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Abstract: Long non-coding RNAs have gained attention in
recent years as they were shown to play crucial roles in
the regulation of cellular processes, but the understanding of
the exact mechanisms is still incomplete in most cases. This
is also true for long non-coding RNA LINC00941, which was
recently found to be highly upregulated in various types of
cancer influencing cell proliferation and metastasis. Initial
studies could not elucidate the mode of action to understand
the role and real impact of LINC00941 in tissue homeostasis
and cancer development. However, recent analyses
have demonstrated multiple potential modes of action of
LINC00941 influencing the functionality of various cancer
cell types. Correspondingly, LINC00941 was proposed to
be involved in regulation of mRNA transcription and
modulation of protein stability, respectively. In addition,
several experimental approaches suggest a function of
LINC00941 as competitive endogenous RNA, thus acting
in a post-transcriptional regulatory fashion. This review
summarizes our recent knowledge about the mechanisms
of action of LINC00941 elucidated so far and discusses its
putative role in miRNA sequestering processes. In addition,
the functional role of LINC00941 in regulating human
keratinocytes is discussed to also highlight its role in normal
tissue homeostasis tissue aside from its involvement in
cancer.
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1 Introduction

The “RNAworld hypothesis”was inspiredbasedonRNAbeing
a highly functional molecule which could have been the pre-
stage of life billions of years ago (Geisler and Coller 2013).
Based on this hypothesis, RNA molecules had to serve as en-
zymes and storage media for information until DNA and
proteins have developed and taken over most of these func-
tions. As a consequence, research initially focused on these
two types of biomolecules as well as protein-coding mRNAs.
Our center of attention significantly changed when next
generation sequencing technologies revealed that most of the
human genome is transcribed (∼75%) but only 2 % encode
proteins (Djebali et al. 2012; International Human Genome
Sequencing Consortium 2004). This discovery has brought
scientific interest back to the world of regulatory non-coding
RNAs, which affect cellular processes to an unimagined
extend. Many studies have focused on elucidating the func-
tions of small non-coding RNAs (sncRNAs) including micro-
RNAs (miRNAs), small nuclear RNAs (snRNAs) and small
nucleolar RNAs (snoRNAs). However, another class of RNAs,
the long non-coding RNAs (lncRNAs), have recently gained
wide-spread attention. LncRNAs are defined as RNA tran-
scripts longer than 200 nucleotides with little or no coding
potential (Quinn and Chang 2016). In addition to the absence
of translated open reading frames (ORFs), many lncRNAs
show significant similarities tomRNAs sincemost of them are
also transcribed by RNA polymerase II, often spliced, 5′-cap-
ped and polyadenylated (Guttman et al. 2009). LncRNAs were
shown to be regulators of many fundamental biological pro-
cesses such as X-chromosome inactivation, cell cycle control,
apoptosis and epigenetic imprinting (Nagano and Fraser
2011). Theirmechanisms of action, on the other hand, inmany
cases are less clear and appear to be highly diverse. Never-
theless, several initial approaches to categorize lncRNA
mechanisms have been undertaken. This led to the division
into groups based on similarities in modes of action, such as
scaffolds, guides, decoys and signals interacting with DNA,
RNA and proteins with an impact mainly on (post-)tran-
scriptional regulation (Cheng et al. 2019).

As an ever-increasing number of lncRNAs are being
mechanistically characterized, it is becoming apparent that
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the high diversity of different lncRNA modes of action, as
well as the cellular processes controlled by them, cannot be
broken down to a few general categories. Correspondingly,
several lncRNAs are known for regulating transcription via
chromatin modulation or binding of transcription factors
(Nagano and Fraser 2011), while others affect mRNA
processing through splicing control or RNA editing (Beltran
et al. 2008; Peters et al. 2003). Furthermore, a number of
lncRNAs affect post-transcriptional pathways through
regulation of translational control or mRNA stability, as
well as modulation of protein activity (Carrieri et al. 2012;
Gong and Maquat 2011; Yin et al. 2012). Current studies also
indicate a role of lncRNAs in cell-cell communication as
signaling molecules packaged in exosomes (Huang et al.
2013). Approximately 128 000 human lncRNA transcripts
have currently been annotated (Volders et al. 2019).
However, since most of these transcripts remain unchar-
acterized to date, it is unclear what portion of these anno-
tated lncRNAs is functionally relevant. In addition to the
sheer number of uncharacterized molecules, the high di-
versity of potential mechanisms of lncRNAs requires a
clarification of their modes of action on a case-by-case ba-
sis, which is very labor-intensive. Since many lncRNAs tend
to form complex secondary and tertiary structures, which
then often determine their functions, efforts are being
made to identify recurring lncRNA structures of functional
relevance. These structures can then be used to predict the
mode of action of other lncRNAs on a larger scale, thus
potentially facilitating the elucidation of themechanisms in
the future (Graf and Kretz 2020). However, for a number of
lncRNAs themodes of action have already been analyzed in
depth – HOTAIR being one of them. The lncRNA HOTAIR
appears to combine several different roles and functions
in one molecule. It is capable to bind both, the Polycomb
repressive complex 2 (PRC2) and the lysine-specific his-
tone demethylase 1 (LSD1) at the same time, thus acting as a
molecular scaffold for these epigenetic regulator com-
plexes. The HOTAIR-PRC2-LSD1 complex epigenetically al-
ters gene expression via H3K27me3 (PRC2) and H3K4 (LSD1)
demethylation, thus resulting in transcriptional repression
of the HOXD locus (Chu et al. 2011; Rinn et al. 2007). HOTAIR
can also act on the post-transcriptional level through
interactionwith ribosomes, translation factors and splicing
factors to modulate translation and splicing (Cantile et al.
2020).

