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Abstract: Paraspeckle Component 1 (PSPC1), a Drosophila behavior/human splicing (DBHS) protein family member,
represents a pivotal component within paraspeckles. It exerts indispensable functions across a wide array of bio-
logical processes, encompassing gene expression, the DNA damage response, the regulation of circadian rhythms,
spermatogenesis, cell fate determination, and cancer metastasis. Notably, PSPC1 exhibits overexpression in several
types of cancer, including hepatocellular carcinoma, lung cancer, and breast cancer, where it actively contributes
to tumorigenesis. This overexpression phenomenon implies that PSPC1 holds the potential to serve as both a bio-
marker and a therapeutic target for these malignancies. Consequently, a substantial amount of research has been
conducted to explore its structure, functions, and role in cancer development and progression. This review article
aims to comprehensively summarize the current findings regarding PSPC1.
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Introduction

Paraspeckle Component 1 (PSPC1), alterna-
tively referred to as Paraspeckle Protein 1
(PSP1), is a nucleolar protein that localizes to
distinct punctate subnuclear structures known
as paraspeckles, which are situated in close
proximity to splicing speckles [1, 2]. In tran-
scriptionally active cells, PSPC1 is typically
found within these paraspeckles. However,
when RNA polymerase Il transcription is inhib-
ited or during telophase, it relocates to unique
cap-like structures at the nucleolar periphery
[4, 3]. Initially identified through proteomic
investigations of purified human nucleoli, PS-
PC1 was observed to aggregate in a novel
punctate subnuclear structure within the inter-
chromatin space adjacent to splicing speck-
les, which led to the naming of these structur-
es as paraspeckles [1, 4]. Paraspeckles are
RNA-protein complexes consisting of the long
non-coding RNA nuclear paraspeckle assembly
transcript 1 (NEAT1) and members of the
Drosophila Behavior Human Splicing (DBHS)
protein family, such as PSPC1, Splicing Factor
proline- and glutamine-rich (SFPQ, formerly

known as PSF), and Non-POU-domain-con-
taining octamer binding protein (NONO/p54nrb)
[2, 5, 6]. PSPC1 is the first structural protein
discovered within paraspeckles, thereby earn-
ing the name “Paraspeckle Component 1" [6]. It
plays diverse biological roles in the cell nucleus
by interacting with both RNA and proteins and
is essential for forming and properly function-
ing paraspeckles [1, 3]. PSPC1 is implicated in
crucial cellular processes such as cell fate
determination [7] and the regulation of gene
expression [8]. Moreover, it functions as a sub-
unit that modulates the activity of related
enzymes [9], thereby contributing to the selec-
tive expression of specific genes [8, 9].

Structure of the human PSPC1

The human PSPC1 gene, located at the
13912.11 locus, encodes the PSPC1 protein,
which acts as a transcription factor [10]. Like
other members of the DBHS protein family,
PSPC1 has a well-defined molecular structure
with three key functional domains [5]. These
are two highly conserved N-terminal RNA recog-
nition motifs (RRM1 and RRM2), a NONA/para-
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Figure 1. The structure of human PSPC1. Paraspeckle Component 1 (PSPC1) has three key functional domains: two
highly conserved N-terminal RNA recognition motifs (RRM1 and RRM2), a NONA/paraspeckle domain (NOPS), and
a C-terminal CC domain. In addition, it has intrinsically disordered regions at both ends, known as LCS domains.

speckle (NOPS) domain, and a C-terminal
coiled-coil (CC) domain [5] (Figure 1).

RRMs are among the most common and well-
studied nucleic acid-binding domains, found
in 0.5-1.0% of human genes [11]. The RRM
domains in PSPC1 mainly recognize and bind
specific RNA sequences or structures. They
have a typical af - fold structure, made up of
four antiparallel B - strands and two o - helices
[5, 12]. Conserved aromatic and charged resi-
dues on these domains, exposed to the sol-
vent, are crucial for RNA binding [13]. However,
RRM2 differs from RRM1 as it lacks conserved
aromatic residues and has extended 3 - turns
in loops 3 and 5, one of which is highly con-
served [5]. Between RRM2 and the CC region,
the NOPS domain likely binds nucleic acids
because of its surface-exposed basic residues
[5, 13]. Meanwhile, the C-terminal CC domain
is vital for dimerization and oligomerization,
allowing PSPC1 to form complexes with other
proteins, essential for interacting with para-
speckle components like NONO and SFPQ [1,
13].

