_g{ non-coding RNA

Review

Beyond Paraspeckles: Rethinking NEAT1 as Master Regulator of
Genome Organization

Noemi Puccio 12*(2, Federica Torricelli 2(2, Nicola Amodio 3, Alessia Ciarrocchi 2

M) Check for updates

Academic Editor: Aristeidis G. Telonis

Received: 2 October 2026
Revised: 23 October 2026
Accepted: 26 October 2026
Published: 28 October 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

and Antonino Neri *

1 Translational Science and Therapeutics Division, Fred Hutchinson Cancer Center, Seattle, WA 98109, USA
2 Laboratory of Translational Research, Azienda USL-IRCCS di Reggio Emilia, 42123 Reggio Emilia, Italy;
federica.torricelli@ausl.re.it (F.T.); alessia.ciarrocchi@ausl.re.it (A.C.)
Department of Experimental and Clinical Medicine, Magna Graecia University of Catanzaro,
88100 Catanzaro, Italy; amodio@unicz.it
4 Scientific Directorate, Azienda USL-IRCCS di Reggio Emilia, 42123 Reggio Emilia, Italy
*  Correspondence: npuccio@fredhutch.org (N.P.); antonino.neri@ausl.re.it (A.N.);
Tel.: +39-0522-296979 (N.P. & A.N.)

Abstract

NEAT1 is among the most extensively studied IncRNAs, classically recognized as the
architectural scaffold of nuclear paraspeckles (PSs), membranelles nuclear bodies that
assemble through liquid-liquid phase separation to sequester RNA-binding proteins and
edited transcripts. Within this framework, NEAT1 was thought to regulate gene expression
mainly indirectly, by trapping essential gene regulatory factors within these condensates.
Here, we aim to review growing evidence that repositions NEAT1 from a scaffold to an
active, highly context-dependent chromatin regulator that finely contributes to genome
surveillance and cellular homeostasis. NEAT1 engages chromatin directly by occupying
gene regulatory elements and DNA:RNA hybrids, recruiting epigenetic regulators and
cooperating with lineage-specific transcription factors. We further examine how such a
regulatory NEAT1 activity varies across a broad spectrum of cancerous and non-cancerous
diseases. The evidence discussed reframes NEAT1 as an adaptor molecule in transcriptional
machinery whose function is deeply influenced by cellular stimuli, interacting partners
and chromatin targets accessible in each context. This conceptual shift not only raises
new mechanistic questions but also underscores the challenges of therapeutically targeting
NEATI.

Keywords: IncRNAs; NEAT1; chromatin biology

1. Introduction

The discovery of non-coding RNAs (ncRNAs) has revolutionized our understanding
of gene expression regulation, revealing how these molecules finely tune precise molecular
mechanisms that sustain essential physiological and pathological processes [1-3]. NcRNAs
are defined as transcripts with low or no translational potential, which represent up to
98% of the human transcriptome. Historically, these molecules have been classified into
two broad functional categories: structural and regulatory ncRNAs [4]. The structural
ncRNA category comprises major constituents of post-transcriptional and protein synthesis
machineries, including small nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs),
transfer RNAs (tRNAs), and ribosomal RNAs (rRNAs). Regulatory ncRNAs are a wider
and more heterogeneous class of transcripts mostly involved in the homeostatic mainte-
nance of cellular functions [3,5]. Furthermore, ncRNAs have been categorized into short

Non-Coding RNA 2026, 12, 45

https://doi.org/10.3390/ncrnal2060045


https://crossmark.crossref.org/dialog?doi=10.3390/ncrna12060045&domain=pdf&date_stamp=2026-10-28
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ncrna
https://www.mdpi.com
https://orcid.org/0000-0002-1016-3597
https://orcid.org/0000-0003-1954-5695
https://orcid.org/0000-0002-5541-2075
https://doi.org/10.3390/ncrna12060045

Non-Coding RNA 2026, 12, 45

2 0f 18

ncRNAs and long ncRNAs (IncRNAs), based on a cutoff length of 200 nt. For a long period
of time, IncRNAs have been described for what they are not. This misconception was
largely fueled by their poor sequence conservation and highly specific, dynamic and low
level of expression [1]. Conversely, accumulating research evidence posits IncRNAs as
functional macromolecules rather than merely transcriptional noise byproducts. Often,
their cellular localization determines their functions [6]. LncRNAs display conservation of
discrete structural domains that mediate specific protein interactions [7], enabling them to
regulate protein activity by acting as guides that direct interacting proteins to specific targets
or as scaffolds that spatially organize multiple proteins within nuclear compartments [8].
Different from mRNAs, IncRNAs are often retained in the nucleus and associated with
chromatin [9,10]. One of the best examples is represented by the IncRNA NEAT1, which
was primarily characterized by its ability to sequester RNA-binding proteins (RBPs) and
trap edited mRNAs within nuclear organelles named paraspeckles (PSs) [11]. Beyond this
well-annotated function, accumulating evidence indicates that NEAT1 acts as more than a
structural hub within PSs, directly influencing both chromatin architecture and function.
Here, we discuss the mechanisms through which NEAT1 directly interfaces with chromatin
to influence genome organization, transcription, and cellular homeostasis across physiologi-
cal and pathological states. We particularly focus on the molecular determinants that dictate
where and how NEAT1 acts, which partners it engages, and how these interactions shape
its function, reframing NEAT1 as an adaptable regulator rather than a merely structural
scaffold.