In this review, we describe our current understanding
of a lncRNA annotated as LINC00941. This non-coding RNA
was identified by the ENCODE Project in 2012 (Derrien et al.
2012). Opposite to the aforementioned lncRNA HOTAIR,
much less is known about the functions and modes of action
of LINC00941. However, several recent studies have shed

light onto potential mechanisms for this lncRNA. Therefore,
we will review the current research progress of LINC00941
in terms of its modes of action in cancer cells, as well as in
normal human keratinocytes and organotypic epidermis,
since there are no other known studies focusing on
LINC00941 in non-cancerous cells. We will also discuss the
potential role of LINC00941 as a competitive endogenous
RNA (ceRNA) based on the corresponding, empirical data
investigating this mechanism.

2 Initial characterization of the
novel human lncRNA LINC00941

The novel lncRNA LINC00941, sometimes also referred to as
lncRNA-MUF or lncIAPF, is annotated on the forward strand
of chromosome 12. Several transcript isoforms, including
alternative splicing variants as well as different 3′ and 5′
ends, were reported. LINC00941 is currently listed in the
Ensemble Genome Browser as ENST00000650286.1 contain-
ing five exons and a total length of 1355 bp. As some lncRNAs
also encode small peptides (Bánfai et al. 2012; Nelson et al.
2016), it is of major importance to ensure observed functions
are not induced by small peptides but solely by the lncRNA
itself. In case of LINC00941, bioinformatics analyses have not
predicted protein-coding potential, indicating that it likely
acts as lncRNA only (Ziegler et al. 2019).

Whenever the function of a molecule is to be investi-
gated, the elucidation of the cellular and subcellular locali-
zation can already provide first indications. LINC00941 can
be detected in most human tissues, suggesting prominent,
cell type independent functions (Ziegler et al. 2019). In order
to gain more information about the subcellular localization,
RNA-fluorescent in situ hybridization (FISH) and fraction-
ation analyses were conducted in recent studies. While the
findings consistently observed presence of LINC00941 in
both the cytoplasm and nucleus, they differ in terms of dis-
tribution. Ziegler et al. (2019) and Wang et al. (2021) could
detect this lncRNA more frequently in cytoplasm of undif-
ferentiated keratinocytes and pancreatic cancer cells lines
(PANC-1, MIA-PaCa-2), respectively. On the other hand,
Lu et al. (2023) were able to demonstrate a more prevalent
occurrence in the nucleus in esophageal squamous cell
carcinoma (ESCC). These findings reveal that the intracel-
lular distribution of a given lncRNA can vary between
different cell types or might alternatively depend on cell
state, such as differentiation status. The subcellular locali-
zation of LINC00941 is relevant for prediction of its mode
of action, as nuclear accumulation suggests a primarily
gene regulatory function whereas cytoplasmic lncRNAs
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are susceptible to post-transcriptional processes. These
tasks include modulation of mRNA stability and protein
activity, respectively, as well as miRNA sequestration and
intracellular protein transport, to name just a few (Karlsson
and Baccarelli 2016; Morlando et al. 2015). These inconsistent
data indicate that LINC00941 might have different modes
of action which are differently weighted within a cell,
depending on cell type condition or type of disease.

3 LINC00941 expression and
regulation in cancer cells and
tissues

The first studies to become aware of LINC00941, aimed to
identify deregulated lncRNAs in various cancers which
could be utilized as diagnostic and prognostic biomarkers.
By using The Cancer Genome Atlas (TCGA) database to
compare RNA sequencing data of cancer tissue and adjacent
healthy tissue, LINC00941 was found to be upregulated
in disorders including gastric cancer (Luo et al. 2018),
lung adenocarcinoma (Wang et al. 2019), head and neck
squamous cell carcinoma (Hu et al. 2020), papillary thyroid
cancer (Gugnoni et al. 2021) and clear cell renal cell carci-
noma (Pan et al. 2023). These publications also showed that
LINC00941 expression is often negatively correlated with
patient’s survival, TNM stage and tumor grade, respectively.
Subsequent analyses initially focused on bioinformatic
methods to elucidate the underlying function of LINC00941
in cancer cells. Gene co-expression network analyses to
find co-expressed mRNAs as well as functional enrichment
analyses first showed its role as regulator of cancer cell
proliferation, invasion, and migration. Subsequent knock-
down experiments could confirm this correlation as
decreased expression levels of LINC00941 led to less cancer
cell proliferation and tumor growth, respectively. Ke (2022)
demonstrated the underlying cause for increased expression
of lncRNAs, including LINC00941 exemplified by pancreatic
adenocarcinoma. It could be shown that abnormal
epigenetic modifications such as H3K4me3, H3K27me3,
H3K27ac, H3K9me3, H3K4me1 and H3K4me3 were respon-
sible for deregulated lncRNA expression. Similar to the
cancer studies described above, LINC00941 was also
shown to be elevated in pulmonary fibrosis (PF). In this
study, one specific histone modification – H3K27ac – within
the promoter region of LINC00941 was demonstrated to
be required for induction of LINC00941 expression (Zhang
et al. 2022): Triggered by TGF-β treatment, H3K27ac induced
the transcription of LINC00941 through binding of ATF3.
Focusing on the binding of transcription factors after TGF-β

stimulation activating LINC00941 expression, Shree et al.
(2021) could observe similar relationships: TGF-β enhanced
LINC00941 transcription in glioma cells through binding of
SMAD2/3 to its promoter region. Another study also shed
some light on the regulatory basis for the upregulation of
LINC00941: In pancreatic cancer cells, the corresponding
promoter region showed increased occupancy of ETS-1, a
MAPK associated transcription factor, resulting in elevated
levels of LINC00941 compared to healthy tissue (Ishikawa
et al. 2023). These publications have unanimously demon-
strated that LINC00941 is upregulated in a wide variety of
cancers. Depending on the type of cancer analyzed,
LINC00941 transcriptional induction in cancers appeared
to be mediated by recruitment of different transcription
factors and co-factors, indicating complex regulatory control
mechanisms for this lncRNA.