Recent research has deepened our under-
standing of PSPC1’s structure. A 2021 study
showed that PSPC1 undergoes phase separa-
tion, with PSPC1 droplets seen diffusing and
fusing inside cells [14]. In 2022, researchers
identified a disordered region at the C-terminal
of PSPC1, named the LCS domain (LCS2), rich
in glycine (G) and proline (P) [15]. At an estimat-
ed nuclear concentration of 5 uM, this domain
helps form spherical PSPC1 droplets, connect-
ing to dynamic phase separation [15]. LCS2’s
phase-separation ability boosts the recruit-
ment of other proteins, thus influencing gene
expression and transcription [5, 15].

The ability of biomolecules to undergo liquid-
liquid phase separation is closely related to
various human diseases, including neuro-
degenerative disorders and cancer [16, 17].
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Although we don’t fully understand PSPC1's
phase-separation properties and their biologi-
cal significance, ongoing research is expected
to reveal more functions and regulatory mecha-
nisms related to this process.

Regulation of PSPC1 expression

PSPC1 is expressed across diverse human tis-
sues, with notably high levels in the bone mar-
row [16] and testis [10]. Moreover, PSPC1
upregulation has been observed in multiple
cancers, such as liver, lung, breast, and na-
sopharyngeal carcinoma [18-21], piquing the
interest of researchers in elucidating its role in
tumorigenesis and disease progression [16].

Hypoxia and external factors modulate expres-
sion of PSPC1

Studies indicate that intermittent hypoxia (IH)
promotes PSPC1 expression, resulting in ele-
vated PSPC1 levels in the blood and monocyt-
es of patients with obstructive sleep apnea
(OSA) [22]. Additionally, research has shown
that the absence of NONO leads to increased
PSPC1 expression, and PSPC1 can compen-
sate for NONO by forming a stable complex
with SFPQ [23]. Furthermore, cisplatin has
been reported to induce PSPC1 expression
[24]. Besides these findings, nuclear receptor
4A1 (NR4A1) regulates PSPC1 by interacting
with the NGF1B response element (NBRE)
sequence in the PSPC1 gene promoter [25].
Knockdown of NR4Al1 has been shown to
reduce PSPC1 expression in MDA-MB-231
breast cancer cells, H1299 lung cancer cells,
and SNU449 liver cancer cells [25].

Post-translational modifications regulate the
activity of PSPC1

Post-translational modifications represent key
regulatory mechanisms that govern protein
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activity and function, playing crucial roles in sig-
nal transduction, cell cycle regulation, protein
degradation, cell differentiation, and develop-
ment [26]. Various factors influence PSPC1's
post-translational modifications. For instance,
ATM (ataxia telangiectasia mutated) and ATR
(ATM and Rad3-related) have been demon-
strated to phosphorylate PSPC1 [27]. Addition-
ally, non-receptor protein tyrosine kinase 6
(PTKB) induces PSPC1 phosphorylation at the
Y523 site, promoting protein-protein interac-
tions in the nucleus and contributing to tumor
suppression [28]. PSPC1 is also regulated
through ubiquitination and degradation [17].
TRIM21, an E3 ubiquitin ligase involved in
immune responses and the degradation of
intracellular pathogens, mediates PSPC1 ubig-
uitination and degradation [17]. However, S-
phase kinase-associated protein 2 (SKP2)
can inhibit TRIM21 - mediated ubiquitination,
thereby stabilizing and protecting PSPC1 from
degradation [17]. Moreover, the long non-cod-
ing RNA (IncRNA) LOC105369504 has been
found to reduce PSPC1 stability by promoting
its ubiquitination and subsequent proteasomal
degradation [29].