2. NEAT1 Biogenesis, Transcriptional Control, Role in PS Assembly
2.1. NEAT1 Biogenesis and Transcriptional Activation

NEAT1 is a mono-exonic IncRNA that originates from the Multiple Endocrine Neopla-
sia (MEN) type I locus, localized on the human chromosome 11q13. It is transcribed by
RNA polymerase II (RNAP II) in two different variants that share an identical 5" terminus:
NEAT1_1, a shorter polyadenylated isoform of 3.7 kb, and NEAT1_2, a longer isoform of
22.7 kb, lacking the polyA tail but with a triple helix structure at its 3" terminus that protects
the transcript from 3'-5" exonuclease activity [11]. Transcriptional activation of NEAT1
is driven by diverse cellular stressors, including DNA damage and oncogenic replicative
stress, viral infection, hypoxia, and proteotoxicity. Indeed, NEAT1 transcription is highly
coordinated by several stress-responsive transcription factors (TFs). Among them, TP53
induces the expression of NEAT1 in response to DNA damage and replicative stress [12,13],
whereas HIF-2a promotes NEAT1 transcription by binding the HRE element on the NEAT1
promoter region in response to hypoxic stimuli [14]. Also, under proteotoxic stress, HSF1
starts to accumulate in cell nuclei, enhancing the transcription of NEAT1 [15]. Activation
of NEAT1 has been related to innate immunity activation and inflammasome assembly,
driving inflammation-related outcomes [16-19]. Specifically, upon inflammatory stimuli
from pathogens or damaged tissues, NF-KB [20], STAT3 [21] and YY1 [22] TFs trigger
NEATT1 expression.

Beyond transcriptional control, NEAT1 abundance is extensively regulated at the
post-transcriptional level, primarily through competing 3'-end processing pathways that
dictate isoform choice [19]. TAR DNA-binding protein 43 (TDP-43) promotes recognition
of the proximal polyadenylation site within the NEAT1 locus, favoring 3'-end cleavage
that yields the short, polyadenylated NEAT1_1 isoform while concomitantly reducing
read-through into the long, non-polyadenylated NEAT1_2 [23]. Conversely, the Cleavage
and Polyadenylation Specific Factor 6 (CPSF6), Nudix hydrolase 21 (NUDT21/CFIm25),
and heterogeneous nuclear ribonucleoprotein K (hnRNPK) modulate 3" cleavage and
polyadenylation in a manner that shifts the balance toward NEAT1_2 biogenesis [24].
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Although both isoforms are transcribed from a shared promoter, their steady-state ex-
pression is uncoupled: NEAT1_1 is expressed ubiquitously across tissues, whereas NEAT1_2
displays marked cell- and tissue-type specificity [25,26]. Moreover, NEAT1_2 is selectively
induced under cellular stress [27], reinforcing the emerging notion that the two isoforms
subserve distinct biological functions.

2.2. NEAT1 Role in PSs Assembly

The long NEAT1_2 isoform is known to act as an essential structural scaffold for PSs,
membranelles, sub-nuclear organelles involved in a variety of molecular processes. The
biogenesis of PSs is strictly coupled with both NEAT1_2 transcription and the IncRNA’s
architectural capacity, which relies on the physical phenomenon of liquid-liquid phase
separation (LLPS) [11,28]. CRISPR-Cas9 deletion experiments revealed that the central
domain of NEAT1, between 8 and 16.6 kb, contains modular and functionally redundant
subdomains, termed C1, C2 and C3. These act as multivalent docking sites for proteins
belonging to the Drosophila Behavior Human Splicing protein (DBHS) family, includ-
ing NONO, SFPQ, PSPC1 and proteins with prion-like domains (PLDs), among which
are FUS and RBM14 [25]. The recruitment of NONO dimers initiates massive protein
oligomerization, driving the condensation of the ribonucleoprotein complex into a highly
ordered, phase-separated core-shell spheroidal structure, where the middle domain of
NEAT1_2 forms the dense core while its 5" and 3’ ends form the peripheral shell. More than
40 proteins have been identified as paraspeckle-associated proteins (PSPs). Among them,
seven essential PSPs have been classified into two functional categories according to their
sequential roles in PS biogenesis: Category 1A, comprising NONO, SFPQ, RBM14, and
hnRNP K, which initiate NEAT1_2-RNP complex formation, and Category 1B, including
FUS, DAZAP1, and hnRNP H3, which contribute to the subsequent assembly of mature
PSs. The proper PS assembly requires a precise hierarchical interaction between categories
1A and 1B, mediated by the SWI/SNF chromatin remodeling complex [24,29]. PSs are not
constitutively expressed since their abundance is highly dynamic and cell-type- and context-
specific. The main function associated with PSs relies on the regulation of gene expression
at different layers [28,30]. They can indirectly influence gene transcription through the
sequestration of known TFs, such as NONO, and transcriptional regulators (TRs), such as
RBM14 [28].

