substrates pre-
serves the pluripotency of mouse ESCs [70], 
and that two-dimensional Ti3C2TxMXene com-
bined with electrical stimulation enhances the 
proliferation of neural stem cells [71]. Further 
investigation of ESC TFs and their lncRNA tar-
gets have the potential to enhance our under-
standing of stem cell genomic regulatory net-
works, thereby facilitating rational therapeutic 
interventions based on the regulatory capacity 
of ESC lncRNAs.

Mouse embryonic stem cells

Using a mouse ESCs model, researchers found 
that lncRNAs maintain ES cell pluripotency and 
regulate their differentiation, and used dynam-
ic expression patterns to define three different 
types of EB differentiation stages: pluripotency, 
primitive streak formation, and mesodermal 
differentiation. During the pluripotency stage 
ncRNA expression is regulated by TFs that 
maintain pluripotency. At the primitive streak 
formation stage, ncRNA is highly correlated 
with the expression profiles of Brachyury (T) 
and Evx1 (a hallmark of EB differentiation into 
blastomeres is the expression of genes such as 
Evx1 and Brachyury (T) [72-74]), and at the 
mesodermal differentiation stage, ncRNA is 
highly correlated with the expression of hemo-
globin genes and is enriched with pluripotent 
RNAs [75]. Mammalian trithorax protein (MLL1) 
expression is progressively up-regulated during 
EB differentiation and regulates the Hox locus 
as well as several other developmental targets 
in human and mouse cells [76, 77]. The spliced 
Hoxb5/6as and Evx1as transcripts bind to 
MLL1 at the H3K4me3 site and are involved in 
directing MLL1 activity.

The transcriptional regulators Oct4 and Nanog, 
along with their regulated lncRNAs AK028326 
and AK141205, play a crucial role in governing 
the pluripotency and differentiation of mouse 
embryonic stem cells (mESCs) [78], by targeting 
AK028326 via binding to its 5’ end, thereby 
activating the expression of AK028326 tran-
scripts. The down-regulation of Oct4 signifi-
cantly reduces the expression of AK028326. 
Conversely, targeted knockout of AK028326 
led to decreased Oct4 mRNA levels, while main-

taining its overall stability through an autofeed-
back loop between Oct4 and AK028326. This 
loop regulates mESC pluripotency and differen-
tiation [78]. AK141205 is an lncRNA that is 
suppressed by Nanog and promotes differenti-
ation. The lncRNAs, AK028326 and AK141205 
are directly controlled by the key TFs Oct4 and 
Nanog, respectively, and can modulate their 
own transcription to promote differentiation 
and dedifferentiation in disturbed mESCs while 
regulating pluripotency.

Human embryonic stem cells

Several specific lncRNAs participate in main-
taining pluripotency in hESCs through physical 
interactions with SUZ12, a component of the 
SOX2 and PRC2 complex. The lncRNA_ES1 
(AK056826), lncRNA_ES2 (EF565083), and 
lncRNA_ES3 (BC026300) are exclusively ex- 
pressed in undifferentiated hESCs and iPSCs, 
and serve as direct downstream targets of the 
pluripotency regulators OCT4 and NANOG [27]. 
Both lncRNA_ES1 and lncRNA_ES2 form com-
plexes with SOX2 to regulate the maintenance 
of pluripotency. Acting as a modular scaffold, 
lncRNA_ES1 facilitates the assembly of SUZ12 
and inhibitory PRC2 complex [79], thereby 
silencing neural targets regulated by SOX2 
within pluripotent hESCs.