Nuclear-cytoplasmic distribution

Several studies have also delved into the nucle-
ar-cytoplasmic distribution of PSPC1 [30, 31].
Researchers have discovered that PSPC1 ex-
pression promotes adipocyte-specific protein
expression and adipogenesis [30]. During adi-
pocyte differentiation, PSPC1 interacts with
DDX3X (a DEAD-box RNA helicase that utilizes
ATP to bind or remodel RNA and ribonucleopro-
tein complexes, playing roles in various regula-
tory pathways within cells) [30]. As differentia-
tion progresses, PSPC1 translocates from the
nucleus to the cytoplasm [30]. Confocal immu-
nofluorescence analysis has revealed that in
pre-adipocytes, PSPC1 is entirely localized in
the nucleus, whereas in mature adipocytes,
PSPC1 staining significantly shifts to the cyto-
plasm [30]. Additionally, studies have disclos-
ed that PSPC1 shuttles between the nucleus
and cytoplasm by binding to importin 2 and
traversing the nuclear pore complex (NPC) [31].
Overexpression of importin &2 increases PS-
PC1 accumulation in paraspeckles, while its
impairment or knockdown diminishes PSPC1
localization in paraspeckles [31, 32].

In summary, based on the structural character-
istics of PSPC1, it functions predominantly by
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interacting with other proteins [5]. It also plays
a vital role in the paraspeckle formation, acting
as a membrane-less nuclear organelle [33].
The subsequent sections will explore the func-
tional roles of PSPC1 and its significance in
various diseases.

Functions of the human PSPC1

PSPC1 exerts a pivotal influence across multi-
ple facets of gene regulation, including the
repair of DNA double-strand breaks [24], the
modification of mRNA [9], the activation of
transcription [34], and the termination of tran-
scription [8]. Moreover, it is indispensable for
diverse biological processes such as cell dif-
ferentiation [30], cell fate determination [7],
innate immune responses [35], and sperma-
togenesis [10, 34]. While some of these func-
tions are contingent upon the presence of
paraspeckles [7, 8, 35] (Figure 2), others tran-
spire independently of paraspeckle formation
[9, 24, 30, 36, 37] (Figure 3).

The paraspeckle-dependent function of PSPC1

Paraspeckles are membrane-less organelles
nestled within the cell nucleus, scaffolded by
Neat1-2. This non-coding RNA recruits proteins
like PSPC1, SFPQ, and NONO to form their in-
tricate structure [5]. Paraspeckles are impli-
cated in a gamut of physiological processes,
including gene expression [8], RNA processing
[5, 30], cell differentiation [30], hypoxia adap-
tation [38], viral infection, and metabolism
[35]. As a major constituent of paraspeckles,
PSPC1 assumes a critical role in orchestrating
these functions (Figure 2).