PSs also act post-transcriptionally, mainly through A-to-I RNA editing. The NONO/SFPQ
heterodimer binds A-to-I-edited transcripts and retains them in the nucleus, therefore
blocking their translation [31,32].

PSs also affect pre-mRNA splicing. In part, this occurs by sequestering splicing fac-
tors such as SFPQ [33]. Paraspeckles can also influence splicing indirectly, through their
interaction with the SWI/SNF subunit ARID1B, which controls several splicing-related
genes [34]. Beyond splicing, PSs have been reported to influence gene expression by modu-
lating pri-miRNAs processing. This activity depends largely on NEAT1, whose 3’ terminus
contains hairpin structures resembling pri-miRNAs. These pseudo pri-miRNAs elements
facilitate the recruitment of the Microprocessor complex to PSs, while secondary struc-
tures along NEAT1 provide the binding platform for NONO and SFPQ. Thus, NEAT1
mediates interactions between the heterodimer NONO-SFPQ and Microprocessor compo-
nents, particularly the DGCRS8 subunit, thereby enhancing global pri-miRNA processing by
Drosha-DGCRS [35].

The main function of paraspeckles, however, is in the DNA-damage response
(DDR) [36-40]. The essential paraspeckle proteins (PSPs) coordinate NHE], homologous
recombination (HR), single-strand break (SSB) repair, and base excision repair (BER) [41].
Paraspeckles also contribute to cell fate. Their assembly marks the loss of pluripotency in
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embryonic stem cells, and they are needed for myoblast differentiation into myotubes [23,42].
Finally, they take part in the response to viral infection [43]. Together, these roles make
paraspeckles relevant to normal cell physiology and potential drivers of disease.

Different from the long NEAT1_2, the function of the short NEAT1_1 isoform remains
elusive. This is mainly due to the sequence overlap with the long NEAT1_2 that shares the
same 5’ region, which poses severe technical challenges in disentangling the individual
roles of the two isoforms. In addition, NEAT1_1 expression is highly dynamic and variable
throughout different phases of the cell cycle, as compared to NEAT1_2, whose expression
remains stable [12]. Different lines of evidence indicate that the polyadenylated NEAT1_1
is not involved in the generation of nuclear PSs, as it is mainly localized outside PS loci,
where it accumulates in nucleoplasmic foci termed microspeckles, whose function and
composition are still under debate [25,44,45]. However, this appears to be a controversial
issue since other studies suggest that the short isoform can be recruited within PSs to
support their stability and/or function. Another interesting recent study points out, for the
first time, the ability of nuclear NEAT1_1 to destabilize the TIRR/53BP1 complex, which
plays a key role in regulating the choice of DNA DSB repair pathway engaged by cells [46].

3. Regulation of Chromatin Structure, Topology, and Epigenetic Function

While PSs are traditionally viewed as independent nuclear bodies residing in the
interchromatin space, a profound conceptual shift has occurred with the discovery that
NEAT1 dynamically and physically alters chromatin architecture, function and epigenetic
landscapes (Table 1).

Table 1. Context-dependent chromatin and transcriptional functions of NEAT1.

Functional Mechanism

Molecular Mechanism

Chromatin/Transcrip-

tional Target Consequence of NEAT1 Activity Ref.

Associates with EHMT1/2

Reduces c-FOS transcription,
impairing neuronal plasticity and

and promotes H3K9me2 c-FOS promoter o [47]
cps driving age-related memory
deposition . .
impairment
Sequesters WDRS5 from SM-contractile gene loci ~ Represses the SM-contractile gene
SM-contractile gene loci, (ACTA2, TAGLN, program, driving the [48]
Repressive chromatin imposing an epigenetic CNN1, MYH11) and contractile-to-synthetic phenotypic
remodeling barrier myocardin (MYOCD)  switch in vascular smooth muscle
Binds EZH2 and promotes AXIN2, ICAT, and Sl}ence.s these tumor—suppresso'r
o GSK3B loci, activating the WNT/B-catenin [49]
H3K27me3 deposition . L
tumor-suppressor loci pathway in glioblastoma
Forms a complex with BRD4/WDR5 target Represses BRD4/WDR5
BRD4/WDR5 and holds itin  genes, including EGR1 target-gene expression in breast [50]
a low-activity state and GADD45B cancer
Activates GDNF expression,
GDNF promoter promoting perineural invasion in [51]
pancreatic cancer
Recruits p300, promoting Ags;;’f;;é?ﬁiggfszﬁn’
Activating chromatin histone acetylation FZD5 promoter stabilization in Alzheimer’s [52]
remodeling disease
Activates GRK2 expression,
GRK2 promoter promoting cardiac hypertrophy [53,54]
Promotes H3K27 acetylation ALDHI1 and ¢-MYC Enhan.ces stemnes.s-gene
expression, conferring 5-FU [55]

at target promoters

promoters

resistance in colorectal cancer
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Table 1. Cont.