The aforementioned studies concluded that LINC00941
may represent a diagnostic and prognostic biomarker due
to its exceptionally high expression. In some cases,
LINC00941 was reported to be a potential target molecule for
therapeutic approaches (Ishikawa et al. 2023; Ke 2022; Shree
et al. 2021; Zhang et al. 2022). However, this would require
extensive knowledge of its modes of action. Below, we will
summarize recent approaches to analyze the molecular
mechanisms of LINC00941 and discuss respective findings.

4 Mechanisms of LINC00941 in
cancer

4.1 Regulation of mRNA transcription

Even though those preceding publications did not identify
the mechanism of LINC00941, some results already pointed
to a role of LINC00941 as transcriptional regulator. This
could be concluded based on altered gene expression of
several genes, often oncogenes, as a result of LINC00941
silencing or overexpression. Several recent studies have
attempted to uncover the mode of action of LINC00941 in
cancer cells. Although Nishiyama et al. (2018) were the first
to demonstrate an increased expression of LINC00941 in oral
squamous cell carcinoma (OSCC) cell lines, Ai et al. (2020)
could prove the underlying reasons for high levels of
LINC00941 as well as its mode of action in OSCC. In
accordance with aforementioned publications, their work
showed that the LINC00941 promoter region harbored a
higher level of H3K27ac modifications in OSCC, suggesting
enhanced LINC00941 expression. Interestingly, LINC00941
expression positively correlates with cell growth, colony,
and tumor formation, respectively. ChIP-qPCR revealed

E. Morgenstern and M. Kretz: LINC00941 in health and disease 1027



an enriched EP300 signal in aforementioned OSCC cell lines
on the LINC00941 promoter region. EP300 is a histone
acetyltransferase which, in conjunction with its coactivator
CBP, acetylates all four core histones in nucleosomes
and thereby activates transcription (Ogryzko et al. 1996).
Consequentially, silencing of EP300 reduced the amount
of H3K27ac modifications on the predicted LINC00941
promoter and to decreased LINC00941 expression.

Further experiments revealed the underlying mecha-
nism of LINC00941 in OSCC. A motif analysis showed many
binding sites of CTCF between LINC00941 and its nearby
gene CAPRIN2. CTCF is a transcriptional regulatormediating
DNA looping (Eagen 2018). As LINC00941 silencing
caused CAPRIN2 downregulation, a transcriptional regula-
tion between the neighboring genes seemed possible.
Correspondingly, Ai et al. hypothesized that LINC00941
regulates gene expression in cis via looping to CAPRIN2
mediated by CTCF to influence its expression. Quantitative
chromosome conformation capture (3C) analysis was
conducted in HSC-3 cells and demonstrated a strong inter-
action between LINC00941 and CAPRIN2 promoter regions
through chromatin looping. Repeating this experiment in
CTCF knockout HSC-3 cells, the LINC00941 looping signal was
almost completely abolished. Functional assays revealed
pivotal roles of CAPRIN2 in promoting OSCC cell prolifera-
tion and tumor formation comparable to LINC00941.
CAPRIN2 phosphorylatesWnt co-receptor LRP6. Consecutive
interaction of phosphorylated LRP6 with Axin led to
stabilization of β-catenin and ultimately to activation ofWnt
target gene transcription (Jeong and Jho 2021). Interestingly,
the resulting enhanced activity of the canonical Wnt
pathway is implicated with many cancer types (Ding et al.
2008; Duchartre et al. 2016). Ai et al. could therefore increase
our understanding of LINC00941 mode of action for the first
time: LINC00941 elevated CAPRIN2 expression through
CTCF-mediated looping, which subsequently enhances
activity of the Wnt signaling pathway, thus increasing
cancer cell proliferation in OSCC (Figure 1A). In 2022,
Qiu et al. could support the LINC00941-dependent expres-
sion of CAPRIN2 in nasopharyngeal carcinoma (NPC). Their
work aimed at analyzing the CAPRIN2-dependent survival
ability of extracellular matrix (ECM)-detached tumor cells to
form distant metastasis without undergoing ferroptosis, a
non-apoptotic cell death. As part of their studies Qiu et al.
encountered LINC00941 as an upstream regulator of
CAPRIN2 and confirmed LINC00941-mediated expression
of CAPRIN2 regulated in cis. Contrary to Ai et al., they did
not show the Wnt pathway as downstream target of CAP-
RIN2 but the mevalonate pathway and its key enzyme
HMGCR, which mediates the regulation of ferroptosis,
survival and migration of NPC cell lines 5–8F and C666-1. In

summary, Qiu et al. could demonstrate that silencing of
LINC00941 led to a decrease in CAPRIN2 and HMGCR
expression levels in NPC causing a weakened ferroptosis
resistance and an increased survival of ECM-detached NPC
cells (Qiu et al. 2022).