Roles in early embryonic development: As pre-
viously alluded, PSPC1 plays a vital role in early
embryonic development, and paraspeckles are
equally crucial for cell fate determination and
differentiation during this phase [7]. The em-
bryo commences its division from a single fer-
tilized egg, progressing through the 2-cell,
4-cell stages, and gradually differentiating into
distinct cell types [39]. A 2007 study unearth-
ed molecular disparities between blastomeres
at the 4-cell stage, notably in histone modifica-
tion levels, intimating that the first cell fate
decision occurs at this juncture [40]. One of the
earliest-identified regulators in this process is
CARM1 (Coactivator-associated arginine meth-
yltransferase 1), an enzyme that catalyzes the
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Figure 2. The paraspeckle-dependent function of PSPC1. PSPC1 functions by forming paraspeckles in the following
three ways: A. PSPC1 promotes the expression, nuclear localization, and function of CARM1, thereby influencing
the fate determination of blastomere cells. In the absence of paraspeckles, embryonic development arrests at the
16- to 32-cell stage, impacting cell fate determination and differentiation. B. By affecting the nuclear retention of
mRNAs containing inverted repeated Alu elements (IRAlus), PSPC1 regulates the expression of specific genes. C.
PSPC1 participates in forming an RNP complex (HDP-RNP) with HEXIM1, Neat1, DNA-PK, and paraspeckle factors.
HDP-RNP can activate the DNA-mediated innate immune response through the cGAS-STING pathway.
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Figure 3. The paraspeckle-independent functions of PSPC1. The paraspeck-
le-independent functions of PSPC1 primarily include the following aspects:
A. Activating the G1/S checkpoint to promote DNA repair. B. PSPC1 tends to
bind with ALKBH5 modified by K235 acetylation, forming a complex that en-
hances ALKBH5’s N6-methyladenosine (m6A) demethylation activity. This
promotes ALKBH5 recruitment and recognition of RNA m6A, facilitating the
removal of RNA m6A modifications and tumorigenesis. C. PSPC1 can inhibit
RNA-induced premature release of RNA polymerase Il (Pol Il). Through inter-
actions with RNA, it stabilizes the binding of Pol Il to the template DNA, en-
hancing gene expression and the transcription process. D. PSPC1 promotes
the export of fat-specific RNAs from the nucleus to the cytoplasm, thereby
increasing protein expression. E. PSPC1 binds with TET2 and suppresses
MERVL expression by regulating the 5-hydroxymethylation of MERVL RNA.
Additionally, it inhibits MERVL transcription by removing acetyl groups from
histones via HDAC1/2. F. PSPC1 can form a molecular axis with TET1 and
Neatl to control the bivalency of stem cells.

mouse embryogenesis, gov-
erning its expression, nuclear
localization, and function, th-
ereby swaying blastomere fate
decisions [7]. Knocking down
SFPQ led to a significant re-
duction in CARM1 expression
and H3R26me2 levels, and a
similar effect was observed
upon Neatl knockdown, un-
derscoring the robust connec-
tion between paraspeckles
and CARM1 regulation. Further
investigations disclosed that
knocking out Neatl or SFPQ
culminated in embryonic arre-
st at the 16-to 32-cell stage,
accompanied by an upsurge
in Cdx2 expression, which
favored TE formation [7].
Intriguingly, CARMZ1-knockout
embryos could still form blas-
tocysts, suggesting that para-
speckles not only regulate
CARM1 but also contribute to
cell fate determination throu-
gh additional, as-yet-undiscov-
ered mechanisms [7]. Althou-
gh this study did not specifi-
cally evaluate the impact of
PSPC1 knockdown, it is rea-
sonable to surmise that PSP-
C1, as a key paraspeckle com-
ponent, also plays a crucial
role in cell fate determination
(Figure 2A). In 2024, further
research demonstrated that
disrupting paraspeckles pro-
motes exon - skipping splicing

methylation of arginine 26 on histone H3 (H3R-
26me) [40]. During early embryonic develop-
ment, blastomeres with high H3R26me ex-
pression are predisposed to become part of
the inner cell mass (ICM). In contrast, those
with low expression are more likely to develop
into trophoblast cells (TE) [40]. By modulating
chromatin activity across different genomic
regions, CARM1 influences cell function, differ-
entiation, and gene expression. In essence,
CARM1 plays a pivotal role in cell development
and gene expression regulation, directly steer-
ing cell fate determination (Figure 2A). In 2018,
research from Magdalena Zernicka-Goetz's
laboratory revealed that paraspeckles act as
upstream regulators of CARM1 during early
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(ESS) of CARM1 precursor mRNA (pre-mRNA),
contributing to its heterogeneity and control
over the first cell fate decision [41]. Notably,
LincGET, rather than Neatl, was found to be
essential for paraspeckle assembly in embry-
os [41]. LincGET recruits paraspeckles to the
CARM1 gene locus, where it inhibits ESS via
heterogeneous nuclear ribonucleoprotein U
(HNRNPU), further buttressing their role in cell
fate determination [41]. Given its central role in
paraspeckle function, PSPC1 will likely to be a
linchpin in early embryonic differentiation and
lineage specification.