Functional Mechanism

Chromatin/Transcrip-

Molecular Mechanism tional Target

Consequence of NEAT1 Activity Ref.

Regulation of 3D
genome architecture
and transcription

chromatin at TSSs and TTSs;

Associates with active - )
Acts as a transcription-responsive

. Active-gene TSSs/TTSs regulator of RNAP II-coupled [56]
occupancy is coupled to L
L transcription
transcription
Associates with . Epl(.iel.‘mal . I )
i differentiation genes,  Sustains transcription of epidermal
H3K4me3-enriched . . . . L
romoters and cooperates including ZNF750, differentiation genes, driving [57]
P ) EGR3, DLX5, DSC2, epidermal differentiation
with KLF4
and KLK5
Is tethered to lineage-specific Oligodendro- Supports the oligodendrocyte
chromatin enriched for cyte/myelin-related differentiation program and [58]
oligodendrocyte genes gene loci myelin-related gene expression

Co-transcriptional
R-loop regulation

Scaffolds Che-1, SFPQ, and

Promotes R-loop resolution,
safeguarding RNAP II
transcription and genome stability
in multiple myeloma

R-loops at active

transcriptional regions [59]

NONO onto R-loops

3.1. NEAT1 Directly Interacts with Epigenetic Complexes

NEAT1 has been described as able to bind chromatin regulators in a PS-dependent and
independent manner. In a PS-dependent way, NEAT1 can indirectly influence the chromatin
landscape by mediating interaction between PSs and the ARID1B protein of the cBAF-type
SWI/SNF complex, as discussed above. The SWI/SNF is known to extensively bind several
enhancer and promoter regions, directly influencing transcription initiation, elongation and
RNA splicing [34]. However, most of the evidence connecting NEAT1 to chromatin biology
supports mechanisms that operate independently of PSs. These interactions can be broadly
divided into repressive and activating functions, depending on the chromatin regulators
engaged by NEAT1 (Figure 1).

In the context of transcriptional repression, NEAT1 can recruit or sequester chromatin-
modifying factors to alter local chromatin states. In age-related disorders, NEAT1 interacts
with the EHMT1/2 complex, favoring the deposition of H3K9me2 repressor marks in the c-
Fos promoter, thereby affecting c-Fos transcription and leading to neuronal plasticity defects
and age-related memory impairment [47]. In occlusive vascular disease, NEAT1 sequesters
key chromatin modifiers such as WDR5 from specific SM loci, leading to epigenetic silencing
of smooth muscle contractile genes and contributing to the switch from a contractile to a
proliferative phenotype, which is linked to vascular injuries [48]. In glioblastoma, NEAT1
directly binds the repressor EZH2, which introduces the repressive H3K27me3 mark at the
Axin2, ICAT and GSK3B tumor suppressor gene loci, leading to WNT/B-catenin pathway
activation [49]. In breast cancer, NEAT1 can form a complex with BRD4 and WDR5, holding
the complex in a low-acetyltransferase-activity state, affecting target gene expression [50].

Conversely, NEAT1 can also promote transcriptional activation by interacting with chro-
matin co-activators and facilitating an open chromatin state. Among the best-characterized
examples is the interaction between NEAT1 and the histone acetyltransferase p300, which
has been reported across multiple physiological and pathological contexts. NEAT1 can
recruit the p300 protein to the promoter region of the GDNF gene, which is involved in
perineural invasion of pancreatic cancer [51]. In Alzheimer’s disease, NEAT1 has been
shown to exert a protective function by recruiting the histone acetyltransferase p300 to the
FZD3 promoter, where it promotes H3K27 acetylation and sustains FZD3 transcription,
supporting microtubule stabilization [52]. More recently, NEAT1 has also emerged as a
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pro-hypertrophic IncRNA that recruits, via direct binding, the co-activator p300 on the
promoter region of the GRK2 gene, an essential regulator of cardiac hypertrophy [53,54]. In
colorectal cancer (CRC) cells, NEAT1 knockdown leads to widespread changes in chromatin
accessibility, affecting chromatin remodeling. Although the detailed mechanisms remain
to be fully elucidated, high NEAT1 expression levels lead to increased histone acetylation
in the promoter region of ALDH1 and c-MYC, which results in enhanced expression of
stemness-related genes, contributing to 5-Fu resistance [55].
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Figure 1. NEAT1 regulates chromatin landscape independently of paraspeckle formation through the
recruitment of epigenetic factors. (A) In age-related disorders, NEAT1 recruits the EHMT1/2 methyl-
transferase complex to the c-Fos promoter, promoting H3K9me?2 deposition, chromatin compaction and
transcriptional repression, with consequences for neuronal plasticity and memory. (B) In glioblas-
toma, NEAT1 binds EZH2 and promotes H3K27me3 deposition at the Axin2, ICAT, and GSK3B
tumor-suppressor loci, contributing to their repression and WNT/p-catenin pathway activation.
(C) In breast cancer, NEAT1 forms a complex with BRD4 and WDR5, maintaining a low-
acetyltransferase state associated with repression of target genes, including EGR1 and GADD45B.
(D) In pancreatic cancer, NEAT1 recruits the histone acetyltransferase p300 to the GDNF promoter,
promoting histone acetylation and transcriptional activation associated with perineural invasion. Me,
methylation; Ac, acetylation.