Lu et al. (2023) have recently made another important
step forward in understanding themechanismof LINC00941,
since they not only unraveled the process of LINC00941
transcription, but they also described two functions of this
lncRNA on both, the transcriptional and post-transcriptional
level in ESCC. Using RNA sequencing, qRT-PCR and FISH
analyses in ESCC cells, it was shown again that LINC00941
was upregulated compared to healthy cells. As in previous
studiesmentioned above, they could also confirm in vivo and
in vitro, respectively, that LINC00941 upregulation leads to
increased ESCC cell proliferation, migration and invasion
leading to a poorer survival rate in affected patients. The
reason for the upregulated expression was then revealed in
a subsequent motif analysis in the LINC00941 promoter re-
gion. SOX2 was identified as the responsible transcription
factor. A detailed analysis of the given ESCC RNA sequencing
data confirmed SOX2 regulating LINC00941 transcription,
since itwas upregulated in ESCC cells but not in healthy ones.
In SOX2 knockdown experiments, Lu et al. could verify the
subsequent LINC00941 downregulation, while SOX2 over-
expression led to increased levels of LINC00941. ChIP anal-
ysis finally confirmed SOX2 binding within the LINC00941
promoter region leading to the finding that SOX2 positively
regulates LINC00941 expression in ESCC cell line KYSE-170.
Subsequent RNA pull-down and mass spectrometry (MS)
analysis then identified ILF2 and YBX1, both regulators of
transcription, as potential interaction partners of LINC00941
in KYSE-170. Theywere also found to be upregulated in ESCC.
The report describes YBX1 binding motifs in SOX2 promoter
region as well as upregulated SOX2mRNA and protein levels
as a consequence of overexpression of LINC00941, ILF2 and
YBX1, respectively. Lu et al. then concluded an interaction
between ILF2 and YBX1 to direct SOX2 expression mediated
by LINC00941. Co-immunoprecipitation (Co-IP) verified
interaction between YBX1 and ILF2 which was found to be
attenuated after LINC00941 knockdown in KYSE-170. ChIP--
qPCR was then applied to verify binding of YBX1 on the
promoter region of SOX2 regulating its transcription. No
interaction between YBX1 and SOX2 promoter region was
observed when silencing LINC00941 or ILF2. Therefore, the
role of LINC00941/YBX1/ILF2 complex could be identified in
positively regulating SOX2 transcription. Apart from being a
transcriptional regulator, ILF2 is also known to facilitate
nuclear mRNA export and to inhibit exosomal degradation
of SOX2, NANOG and SALL4 (Li et al. 2021). Testing the in-
fluence of LINC00941 binding to ILF2 and YBX1 on mRNA
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stability of SOX2, ILF2 or YBX1 knockdown shortened the
half-life of SOX2mRNA. This led to the hypothesis of ILF2 and
YBX1 to stabilize the SOX2mRNA, which could be confirmed.
RNA immunoprecipitation (RNA-IP) assays identified an
enrichment of ILF2 and YBX1 on SOX2 mRNA, but
this interaction was also attenuated through LINC00941
knockdown in KYSE-170. ILF2 and YBX1 upregulation
prolonged half-life of SOX2 mRNA, while this effect was
reversed through LINC00941 knockdown. Consequently,
LINC00941 not only upregulated SOX2 through ILF2 and
YBX1 interaction at the transcriptional level but also at the
post-transcriptional level (Figure 1B and C). This work
has not only deepened our knowledge about LINC00941
mechanisms, but it also confirmed its various possible
functions within cells.

4.2 Modulation of protein stability and
activity

As LINC00941 can also be found in the cytoplasm, further
mechanisms at the post-transcriptional level were recently
identified shedding light on its putative multilayered modes

of action. Therefore, LINC00941 was not only shown to act
as regulator of transcription and mRNA stabilizing compo-
nent, but recent works additionally described LINC00941-
mediated modulation of protein activity and stability. In
2021, Wu et al. were investigating the role of LINC00941
in epithelial-mesenchymal transition (EMT) in colorectal
cancer (CRC), as EMT drives cancer cell distribution
enhancing generation of metastases. They suggested that
significantly increased levels of LINC00941 in CRC compared
to normal control, it may promote CRC metastasis through
activating EMT. Wu et al. discovered that overexpression of
LINC00941 in CRC cell line HCT-116 led to upregulated mRNA
and protein levels of VIM, FN1 and TWIST1, key molecular
markers of cell invasion and metastasis, respectively.
Simultaneously levels of ZO-1 and E-cadherin, known
invasion suppressors, were decreased. This finding supports
the role of LINC00941 mediating invasion and migration
through regulating EMT of CRC cells. To elucidate the
underlying mechanism, they performed RNA pull-down
assays followed by MS analysis showing that LINC00941
interacts with SMAD4. LINC00941 suppression resulted
in decreased SMAD4 protein levels and vice versa. These
findings indicate that LINC00941/SMAD4 interaction