In self-renewing hESCs, lncRNA-RoR interacts 
with mature miR-145 through its function as a 
miRNA sponge, thereby negatively regulating 
the post-transcriptional expression of miR-145 
and inhibiting the degradation of core TFs Oct4, 
Sox2, and Nanog transcripts [80]. Core TFs 
such as Oct4, Sox2, and Nanog, play key roles 
in the transcriptional network by promoting the 
expression of ESC-specific genes and repress-
ing differentiation [81]. Oct4 or Nanog dele- 
tion downregulates lncRNA-RoR expression in 
hESCs. During self-renewal, Oct4, Nanog, and 
Sox2 were found within the promoter region of 
lncRNA-RoR, but not during differentiation. The 
expression levels of lncRNA-RoR and core TFs 
changed synchronously in hESC, with an initial 
change in lncRNA-RoR expression. lncRNA-RoR 
positively regulates the expression of Oct4, 
Nanog, and Sox2, whereas these core TFs 
directly regulate the transcription of lncRNA-
RoR, forming a regulatory feedback loop [80]. 
Three miRNAs, miR-145, miR-181, and miR-99 
participates in regulating hESCs self-renewal 
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[82, 83]. As crucial ceRNA molecules in hESCs, 
lncRNAs interact with these miRNAs to modu-
late the maintenance and differentiation pro-
cesses through the core TF network.

iPSCs reprogramming

Numerous lncRNAs are associated with cellu- 
lar pluripotency. The expression of lncRNAs 
observed in fibroblasts is suppressed upon 
achieving pluripotency, whereas distinct lnc- 
RNAs are activated during cellular reprogram-
ming. This consistent enrichment pattern of 
lncRNAs persisted across iPSCs generated by 
reprogramming various primary cell types. Th- 
ree lncRNAs enriched iPSCs, namely, lncRNA-
SFMBT2, lncRNA-VLDLR, and lncRNA-ST8SIA3, 
were found to bind to the core TFs Oct4, Sox2, 
and Nanog near the promoter region [84]. The 
expression of iPSC-enriched lncRNAs depends 
on pluripotent TFs. lncRNA-ST8SIA3 expression 
is essential for iPSC derivation, deletion of 
lncRNA-ST8SIA3 inhibits the reprogramming 
process of iPSCs, whereas overexpression pro-
motes their generation during reprogramming. 
Furthermore, its deletion activates cellular 
stress pathways, such as the p53 response, 
oxidative stress response, DNA damage-induc-
ing factor, and cell death pathway [84].

lncRNA regulates tumor cell stemness

lncRNAs participate in the regulation of stem-
ness, thereby contributing to the proliferation, 
migration, invasion, and metastasis of diverse 
tumor cells.

HOX antisense intergenic RNA (HOTAIR), a 
lncRNA spanning 2158 kb, is located within  
the HOXC locus [85]. Its mechanism involves 
recruiting PRC2 to specific target genes across 
the genome, resulting in H3K27 trimethylation 
and subsequent epigenetic silencing of metas-
tasis suppressor genes [7]. HOTAIR expression 
is significantly upregulated in primary breast 
cancer and breast cancer metastases [86]. 
HOTAIR facilitates the invasion capability of 
breast cancer cells by targeting CHST15 (Ga- 
lNAc4S-6ST), a chondroitin sulfate transferase, 
leading to chondroitin sulfate expression upreg-
ulation in glycosaminoglycan metabolism on 
the cell surface. Simultaneously, the HOTAIR-
CHST15 axis sustains the stemness of cancer 
cells and promotes tumorigenesis and metas-
tasis of breast cancer cells to lung xenografts 

[86]. H19 was initially characterized as a tumor 
suppressor factor [87]. H19 serves as a major 
downstream target of c-Myc and activated by 
c-Myc to directly bind to E-boxes proximal to the 
imprinting control region, thereby facilitating 
the recruitment of histone acetylation to the 
promoter region of H19 and subsequently pro-
moting its transcriptional activation [88]. H19 
is involved in essential functions during the  
normal development of mammary glands and 
in pathological mechanisms [89]. In breast 
adenocarcinoma, there is an overall upregula-
tion of H19 gene expression compared to 
healthy tissues [90]. Overexpression of H19 is 
significantly correlate with tumor malignancy 
and the presence of estrogen and progester-
one receptors [90].