In summary, as a core component of para-
speckles, PSPC1 interacts with long non-cod-
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ing RNA Neatl and other DBHS family mem-
bers (such as NONO and SFPQ) to regulate cell
fate determination, gene expression regulation,
and immune responses [17, 28-30].

Roles in gene expression: The regulation of
gene expression by paraspeckles is of utmost
importance, mainly through the mechanism of
RNA nuclear retention [8]. This mechanism is
especially pertinent for genes harboring dou-
ble-stranded RNA regions that undergo ade-
nosine-to-inosine (A - to - 1) editing. This editing
process influences the nuclear retention of
MRNAs with inverted repeated Alu elements
(IRAlus), thereby regulating the expression of
certain genes [8] (Figure 2B). Studies have
also unearthed a role for PSPC1 in the tran-
scriptional regulation of herpes simplex virus 1
(HSV-1) genes [42]. HSV-1 infection instigates a
redistribution of nuclear speckles and para-
speckles, leading to interactions between the
speckle protein SRSF2 (Serine/arginine-rich
splicing factor 2) and the paraspeckle compo-
nents Neatl, PSPC1, and P54nrb [42]. PSPC1
contributes to viral gene transcription by bind-
ing to the HSV-1 gene promoter [42]. Addition-
ally, Neat1 and SRSF2 regulate histone modifi-
cations near viral genes by associating with the
Enhancer of Zeste Homolog 2 (EZH2) and the
P300/CBP complex, thereby influencing chro-
matin structure and transcriptional activation
[42]. These findings suggest that PSPC1, in
concert with other nuclear body components,
facilitates HSV-1 replication by modulating the
host cell’s transcriptional machinery [42].

Roles in immunity: In immune function, PSPC1
forms a ribonucleoprotein (RNP) complex de-
signated as HDP-RNP, which comprises HEX-
IM1, Neatl, DNA-PK, and paraspeckle-associ-
ated factors [35]. HDP-RNP serves as a cru-
cial nuclear regulator that activates DNA-
mediated innate immune responses through
the cGAS-STING pathway [35] (Figure 2C).
Consequently, during viral infection, PSPC1, as
part of the paraspeckle complex, contributes to
modulate the host immune response [35].

The paraspeckle-independent functions of
PSPC1

Roles in DNA double-strand break repair:
PSPC1, SFPQ, and NONO, all members of the
DBHS protein family, assume distinct roles in
DNA double-strand break (DSB) repair [5].
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Homologous recombination (HR) and non-
homologous end joining (NHEJ) stand as the
two primary pathways for DSB repair [43].
Research has demonstrated that NONO and
SFPQ collaborate to expedite DSB repair [44].
In NONO-deficient cells, the upregulation of
PSPC1 expression implies a certain degree of
functional redundancy between PSPC1 and
NONO in DNA repair [23]. Moreover, PSPC1 can
form a complex with SFPQ to partake in the
repair process [23]. PSPC1 seems to be
involved in the late-stage DSB repair. Its in-
creased expression in NONO-deficient cells
occurs without significantly affecting the ex-
pression of other genes associated with NHEJ
and HR. This suggests that PSPC1 may influ-
ence DNA repair through direct interaction with
repair substrates rather than by regulating
the expression of repair-related genes [23].
Furthermore, investigations have shown that
exposure to cisplatin induces PSPC1 expres-
sion in Hela cells, indicating a potential role of
PSPC1 in the DNA damage response (DDR)
[24]. However, PSPC1 does not directly engage
in DNA repair pathways mediated by yH2AX,
53BP1, or Rad51. When cisplatin induces G1/S
phase arrest in HelLa cells, the knockdown of
PSPC1 enables cells to bypass the G1/S che-
ckpoint, prematurely enter mitosis, and under-
go increased cell death. This emphasizes the
crucial role of PSPC1 in safeguarding genomic
integrity during DDR [24] (Figure 3A).