3.2. NEAT1 Chromatin Occupancy and Regulation of Tridimensional Genome Architecture

Growing evidence points to the direct binding of NEAT1 to chromatin and its po-
tential role in regulating genome homeostasis through higher-order genome organization
(Figure 2), although the underlying mechanisms remain incompletely understood. The
pioneering work of West J.A. et al. demonstrates that in breast cancer, NEAT1 and MALAT1
associate with discrete genomic locations [56] and since both IncRNAs show a short half-life,
the nature of these interactions might be transient and specifically driven by cellular stimuli.
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Both IncRNAs preferentially bind active transcribed regions, and although they can have
common binding sites, they differ in genomic localization. NEAT1 binds preferentially to
transcriptional start sites (TSS) and transcriptional termination sites (TTS), while MALAT1
is most enriched at the gene bodies and TTS. Crucially, NEAT1’s localization on chromatin
is highly dynamic and responsive to transcriptional status, as inhibition of transcriptional
elongation through disruption of the PTEFb/CDK9 complex leads to a strong enrichment of
NEAT1 at TSSs [56]. These results identify, for the first time, a dynamic coupling between
NEAT1 recruitment at targeted gene loci and transcriptional elongation, suggesting that
NEAT1 may function as a transcriptionally responsive regulator of RNA polymerase II
(RNAP II) activity, participating in complex regulatory feedback. In line with this model,
accumulating evidence indicates that NEAT1 can be selectively recruited to regulatory
regions of genes belonging to cell-type-specific transcriptional programs, where it coop-
erates with transcription factors to modulate gene expression. ChIRP-seq experiments
reveal that it is physically tethered to the promoters of critical epidermal differentiation
genes, at H3K4me3 marks, where it cooperates with key epidermal TFs such as KLF4. The
NEAT1-KLF4 cooperation sustains the transcription of late-stage epithelial genes, including
ZNF750, EGR3, DLX5, and structural desmosomal components (DSC2, KLK5), making
NEAT1 an indispensable driver of epidermal tissue stratification [57].

NEAT1 is down-regulated in patients suffering from schizophrenia, and the tran-
scriptomic analyses on NEAT1-deficient mouse models revealed that its depletion sig-
nificantly impacts the oligodendrocyte differentiation transcriptional program, accompa-
nied by severe de-regulation of myelin-related gene expression. Consistent with a direct
chromatin-associated function, transcriptomic profiling of NEAT-associated chromatin
fractions, purified by ChIRP-RNA-Seq, revealed an enrichment of oligodendrocyte tran-
scripts in NEAT1-bound regions, suggesting that it may contribute to the modulation of the
lineage-specific transcriptional program supportive of oligodendrocyte differentiation [58].

NEATT1 also exerts control over transcription by modulating secondary DNA:RNA
hybrid structures as R-loops, arising naturally during transcription [59]. Most of these struc-
tures play a physiological role in cellular processes, such as during immunoglobulin class-
switch recombination or mitochondrial DNA replication [60]. However, such structures, if
unscheduled or persistent, may become pathological, leading to transcriptional-replication
conflicts (TRCs), DNA damage, and compromised genome integrity and function [61]. In
multiple myeloma (MM), a disease characterized by profound alterations in the ncRNA
landscape [62,63], NEAT1 physically anchors to R-loop structures, mainly localized at TSSs.
Notably, although NEAT1 binding to DNA:RNA hybrids is independent of intermediary
proteins, it can act as a scaffold, bringing the regulatory protein Che-1, alongside SFPQ and
NONO, directly to R-loops. In detail, NEAT1 knockdown experiments in MM demonstrated
that the NEAT1-mediated recruitment of Che-1 is necessary to promote R-loop resolution.
Indeed, NEAT1 depletion strongly correlates with the occurrence of DNA:RNA hybrids,
RNA polymerase II (RNAP II) stalling, and aberrant activation of interferon-response
genes [59] (Figure 3). These findings identified NEAT1, for the first time, as an essential
coordinator of both transcription and co-transcriptional RNA processing.
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Figure 2. NEAT1 chromatin occupancy is dynamically coupled to transcription and to cell-type-specific
gene-expression programs. (A) Chromatin-bound NEAT1 preferentially localizes to transcription
start sites (TSSs) and transcription termination sites (TTSs) of actively transcribed genes. Inhibition
of transcriptional elongation through CDK9/P-TEFb disruption leads to NEAT1 accumulation at
TSSs, supporting a coupling between NEAT1 chromatin occupancy and RNA polymerase II activity.
(B) NEAT1 associates with H3K4me3-marked promoters of epidermal differentiation genes and
cooperates with KLF4 to promote expression of late-stage epithelial genes, including ZNF750, EGR3,
DLX5, DSC2, and KLK5, contributing to epidermal differentiation and stratification.
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Figure 3. NEAT-1 prevents R-loop accumulation in multiple myeloma. Genome-wide profiling of
NEATT1 revealed overlapping Che-1 binding sites in proximity to R-loops at the TSSs of actively
transcribed genes (green arrow). NEAT1 scaffolds the recruitment of Che-1, participating in R-loop
resolution and allowing transcriptional termination. NEAT1 KD results in R-loop accumulation, RNAP
II stalling, and evidence of DNA damage, activation of the IFN response and myeloma cell death.