Figure 1: Schematic overview of selected LINC00941 mechanisms on transcriptional and post-transcriptional level in cancer cells. (A) LINC00941
regulates CAPRIN2 expression in cis through CTCF-mediated chromatin looping. (B) ILF2 and YBX1, recruited by LINC00941, bind to the SOX2 promotor
region leading to SOX2 transcription in trans. (C) LINC00941 further promotes binding of ILF2 and YBX1 on SOX2 mRNA to stabilize SOX2. (D) ANXA2 is
bound by LINC00941 preventing NEDD4L-mediated ubiquitination and subsequent degradation of ANXA2.
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enhanced SMAD4 protein stability, which in turn leads to
the assumption, that LINC00941 prevents SMAD4 degrada-
tion. Following this, Wu et al. were investigating SMAD4
poly-ubiquitination in LINC00941 overexpressing and
silencing CRC cells, respectively. SMAD4 ubiquitination was
significantly decreased when LINC00941 was overexpressed
in HCT-116 cells, while SMAD4 ubiquitination was increased
after LINC00941 knockdown in LoVo cells. These results
concluded that LINC00941 could stabilize SMAD4 by
suppressing its ubiquitination in CRC. Since it is known that
β-TrCP is responsible for SMAD4 poly-ubiquitination and
degradation (Wan et al. 2005), Wu et al. evaluated the role of
β-TrCP in SMAD4 degradation. Silencing β-TrCP resulted in
increased protein levels of SMAD4 and furthermore,
LINC00941 knockdown caused an increased binding of
SMAD4 and β-TrCP. LINC00941 overexpression caused
the converse effect: Decreased binding of SMAD4 and
β-TrCP. Consequently, these findings led to the hypothesis
that LINC00941 suppressed SMAD4 ubiquitination and
degradation by competing with β-TrCP. With the help of
competitive RNA pull-down studies, they confirmed the
competing relationship between LINC00941 and β-TrCP.
Taken together, LINC00941 was found to enhance SMAD4
protein stability by competing with β-TrCP to prevent
SMAD4 degradation. Consequentially, the lncRNA appeared
to modulate the parent TGF-β1/SMAD pathway since SMAD4
binds SMAD2/3 to form complexes regulating transcription
of markers for cancer cell migration and invasion causing
metastases in CRC. In addition, Wu et al. discovered a puta-
tive TGF- β1 binding site in the LINC00941 promoter region.
Subsequent analysis revealed that LINC00941 levels were
significantly increased after addition of exogenous TGF-β1.
This result and further experiments verified TGF-β1-depen-
dent LINC00941 expression, which in turn again stabilized
SMAD4 leading to EMT in CRC (Wu et al. 2021).

Based on the work of Xu et al. (2021), LINC00941 does not
prevent ubiquitination but facilitates dephosphorylation of its
interaction partner MST1 to maintain its stability. In this sci-
entific study, they were investigating the role of LINC00941 in
pancreatic ductal adenocarcinoma (PDAC) and initially
discovered, that LINC00941 suppresses extracellular acidic
production. Knocking down LINC00941, however, suppressed
glycolysis in PDAC cell lines PANC-1 and SW1990, since mRNA
levels of enzymes involved in glycolysis, such as GLUT1, LDHA,
HK2 andPFKFB3,weredownregulated. Furthermore, TEAD1, a
Hippo pathway transcription factor proven to regulate
glycolysis, showed impaired transcriptional activity. These
results indicated the involvement of the Hippo pathway
serving as a mediator of the enhanced glycolysis induced by
LINC00941. To elucidate the role of LINC00941 in this signaling
pathway, Xu et al. performed RNA pull-down followed by MS

analysis. MST1, one of the key components of the Hippo
pathway, was identified as interaction partner of LINC00941.
Thiswas further verifiedbyRNA-IP in PADC cell linePANC-1. It
was also discovered that MST1 phosphorylation levels were
increased in LINC00941 silenced cells compared to controls,
which is why the authors of this study concluded that
LINC00941 mediates dephosphorylation of MST1. As previous
studies reported PP2A-mediated dephosphorylation of MST1
(Tang et al. 2020), Co-IP was performed in LINC00941 knock-
down PANC-1 and SW1990 cells. A weakened interaction be-
tween MST1 and PP2A was observed in LINC00941 silenced
cells compared to control cells. Summing up they have
described for thefirst time that LINC00941 interactswithMST1
facilitating PP2A-mediated dephosphorylation of MST1. As a
result, Hippo pathway is activated, and enhanced glycolysis is
triggered leading to elevated cancer cell proliferation.

Yet another study described a role of LINC00941 acting as
a protective shield against degradation of its interaction
partner. Using RNA pull-down assay and MS with pancreatic
cancer (PC) cells, Wang et al. (2022) found that upregulated
LINC00941 interacted with ANXA2. ANXA2, involved in
metastasis formation in several cancer types (Anselmino et al.
2020;Maoet al. 2021),wasupregulated inPC tissues. LINC00941
overexpression resulted in prolonged half-life of ANXA2,while
LINC00941 knockdown decreased its stability and accelerates
its degradation. Examining the underlying cause of this phe-
nomenon, Wang et al. investigated ANXA2 ubiquitination
levels. As hypothesized, LINC00941 overexpression decreased
ANXA2 ubiquitination and LINC00941 knockdown caused the
opposite in PANC-1 cell line. Similar to preceding studies,
LINC00941 enhances protein expression of ANXA2 by sup-
pressing its ubiquitination. Co-IP andMS identified NEDD4L, a
ubiquitin ligase, as interactionpartner ofANXA2 in PANC-1. In-
depth analysis verified LINC00941 and NEDD4L competing to
interactwith ANXA2. Acting as a decoy, LINC00941 is therefore
able to reduce ubiquitination of ANXA2 by NEDD4L
(Figure 1D). The stabilized ANXA2 then activates the down-
stream FAK/AKT signaling pathway supporting tumor cell
survival (Paul et al. 2020).