Function of PSPC1 dimerization: PSPC1's ca-
pacity to dimerize has been previously noted
[5], yet what are the functional ramifications
of this dimerization? Firstly, in terms of RNA
binding, PSPC1 can bind to specific single -
stranded RNA sequences. Research indicates
that PSPC1-DBHS exhibits a high affinity for
U-rich single-stranded RNA [45]. Secondly,
regarding protein complex formation, PSPC1
forms heterodimers with other DBHS proteins,
such as NONO, which impacts their localizati-
on and function within the nucleus [45]. Thirdly,
regarding structural flexibility, the heterodimer-
ization of PSPC1 and NONO enhances the
structural adaptability. This allows the dimer to
adjust its conformation to accommodate vari-
ous binding partners, thereby influencing pro-
tein-protein interactions and cellular functions
[46]. Finally, concerning protein stability, PSP-
C1 dimerization maintains protein stability, pre-
venting aggregation and precipitation within
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the cell. This is essential for the proper function
of the protein and nuclear organization [45].

Roles in mRNA stability: ALKBH5, an RNA
demethylase, removes methyl modifications
from mRNA to prevent degradation, thereby
stabilizing mRNA [46] (Figure 3B). As an RNA-
binding protein, PSPC1 acts as a regulatory
subunit of ALKBH5 [9]. It binds to K235-
acetylated ALKBH5, forming a complex th-
at enhances ALKBH5's N6-methyladenosine
(mBA) demethylation activity [9]. This interac-
tion facilitates the recruitment of ALKBH5 to
m6A-modified RNA, promoting the removal of
m6A and contributing to tumorigenesis [9].
Further studies have revealed that mitotic sig-
nals stimulate the acetylation of ALKBH5 at
K235, strengthening its interaction with PSP-
C1 and subsequently reducing m6A levels in
RNA [9] (Figure 3B). Importantly, PSPC1 itself
does not directly alter m6A levels; instead, it
serves as an RNA-binding platform that en-
hances the enzymatic activity of ALKBH5, the
catalytic core enzyme [9].

Beyond its role in m6A regulation, PSPC1's
RNA-binding and phase-separation capabili-
ties impact RNA polymerase Il (Pol Il) activity
both within and outside the nucleus [15]. Pol Il
drives transcription through various mecha-
nisms, and genome-wide studies have shown
that in most metazoan genes, Pol Il is bound
at their promoter-proximal regions [47, 48]. The
pausing and releasing of Pol Il at the proximal
region downstream of the transcription start
site is a critical step in gene transcription and
expression regulation [15]. The largest subunit
of Pol Il contains an intrinsically disordered
C-terminal domain (CTD), and the phosphoryla-
tion state of this domain determines whether
Pol Il enters the elongation phase [15]. PSPC1
can prevent the premature release of Pol Il by
stabilizing the interaction between Pol Il and
template DNA through RNA binding [15] (Figure
3C). Furthermore, PSPC1's phase-separation
activity encapsulates the intrinsically disor-
dered CTD of Pol Il within droplets, promoting
its phosphorylation and release, ultimately
enhancing gene expression and transcription
[15].

Roles in adipogenesis: PSPC1 plays a pivotal
role in adipogenesis [30] (Figure 3D). Per-
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oxisome proliferator-activated receptor gamma
(PPARYy), the primary transcriptional regulator of
adipocyte differentiation, is indispensable for
adipocyte development [49]. PSPC1 is a direct
target of PPARy and is induced during adipo-
genesis. PSPC1 promotes protein expression
by binding to adipocyte-specific RNA and facili-
tating its export to the cytoplasm [30]. The loss
of PSPC1 disrupts adipogenesis, alters adipo-
cyte gene expression, and affects obesity and
insulin resistance induced by a high-fat diet
[30]. Further studies have shown that mutating
the RNA recognition motif (RRM) domain of
PSPC1 almost completely abolishes its promot-
ing adipogenic function, highlighting the essen-
tial role of its two RRM domains in adipocyte
differentiation [30]. During adipocyte matura-
tion, PSPC1 binds to the RNA export factor
DEAD-box RNA helicase 3 (DDX3X) and translo-
cates from the nucleus to the cytoplasm, pro-
moting the export of target RNAs [30]. In con-
clusion, PSPC1 plays a key role in adipogenesis
and adipose tissue function by regulating adi-
pocyte RNA maturation and processing.