4. Novel Emerging Roles of NEAT1 in Pathophysiology

The mechanisms described above provide a new perspective on why NEAT1 has
been implicated in many pathological conditions. NEAT1 expression is induced by specific
cellular stimuli like hypoxia, proteotoxic stress, damage and inflammation, but the functional
consequences may differ in each setting. Its activity appears to be dependent on the isoform
expressed, subcellular localization, and is deeply influenced by wide molecular interactions
and environmental cues. These findings have raised interest in considering NEAT1 as a
potential diagnostic and prognostic biomarker but also as a potential targetable vulnerability
in several diseases.

4.1. NEAT1 in Cancer

NEAT1 is consistently deregulated in several cancers and predominantly exerts pro-
oncogenic functions, with its stress-induced expression potentially promoting tumor cell
adaptation and survival and contributing to aggressive disease and unfavorable clinical
outcomes. A meta-analysis of 12 studies comprising 3262 cancer patients reported that
high NEAT1 expression is associated with poorer survival across different cancers [64].
Interestingly, many of these described the association of NEAT1 with different aspects of
tumor-cell adaptation [64]. As discussed, NEAT1 has been implicated in the regulation of
transcriptional and epigenetic programs involved in proliferation and invasion by working
in concert with chromatin and transcriptional regulators.
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NEAT1 has also been implicated in metabolic rewiring, promoting glycolytic activity
in breast cancer and glioma by favoring PGK1 activity [65,66]. NEAT1 up-regulation has
also been correlated with chemotherapy resistance. In both non-small cell lung cancer
(NSCLC) and endometrial cancer, NEAT1 has been demonstrated to promote paclitaxel
resistance by sustaining AKT/mTOR signaling and inhibiting apoptosis-related proteins
and ABC transporter expression, respectively [67]. In ovarian cancer, NEAT1 positively
correlates with homologous recombination associated proteins RAD51 and FOXM1, and its
depletion sensitizes cancer cells to platinum-based chemotherapy, suggesting that NEAT1
may contribute to platinum resistance by promoting HR-mediated DNA repair [68].

A relevant example of how NEAT1 can influence tumor biology and disease evo-
lution is represented by MM, where it is emerging as a potential biomarker of therapy
resistance [69-71]. We demonstrated that NEAT1 expression is significantly higher in MM
and overt stages of the disease, compared with healthy individuals and with the asymp-
tomatic conditions, MGUS and SMM [72]. Notably, although NEAT1 does not directly
affect patients’ prognosis, it supports key adaptive programs like DDR, mitosis, and the
unfolded protein response (UPR) [72-74]. Consistent with its role in R-loop homeosta-
sis [59], NEAT1 depletion in MM results in a significant reduction in DDR effectors, both
involved either in HR (RAD51B, RAD51D, CHK1, CHK2, RPA32 and BRCA1) [73] or in
NHE] (DNA-PKcs) [27], suggesting that NEAT1 helps PCs tolerate high transcriptional
and replication-associated stress. Furthermore, we have shown that NEAT1 supports tran-
scriptional adaptation in MM by cooperating with AURKA and regulating its allosteric
regulator TPX2, thereby influencing the mitotic transcriptional program and providing
the rationale for combinatorial AURKA /NEAT]I targeting approaches [74]. Beyond these
cell-intrinsic programs, exosomal NEAT1 inhibits NK-cell activity through the EZH2/PBX1
axis, promoting MM immune escape [75].

Colon-rectal cancer (CRC) provides a further significant example of how NEAT1 can
influence tumor biology, with its expression recently emerging as a prognostic indicator
of unfavorable clinical outcomes of the disease [76]. Besides its role in driving 5-Fu resis-
tance [55], as described above, the recent work of Li et al. linked NEAT1 expression with
tumor immune microenvironment remodeling in CRC, broadening the functional relevance
of NEATT1 in this disease context. In detail, immune-infiltration analysis in CRC patients
revealed a positive correlation between NEAT1 expression and memory T-cell subsets, and a
negative correlation between NEAT1 expression and cytotoxic and NK-cell populations [76].
While the underlying mechanisms remain to be fully elucidated, these observations sug-
gest that NEAT1 may reshape the tumor microenvironment through the up-regulation of
SIRT1 [76], a deacetylase that acts on chromatin organization and transcription at multiple
levels and has been implicated in the control of T-cell activation [77].