The above studies focusing on the mechanism of action
of LINC00941 have mainly concentrated on cancer, but
Zhang et al. (2022) have unraveled the mode of action of
LINC00941 in PF and identified comparable functions of the
lncRNA. Similar to the results in different cancer cell lines,
RNA sequencing data of PF tissue revealed elevated
LINC00941 expression compared to normal lung tissue.
LINC00941-mediated enhanced fibroblast-to-myofibroblast
differentiation accelerated PF in LINC00941 overexpression
experiments. These results were supported by the upregu-
lated fibrotic markers in LINC00941 overexpression cells
identifying this lncRNA as profibrotic factor in PF.
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Elucidating its regulatory mechanism, ELAVL1 was found to
have an enhanced stability in cells with ectopic expression of
LINC00941, but the effect was reversed when silencing
LINC00941. The underlying cause was revealed using
ubiquitination experiments: LINC00941 overexpression
decreased ELAVL1 ubiquitination leading to elevated
ELAVL1 stability. Silencing this lncRNA promoted ELAVL1
ubiquitination and degradation. Surprisingly, Zhang et al.
could also show the opposite way: LINC00941 not only
enhances ELAVL1 stability but ELAVL1 also influences
half-life of LINC00941 suggesting that both molecules
affect each other’s stability. With regard to PF, LINC00941
overexpression led to increased expression of fibrotic
markers including ACTA2, VIM, COL1A and COL3A causing
enhanced myofibroblast proliferation and migration. These
results, however, were reversed by ELAVL1 knockdown,
thus suggesting that the function of LINC00941 in PF depends
on ELAVL1. Searching the effects of the LINC00941/ELAVL1
interaction the fact came across that some genes relatedwith
autophagy were deregulated as a consequence of LINC00941
knockdown. Further studies revealed that overexpressing
LINC00941 inhibits autophagy by blocking autophagosome
and lysosome fusion, while silencing LINC00941 promoted
this process. Here as well, the effect of LINC00941 depends
on the presence of ELAVL1. In the further course of experi-
ments, Zhang et al. identified mRNA of EZH2, STAT1 and
FOXK1 as targets of ELAVL1 with decreasing degree of
binding after LINC00941 knockdown. ELAVL1 is therefore
able to influence mRNA stability depending on LINC00941
since its silencing or overexpression reduced or promoted
half-life stability of those mRNAs. High levels of LINC00941
led to increased protein levels of EZH2, STAT1 and FOX1 but
only in the presence of ELAVL1. It could also be revealed,
that promoted expression of fibrotic proteins and decreased
autophagy after EZH2, STAT1 and FOXK1 overexpression
were overlapping with the same deregulated genes as
detected after LINC00941 overexpression. These results
reflect pro-fibrotic functions of LINC00941 mainly come
from EZH2, STAT1 and FOXK1. The underlying mechanism
was shown to rely on the binding of ELAVL1 protein to
block its ubiquitination and degradation, respectively. As a
result, increasing stability of its mRNA targets EZH2, STAT1
and FOXK1 caused attenuated autophagy and thereby
accelerating pathogenesis of PF.

4.3 Regulation ofmRNA post-transcriptional
pathway

In addition to studies that have primarily demonstrated
interaction between LINC00941 and chromatin or proteins,

interaction with RNA molecules, mainly miRNAs, was also
uncovered. Chang et al. (2021) aimed to reveal the role of
upregulated LINC00941 in colon cancer (CC) cells since it is
related to CC progression. Because LINC00941 is mainly
localized in the cytoplasmof CC cells, theyhave concluded and
focused exclusively onLINC00941 acting as ceRNA.Apotential
target was bioinformatically predicted and identified as
miR-205-5p. Dual luciferase reporter assay was used to
examine the interaction between LINC00941 and miR-205-5p.
The luciferase activity decreased when miR-205-5p was
overexpressed while increased when miR-205-5p was inhibi-
ted. Thus, the interaction was supposedly proven. Further
experiments in the CC LoVo cell line showed, among others,
that LINC00941 knockdown led to increasedmiR-205-5p levels,
which led to their hypothesis that LINC00941 participated in
CC development by targetingmiR205-5p. In situ, the oncogene
MYCwas predicted tobe the target geneofmiR-205-5p verified
through dual luciferase reporter assay. The effect of
LINC00941 sequestering miR-205-5p was supposed to be
revealed in a subsequent LINC00941 overexpression experi-
ment: Increased LINC00941 levels caused decreased MYC
expression levels in CC. Summarizing, exceptional high
LINC00941 levels in CC led to sponging of miR-205-5p and thus
upregulating MYC expression accelerating cancer cell prolif-
eration and migration. Several publications followed discov-
ering similar LINC00941-mediated miRNA sequestration
mechanisms by performing experiments comparable to those
previously described. These studies have supposedly eluci-
dated the role of LINC00941 as ceRNA. This lncRNA was also
found to sponge miR-873-3p in pancreatic adenocarcinoma
and thereby upregulating gene expression of oncogene
ATXN2 (Fang et al. 2021) as well as modulating post-
transcriptional gene expression of VEGFA through binding
of the correspondingmiR-877-3p in non-small cell lung cancer
(Ren et al. 2021). Wang et al. (2021) and Zhang et al. (2021) also
described the function of LINC00941 as ceRNA for miR-335-5p
affecting ROCK1 and miR-877-3p in PC cells and its down-
stream target PMEPA1 in ESCC cells, respectively. The pro-
posed role of LINC00941 as ceRNA is described as oncogene
causing enhanced cell proliferation and migration in cancer,
since its significant upregulation binds exceptionally many
corresponding miRNAs. Consequently, this leads to the
enhanced expressionof their downstream, oncogenicmRNAs.
The resulting proteins are the actual oncogenes accelerating
cell proliferation and migration.