Inhibition of endogenous retroviral (ERVs) tran-
scription: The TET family consists of a group of
dioxygenases mainly involved in DNA demethyl-
ation, playing a crucial role in gene expression
regulation [50]. This family includes TET1,
TET2, and TET3, which catalyze the conversion
of 5-methylcytosine (5-mC) to 5-hydroxymethyl-
cytosine (5-hmC), a key step in epigenetic mod-
ification and DNA demethylation [51]. Besides
DNA, TET proteins have been shown to media-
te the oxidation of RNA 5-mC to 5-hmC, expand-
ing their role beyond genomic regulation [51].
Although TET proteins have been extensively
studied in the context of DNA modification,
their role in regulating endogenous retrovirus-
es (ERVs), which account for 8-10% of the
genomes of mice and humans, remains poorly
understood [37]. Recent research in pluripo-
tent mouse embryonic stem cells (derived from
the inner cell mass of pre-implantation blasto-
cysts) has revealed that PSPC1 recruits TET2
to chromatin in an RNA-dependent manner,
relying on its RNA-binding function [37]. PSPC1
interacts with TET2 to suppress the expression
of MERVL, a subtype of endogenous retrovirus-
es that is highly expressed in two-cell-stage
mouse embryos [37]. The underlying mecha-
nism involves regulating MERVL RNA hydroxy-
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methylation, leading to RNA instability [37].
Additionally, the PSPC1-TET2 complex recruits
HDAC1/2 (histone deacetylases), which remove
acetyl groups from histones, resulting in chro-
matin compaction and transcriptional repres-
sion of MERVL [37] (Figure 3E). In summary,
PSPC1 facilitates the recruitment of TET2 to
chromatin, influencing MERVL RNA stability
through HDAC1/2-mediated repression and
5-hmC-driven degradation, thereby inhibiting
ERV transcription [37]. Moreover, PSPC1 and
TET2 cooperate to regulate the expression of
other ERV families [37], reinforcing PSPC1’s
transcriptional and post-transcriptional regula-
tory functions.

Regulating stem cell bivalency: In addition to
interacting with TET2, PSPC1 also interacts
with TET4, which is critical for embryonic stem
cells (ESCs) and early development [52].
Studies have shown that PSPC1 and TET1 sup-
press the expression of bivalent genes, while
the long non-coding RNA (IncRNA) Neatl acti-
vates their expression [36]. Polycomb Re-
pressive Complex 2 (PRC2), a member of the
Polycomb protein family, has histone methyl-
transferase activity and acts as a transcripti-
onal repressor [36] (Figure 3F). PRC2 primarily
regulates the expression of key transcription
factors involved in cell differentiation and
embryonic development, helping to maintain
stem cell identity and control differentiation
pathways [52]. In ESCs, PSPC1 binds to TETZ,
while Neatl preferentially interacts with PSPC1
at bivalent gene promoters, facilitating the
recruitment of PRC2 and repressing bivalent
gene expression [36]. During the transition
from ESCs to epiblast-like cells (EpiLCs), the
PSPCA-TET1 interaction plays a crucial role in
recruiting PRC2 to bivalent gene promoters,
thereby inhibiting their activation [36]. In con-
trast, Neatl promotes the activation of speci-
fic bivalent genes by facilitating PRC2 binding
to their mRNA transcripts [36]. PSPC1 is vital
for maintaining PRC2 chromatin occupancy,
thereby ensuring its regulatory function [36]. In
summary, TET1, PSPC1, and Neatl form a
molecular axis that regulates stem cell bivalen-
cy by modulating PRC2’s binding to bivalent
gene promoters and their mRNA transcripts.
Notably, TET1 regulates bivalent genes inde-
pendently of its catalytic activity [52], instead
relying on PSPC1 to mediate its regulatory
effects.
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PSPC1 and human diseases and cancer
Roles in cancer

PSPC1 is significant in numerous diseases,
especially cancer, where its expression is
upregulated [16]. In diverse cancer types,
PSPC1 exerts its functions through various of
mechanisms. The following summarizes the
known mechanisms by which PSPC1 acts in
different diseases (Table 1).