4.2. NEAT1 in Non-Cancer-Related Disorders

The pathological role of NEAT1 has also been well documented in non-malignant
diseases. In amyotrophic lateral sclerosis (ALS), the expression of NEAT1_2 is up-regulated
in motor neurons during early phases, while it progressively decreases during disease
progression. During the early stages, NEAT1 exerts neuroprotective effects, whereas at later
stages, the loss of TDP-43 allows the reduction in NEAT1 expression, thereby promoting
the accumulation of pathological protein aggregates associated with the occurrence of
neurodegeneration [78]. NEAT1 has likewise been implicated in Huntington’s disease,
where huntingtin itself was identified as an RNA-binding protein that associates with
NEAT1 and localizes within PSs [79]. Beyond protein-aggregation disorders, NEAT1
has also been implicated in the regulation of neuronal excitability, with its dysregulation
associated with increased susceptibility to seizures. In this context, NEAT1 interacts with
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the ion-channel-regulatory proteins KCNAB2 and KCNIP1, which contribute to limiting
neuronal excitability and protecting neurons from excessive activity. Although the detailed
mechanisms underlying these interactions need to be elucidated, transcriptomic profiling
of NEAT1-depleted neurons reveals altered expression of neuronal activity-related genes
and enrichment of cellular stress response pathways, further supporting a role for NEAT1
in maintaining neuronal homeostasis [80].

In addition, NEAT1 is a potent modulator of innate immunity and inflammation. In
macrophages, upon stimulation with inflammasome-activating signals, NEAT1 dissociates
from PSs and translocates to the cytoplasm, interacting with NLRP3, NLRC4 and AIM2
inflammasomes to enhance their assembly, along with activation of caspase-1 processing, IL-
1P production and pyroptosis [18]. In Sjogren’s syndrome, an autoimmune disorder, NEAT1
promotes activation of the MAPK pathway, as evidenced by increased phosphorylation and
consequent activation of p38 and ERK1/2 [81].

5. Preclinical Strategies for Targeting NEAT1 In Vivo

The multiple mechanisms through which NEAT1 sustains tumor adaptation have
motivated the efforts to develop targeting modalities. To date, the most efficient modality
to knockdown chromatin-associated IncRNAs, especially in in vivo settings, is antisense
oligonucleotides (ASOs) [82-84]. Successive generations of backbone and sugar chemistry-
phosphorothioate linkages (first generation), 2-O-methoxyethyl substitutions (second gen-
eration) and constrained-ethyl or locked nucleic acid (LNA) modifications (generation 2.5)
have progressively improved nuclease resistance and target affinity [85]. Mechanistically,
ASOs can act through two distinct modes. LNA-gapmer ASOs comprise a central DNA do-
main flanked by chemically modified wings. The central DNA domain forms an RNA:DNA
duplex with the target, which recruits RNAseH]1 to cleave the nascent transcript, while the
wings confer increased stability. Steric-blocker ASOs instead occlude functional sequences
to disrupt RNA-protein and RNA-RNA interactions, without inducing the degradation of
the transcript [85].

We have demonstrated proof of concept for gapmer ASOs, especially LNA-gapmers,
both for the IncRNAs NEAT1 [73] and MALAT1 [86] in preclinical models of MM. We
found that LNA-gapmers against NEAT1 and MALAT1, delivered as “naked” sequences
by systemic injection, robustly reduce these transcripts in in vivo MM models, impairing
myeloma cell proliferation and viability [73,86]. Combining NEAT1 inhibition with gold-
standard MM therapies as proteasome inhibitors strongly restrains MM cell growth [73].
However, the principal liability that limits the application of this method is the occurrence
of late hepatic and renal toxicity, which constrains the therapeutic window [87,88].

More recent strategies to target non-coding transcripts rely on the use of ribonuclease-
targeting chimeras (RIBOTACs), small molecules that combine an RNA-binding moiety
with an RNAse L-activating domain, enabling selective isoform targeting [82,89]. A key
advantage of RIBOTACs is their polar nature, which facilitates cellular uptake through
passive diffusion or active transport, while their chemical structure can be readily modified
to enhance on-target activity [90]. Strategies such as RIBOTACs are increasingly being
extended to target long-considered “undruggable” targets, including dysfunctional ncRNAs.
An interesting example of RIBOTAC strategy applied to IncRNAs has been provided for
the generation of a new molecule that selectively binds the G-quadruplex structure of the
telomeric IncRNA TERRA, allowing the recruitment of RNAse L to trigger its degradation,
impairing telomere function in alternative lengthening of telomeres (ALT) cancer cells [91].