4.4 Putative function of lncRNAs as ceRNAs

Once described as “Rosetta stone of hidden RNA language”,
the ceRNA hypothesis provided an additional layer of gene
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regulation to describe “communication” between all types
of RNA transcripts (Salmena et al. 2011). Competing with
mRNAs for the same pool of miRNAs, ceRNAs – which
include pseudogenes, lncRNAs, circRNAs and othermRNAs –
might be able to titrate away miRNAs. The resulting
inhibition of miRNA activity is therefore correlated with
positive gene expression of the respective target
mRNAs. This “new language” is largely enabled through the
existence of miRNA responsive elements (MREs), a partial
complementarity between 3′ UTR of mRNAs and ceRNAs,
respectively, and the 5′ region of the corresponding miRNAs
(Salmena et al. 2011). Nevertheless, to date it remains largely
unclear whether it is stoichiometrically possible for miRNAs
to be intercepted by ceRNAs in a functionally meaningful
manner. Several studies and hypotheses aim at approaching
this question. A number of mathematical models see miRNA
sequestration as a possibility, if the RNA molecules involved
are present in equimolar concentrations (Ala et al. 2013;
Bosia et al. 2013; Figliuzzi et al. 2013). Another model
was established by Denzler et al. (2014; 2016): Only a high
abundance of miRNA binding sites in the ceRNA network
could in principle reduce inhibitory effects of miRNAs.
However, Denzler et al. state that no transcript or global
transcription variation within physiological range can
provide enough miRNA binding sites to reverse miRNA-
mediated mRNA inhibition and degradation. The postulated
model of Bosson et al. (2014) offers a third possible
explanation: They assume that miRNAs preferentially bind
to mRNAs with high-affinity target sites compared to more
abundant, but lower affinity sites. According to this
hypothesis and following studies, the number of putative
target mRNAs is less than expected. If the ratio between
miRNA and their target mRNA is small enough, ceRNAs with
high-affinity binding sites are able to bind miRNAs – even
under physiological conditions (Bosson et al. 2014; Smillie
et al. 2018). However, knowing the stoichiometric relation-
ship between lncRNAs putatively functioning as ceRNAs,
their target miRNAs and the downstream affected mRNAs
would be of great importance. Unfortunately, this analysis is
technically challenging and often not included in respective
studies. Nevertheless, even critics have to admit that there
is an overwhelming amount of empirical evidence for the
ceRNA hypothesis. This also applies to LINC00941, whose
function as a ceRNA has been investigated and proposed
in the above-mentioned studies. The commonalities
between these publications supporting the ceRNA hypoth-
esis include the fact that interaction between LINC00941
and various miRNAs was found to be predicted in different
publicly available cross-linking immunoprecipitation
high-throughput (CLIP) sequencing databases. Since
miRNAs occur mainly bound to AGO2 within the cell (Jonas

and Izaurralde 2015), these studies usually include
AGO2-IPs followed by qRT-PCR to detect LINC00941 associ-
ation. Therefore, we verified interaction of the lncRNAwith
AGO2, as exemplarily shown in human primary keratino-
cytes in Figure 2A, which provides a first, indirect indica-
tion of a putative association between LINC00941 and
miRNAs (unpublished data). However, since this kind of
experiment does not prove direct interaction between
LINC00941 and a miRNA of interest, dual luciferase
reporter assays give at least one more hint to detect inter-
action. For this purpose, either a wild-type (WT) or mutated
(MUT) putative binding site of LINC00941 predicted by CLIP
sequencing was cloned into the 3′ UTR of a luciferase gene.
As shown in HeLa cells to verify binding of miR-335-5p to
LINC00941 (Figure 2B), reduced luciferase activity with
constructs harboring a mutated LINC00941 binding site
strongly indicate direct association of the miRNA with the
wildtype binding region (unpublished data). Finally, the
effects of miRNA sequestration on downstream mRNA
targets could also be examined with LINC00941 depletion.
Provided LINC00941 acts as ceRNA, its knockdown would
cause decreased levels of the corresponding mRNAs, as the
miRNAs bind them and inhibit their translation since they
are not bound by LINC00941. This assumption was verified
in the studies discussed above. Correspondingly, the
collective data indicates that LINC00941 might mediate
sequestration of miRNAs, which as a result led to increased
abundance of key oncogenes or related genes, thus causing
enhanced proliferation and migration of the cancer cells.