HOTAIR is highly expressed in pancreatic can-
cer cells, with higher expression observed in 
advanced tumors [22]. In pancreatic cancer 
cells, HOTAIR interacts with polycomb repres-
sive complex 2, comprising EZH2, SUZ12, and 
EED proteins to enhance the trimethylation of 
histone H3 at lysine 27, thereby synergistically 
inhibiting the growth inhibitory/apoptotic gene 
GDF15 alongside PRC2 [22].

MALAT-1 plays a crucial role in cancer develop-
ment by promoting cell proliferation and inhibit-
ing apoptosis [91]. Its expression is notably 
high in the lung, pancreatic, and non-small cell 
lung cancers. Moreover, MALAT-1 expression is 
several times higher in metastatic adenocarci-
noma than in non-metastatic adenocarcinoma 
and serves as a strong predictor of poor prog-
nosis in early stage disease [92]. In proto-on- 
cogene-induced mouse hepatocellular carcino-
ma (HCC) nodules and human HCC samples, 
MALAT-1 expression was significantly increas- 
ed compared to that in unaffected liver tissue 
[93]. HOTAIR is significantly overexpressed in 
tumor samples obtained from patients with 
HCC. Elevated HOTAIR expression is associated 
with an increased risk of HCC recurrence and 
lymph node metastasis following hepatectomy, 
and directly correlates with long-term patient 
survival [23]. Deletion of HOTAIR leads to down-
regulation of matrix metalloproteinase-9 and 
vascular endothelial growth factor proteins, 
which are crucial players in tumor progression 
[23].

HOTAIR is highly expressed in human non-small 
cell lung cancer and promotes aggressive 
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behavior. Increased HOTAIR expression is fre-
quently observed in patients with advanced 
lung cancer, lymph node metastasis, lymphatic 
vessel invasion, and shorter disease-free inter-
vals. Moreover, compared with primary cancer 
tissues, brain metastases display significantly 
elevated levels of HOTAIR expression [24]. 
There is general upregulation of HOTAIR and 
type I collagen (Col-1) expression in human 
non-small cell lung cancer. The upregulation of 
Col-1 regulates the promoter activity of HOTAIR 
and triggers its transcriptional activation [94]. 
In the pathogenesis of Wilms’ tumor, the im- 
printed gene H19 located at 11p15 exhibits 
loss of imprinting (LOI), and in the context of 
lung cancer development, hypomethylation in 
the promoter region of H19 leads to LOI and 
subsequent overexpression of H19 [95]. The 
expression is significantly higher in H19 lung 
cancer tissues than in adjacent normal tissues 
[96]. MiR-200a expression decreases signifi-
cantly with increasing tissue malignancy. Acting 
as a sponge RNA molecule, H19 sequesters 
miR-200a and inhibits its function, conse-
quently upregulating the expression of miR-
200a target genes, ZEB1 and ZEB2, while  
promoting epithelial mesenchymal transition 
(EMT) [96].

The lncRNA Taurine Up-regulated Gene 1 
(TUG1) is a spliced polyadenylated transcript 
approximately 6.7 kb in length, which is upregu-
lated in developing retinal cells upon taurine 
stimulation to actively participate in photore-
ceptor formation [97]. It can be induced by p53 
to interact with PRC2 and exert inhibitory 
effects on specific genes involved in cell cycle 
regulation [98]. TUG1 is upregulated in bladder 
cancer and promotes its pathogenesis [99], 
whereas miR-140-3p is downregulated and 
inhibits tumor function. TUG1 acts as a sponge 
for miR-140-3p to inhibit Annexin A8 3’UTR tar-
geting, thereby promoting progression and 
metastasis of bladder cancer. The expression 
of lncRNA UCA1 is elevated in bladder cancer 
tissues and promotes tumor invasion, indicat-
ing its potential as a carcinoembryonic gene 
[25]. Its spatiotemporal expression pattern 
resembles that of ncRNA H19 [100]. Moreover, 
UCA1 regulated the proliferation of BLS 211 
cells, enhanced sustained tumor growth, and 
augmenteds tumorigenicity in nude mice [25]. 
In osteosarcoma, lncRNA TUSC7 (LOC285194) 
and LINC00901 (BC040587) are located with-

in frequently altered genomic regions associat-
ed with osteosarcoma. TUSC7 deletion enhanc-
es the proliferation of normal osteoblasts by 
regulating apoptosis and cell cycle-related 
genes [101]. Both TUG1 and one of its tran-
script variants (n377360) exhibit significantly 
elevated expression levels in osteosarcoma tis-
sues compared to adjacent normal tissues 
[102].