Overall, whether such new approaches can be tuned to the specificity and delivery
requirements for chromatin-associated IncRNAs in vivo remains to be established, but
outlines a promising direction.
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6. Conclusions

Since its discovery, NEAT1 has been considered almost exclusively as the architec-
tural scaffold of nuclear PSs, and implicit in this framework, there was the concept that
it could indirectly regulate gene expression by trapping essential regulators within these
condensates. Now, there is increasing evidence that suggests that NEAT1 functions extend
beyond the organization of these nuclear bodies and that it engages chromatin directly,
participating in the deposition and removal of epigenetic marks, associating with regulatory
elements and DNA:RNA hybrids, binding TFs, contributing to the preservation of genome
integrity during transcription and RNA processing. Importantly, these activities exhibit
a striking degree of context dependence. A purely architectural role would be expected
to produce concordant phenotypic outcomes across biological contexts. Instead, NEAT1
can exert divergent functions depending on the cellular and genomic landscape. It acts
as an oncogenic driver in one setting and a protective factor in another, as a mediator of
epigenetic silencing at some loci and of transcriptional activation at others, scarcely tenable
under a strictly architectural interpretation. For this reason, NEAT1 is now regarded as an
adaptor molecule whose activity is determined by its available interacting partners and its
accessible chromatin targets within a given cellular state.

As our understanding of NEAT1’s gene-regulatory functions expands, several funda-
mental questions remain to be addressed. First, much of the literature continues to refer to
NEATT1 as a single transcript, notwithstanding that the regulatory functions increasingly
attributed to the locus may be isoform-specific. The extensive sequence overlap between the
two isoforms has hindered their functional dissection and has left this question open longer.
The second concerns its genome-binding specificity. Although NEAT1 accumulates at spe-
cific loci and interacts with multiple protein partners in response to different cellular stimuli,
the mechanisms underlying this context-dependent recruitment remain poorly understood.
To date, no sequence motifs have been defined, and the limited interspecies conservation of
NEAT1 secondary structure argues against recruitment specificity exclusively determined
by its sequence or structural features [92]. Instead, accumulating evidence suggests that
NEAT1 recruitment is closely linked to local transcriptional activity and chromatin state,
with its association with genomic loci coupled with transcriptional elongation state and
RNAP II processivity. Given the pleiotropic nature of NEAT1 in controlling gene expression
in specific contexts, its recruitment at chromatin target loci and its protein-binding capacity
are unlikely to be dependent on a single determinant. Rather, its target specificity may
result from the functional interplay between the local transcriptional environment, chro-
matin features, and the availability of specific molecular interactors, including RNA-binding
proteins and factors associated with DNA hybrids.

The third aspect that remains to be elucidated is whether NEAT1 is simply recruited
to chromatin in response to changes in transcription, or whether it can contribute actively
to establishing and maintaining a precise topological state.

From a translational perspective, a lot of efforts have been made to develop IncRNA-
targeting strategies, also in vivo pathological models. However, the nature of NEAT1 itself
and its ability to orchestrate multiple gene-regulatory networks raise an important challenge:
whether NEAT1 can be therapeutically targeted while preserving essential cellular functions.
Further studies are therefore needed to define the consequences of NEAT1 targeting and
develop novel strategies that can be safely translated into therapeutic applications.
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Abbreviations

The following abbreviations are used in this manuscript:

5-FU 5-fluorouracil

ALS amyotrophic lateral sclerosis

ALT alternative lengthening of telomeres
ASO antisense oligonucleotide

BER base excision repair

CDK9 cyclin-dependent kinase 9

ChIRP chromatin isolation by RNA purification
CPSF6 cleavage and polyadenylation specific factor CRC
CRC colon-rectal cancer

DBHS Drosophila behavior human splicing
DDR DNA-damage response

DNA-PKcs  DNA-dependent protein kinase catalytic subunit
H3K27me3 histone H3 lysine 27 trimethylation

H3K4me3  histone H3 lysine 4 trimethylation

H3K9me2 histone H3 lysine 9 dimethylation

HR homologous recombination

IFN interferon

LLPS liquid-liquid phase separation

LNA locked nucleic acid

IncRNA long non-coding RNA

MEN multiple endocrine neoplasia

MGUS monoclonal gammopathy of undetermined significance
MM multiple myeloma

ncRNA non-coding RNA

NHE] non-homologous end joining

NUDT21 nudix hydrolase 21 (CFIm25)

P-TEFb positive transcription elongation factor b
PLD prion-like domain

PS paraspeckle

PSP paraspeckle protein

RBP RNA-binding protein

RIBOTAC  ribonuclease-targeting chimera
RNAP I RNA polymerase II

SM smooth muscle

SSB single-strand break

TDP-43 TAR DNA-binding protein 43

TF transcription factor

TRC transcriptional-replication conflict
TSS transcription start site

TTS transcription termination site
UPR unfolded protein response

WNT wingless-related integration site
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