Figure 2: LINC00941 as putative ceRNA. (A) AGO2-IP and subsequent
qRT-PCR detect LINC00941 bound to AGO2 in human primary keratino-
cytes supporting the ceRNA hypothesis. (B) Dual luciferase reporter assay
verified interaction between LINC00941 and miR-335-5p in HeLa cells.
CLIP sequencing predicted binding site (WT) between lncRNA and miRNA
was cloned in the 3′UTR of a luciferase and compared to luciferase activity
of a mutated (MUT) binding site. Data are presented as mean ± standard
deviation. Statistical significance was tested by an unpaired t-test
(**p-value <0.01 and ns = not significant) (unpublished data).
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Taken together, the studies above provide data sup-
porting LINC00941-mediated miRNA sequestration, but
additional experimentation might be required to verify that
LINC00941 and other lncRNAs indeed act as ceRNAs.
Partially due to limited experimental detection modes, some
questions still remain open which need to be clarified to
prove the final evidence of the ceRNA hypothesis. Not only is
it necessary to exclude the option of AGO2/miRNA-mediated
degradation of the lncRNA, it is also necessary to investigate
stochiometric ratios between lncRNA and miRNA to meet
the critics considerations. Furthermore, an experimental
detection method is necessary to verify direct interaction
between LINC00941 and the miRNA of interest in vivo. As
there are also other ways of lncRNA-mediated regulation of
mRNA levels such as influencing mRNA transcription – as
already shown for LINC00941 – they should not be neglected
when considering a ceRNA function. Instead, it should
be taken into account that different mechanisms occur in
parallel as seen by Yan et al. (2017) and Shree et al. (2021).
They described LINC00941 not only acting as ceRNA but also
as modulator of protein stability and regulator of mRNA
transcription. Moreover, it may be likely that influence
of LINC00941 on cellular processes can vary depending on
focusing on cancerous or healthy tissue as LINC00941 level
and subcellular localization vary as previously described.

5 LINC00941 as regulator in
healthy tissue

In previously mentioned studies, LINC00941 stood out
because it is upregulated in the respective cancer tissue
compared to healthy controls. Therefore, its mode of action
was of interest to get a better understanding of the particular
type of cancer and its cause. However, the impact of

LINC00941 in healthy cells has not yet been considered
although it has been demonstrated that it plays an important
role, at least in the human epidermis. So far, some lncRNAs
have been shown to be involved in normal human epidermal
homeostasis such as ANCR, TINCR and SMRT-2 (Kretz et al.
2012, 2013; Lee et al. 2018). Ziegler et al. (2019) could recently
show that LINC00941 also plays an important role in regu-
lating epidermal tissue homeostasis. This lncRNA LINC00941
was proven to be highly expressed in undifferentiated
keratinocytes but repressed upon onset of differentiation,
which was shown in qRT-PCR of calcium-induced differ-
entiation of human keratinocytes. Consistent with other
work on LINC00941, this lncRNA does not occur exclusively in
the nucleus or cytoplasm but is almost equally distributed
to both compartments (Ziegler et al. 2019). Moreover,
LINC00941 knockdown resulted in increased mRNA
level of early and late differentiation genes. Both findings -
suggested a role of LINC00941 in non- and poorly differentiated
keratinocytes suppressing premature differentiation of kera-
tinocytes. Gene ontology analysis of deregulated genes identi-
fied in LINC00941 knockdown tissue showed an enrichment of
genes crucial for processes of epidermal differentiation,
including keratinization, keratinocyte differentiation and
generation of a cornified envelope (Ziegler et al. 2019).
Furthermore, a strong enrichment of deregulated genes could
be observed within the epidermal differentiation complex
(EDC) on chromosome 1, which harbors genes for many
proteins involved in keratinocyte differentiation (Kypriotou
et al. 2012; Mischke et al. 1996). The affected genes within the
EDC include Loricrin, SPRR4 andmost of the LCE genes, which
were significantly upregulated upon LINC00941 knockdown
(Figure 3). Since LINC00941 is able to regulate the expression of
genes in trans, a role of this lncRNA as regulator of mRNA
transcription in keratinocytes is currently considered.
Beyond that, a LINC00941-mediated mechanism on the post
transcriptional level is taken into account since interaction

Figure 3: Upregulated genes in the epidermal
differentiation complex (EDC) upon LINC00941
knockdown. LINC00941 silencing led to
enhanced mRNA abundance of differentiation
genes within the EDC (highlighted in green)
indicating a role of LINC00941 as epigenetic
regulator (Ziegler et al. 2019).
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between LINC00941 and AGO2 was revealed that refers to a
putative function of this lncRNA as ceRNA. MiR-335-5p is
the putative miRNA bound by LINC00941 and known to be a
positive regulator of keratinocyte differentiation (Liew et al.
2020). As stoichiometric relationships between LINC00941 and
miR-335-5p remain unclear current data point to LINC00941
as negative regulator of keratinocyte differentiation mainly at
the level of transcription and less at post-transcriptional level.

6 Conclusions

LncRNAs have versatile functions within cells in both,
healthy and diseased tissue. They fulfill tasks as regulators
and modulators on transcriptional and post-transcriptional
level to influence various cellular processes. This review
article focused on LINC00941, a lncRNA that has attracted
attention over the last decade by being significantly upre-
gulated in many cancers. LINC00941 has frequently been
referred to as diagnostic marker and potential therapeutic
target. Correspondingly, recent studies devoted to elucidate
its mechanism in different cancer cells. It could be shown
that LINC00941 acts on different level through different
modes of action – maybe even depending on the type of
cancer analyzed. LINC00941-mediated modulation of epige-
netic regulation was often shown in various cancer tissues
and is currently hypothesized for healthy keratinocytes.
However, other modes of action were also found in a subset
of model systems investigated to date: Some studies have
been able to demonstrate that LINC00941 enhances stability
of mRNAs and proteins in cancers of the pancreas and
digestive tract by preventing degradation through binding to
the affected molecule. Apart from the role of LINC00941
as epigenetic regulator and modulator of stability, there is
empirical evidence that it could act as ceRNA. However, the
final proof of direct interaction between LINC00941 and
miRNAs in vivo is still pending. In summary, it seems likely
that the lncRNA LINC00941 exerts three superordinate
functions within the cell in diseased tissue. The mechanisms
of LINC00941 in normal tissue are not clear as of now, but are
under active investigation.
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