H19, STAT3, and EZH2 are highly expressed in 
malignant esophageal cancer (EC) cell lines. 
H19 knockout suppresses cell proliferation, 
migration, invasion, EMT, and metastasis in  
EC cell lines, and induces apoptosis [16]. 
Functionally acting as a ceRNA, H19 exerts its 
inhibitory role by sequestering let-7c in EC cell 
lines, thereby upregulating the expression of 
STAT3 and its downstream molecules, includ-
ing EZH2, SOX4, and β-catenin.

In gastric cancer cells, miR-675 acts as a nega-
tive regulator by targeting the tumor suppres-
sor gene runt-domain TF 1 (RUNX1), thereby 
mediating H19-induced progression of gastric 
cancer [17]. The proliferation of gastric cancer 
cells is regulated by the H19/miR-675/RUNX1 
signaling pathway.

lncRNA loc285194, also known as LSAMP anti-
sense RNA 3, is a tumor suppressor transcrip-
tionally regulated by the p53 protein. Located 
at osteo3q13.31 and spanning >2 kb in length 
[101], loc285194 is downregulated in colon 
cancer. In this context, p53 directly targets the 
putative p53 response element located up- 
stream of loc285194 to inhibit tumor cell 
growth. Mechanistically, loc285194 exerts its 
tumor-suppressive function through specific 
inhibition of miR-211 activity via an RNA-
induced silencing complex [103].

The expression of H19 varies in normal, hyper-
plastic, and cancerous endometria. In the nor-
mal endometrium, H19 is exclusively express- 
ed in the stromal cells. Within the stromal cell 
population, the frequency of H19 expression 
decreased with increasing differentiation lev-
els. The lowest frequency of H19 expression 
was observed in cancerous endometrial stro-
mal cells [104]. The expression of H19 decreas-
es significantly with the progression of cervical 
cancer, which can be attributed to excessive 
methylation of the H19 promoter, leading to fre-
quent down-regulation [105].
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Conclusion

lncRNAs play a pivotal role in cellular develop-
ment, encompassing the regulation of cell dif-
ferentiation and regeneration through modula-
tion of gene expression. They are also crucial 
for maintaining and regulating cellular stem-
ness, facilitating self-renewal, and preserving 
the undifferentiated state to ensure tissue and 
organ development and repair. The regulatory 
mechanisms employed by lncRNAs involve vari-
ous processes, including binding to chromatin 
to form chromatin loops that influence chroma-
tin structure and histone modifications; interac-
tion with TFs or other RNA molecules to affect 
their function and stability; and modulation of 
cell cycle progression, apoptosis, and other 
related pathways during cell differentiation and 
regeneration. Moreover, lncRNAs have been 
shown to significantly contribute to the mainte-
nance of cellular stemness by promoting self-
renewal and inhibiting differentiation, whereas 
they can enhance stemness by facilitating dif-
ferentiation induction and self-renewal promo-
tion. In cancer cells, lncRNAs specifically regu-
late stemness through diverse mechanisms, 
such as modulating key processes, including 
cell cycle progression, fate determination, and 
apoptosis. lncRNA can also influence metabolic 
activities and signaling pathways. Therefore, a 
comprehensive understanding of the intricate 
mechanism underlying the regulation of cancer 
cell stemness by lncRNAs will provide valuable 
insights into cancer initiation and progression, 
and offer novel perspectives for effective thera-
peutic strategies.
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