Promote tumor metastasis and progression: In
many cancer types, the upregulation of PSPC1
expression is linked to a poor prognosis [20].
TGF-B has pleiotropic functions in cancer pro-
gression [563, 54], acting differently at various
stages. In the early stages of cancer, TGF-33
inhibits tumor growth by inducing cell differen-
tiation and apoptosis, thus preventing uncon-
trolled proliferation and transformation [53,
54]. However, in the late stages of cancer,
TGF-B promotes epithelial-mesenchymal transi-
tion (EMT) and stemness, leading to tumor
metastasis and advancing tumor progression
[55-57]. PSPC1 interacts with activated nu-
clear Smad2/3, enhancing TGF-B1 expression
and the TGF-B1-Smad pathway in an autocrine
manner. By interacting with Smad2/3, PSPC1
modifies their binding preferences, targeting
the promoters of TGF-B1, EMT transcription
factors, and stem cell transcription factors
[20]. This promotes tumor growth, EMT, and
the acquisition of stem cell characteristics
[20]. Therefore, PSPC1 enhances EMT, stem-
ness, and metastatic capacity by promoting
TGF-B1 autocrine signaling and modifying the
Smad2/3 signaling pathways [20]. This under-
standing offers novel potential drug targets for
future cancer treatments.

Moreover, PSPC1 enhances cell adhesion and
motility by upregulating the expression of insu-
lin-like growth factor 1 receptor (IGF1R) [58].
PSPC1 promotes cytoskeletal reorganization,
stress fiber formation, and focal adhesion
complex assembly, activating the FAK/Src sig-
naling pathways to facilitate cell migration
toward the extracellular matrix (ECM) [58].
Additionally, PSPC1 interacts with paraspeckle
components, including NONO, FUS, and the
IncRNA Neatl, to regulate IGF1R expression
[58]. Given its role in enhancing IGF1R signal-
ing, PSPC1 may be a potential biomarker for
IGF1R-targeted cancer therapy.
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Table 1. The functions of PSPC1 in different diseases

Disease

Role of PSPC1

Acute Myeloid Leukemia
(AML)

Glioblastoma Multiforme
(GBM)

Breast and Ovarian
Cancers

Pancreatic Ductal
Adenocarcinoma (PDAC)
Hepatocellular
Carcinoma (HCC)

Hypoxia-Related
Diseases

Herpes Simplex Virus 1
(HSV-1) Infection
Obstructive Sleep Apnea
(OSA)
Neurodegenerative
Diseases (ALS, etc.)
Male Infertility
(Obesity-Induced)

Paraspeckle Component 1 (PSPC1) promotes leukemogenesis by maintaining a leukemic transcrip-
tional program in cooperation with PU.1, enhancing AML cell survival and proliferation [16].

PSPC1 interacts with NONO to regulate pre-mRNA splicing, particularly affecting GPX1, which is
crucial for redox homeostasis, thus promoting GBM progression [60].

PSPC1 inhibition enhances the effects of poly ADP-ribose polymerase (PARP) inhibitors (e.g., olapa-
rib) by preventing DNA repair, increasing DNA damage, and leading to mitotic catastrophe [61].
PSPC1 is stabilized by S-phase kinase-associated protein 2 (SKP2), promoting PDAC cell migration
and metastasis; inhibition of SKP2 disrupts this process [17].

PSPC1 regulates protein tyrosine kinase 6 (PTK6) and B-catenin translocation, enhancing Epithelial-
mesenchymal transition (EMT), cancer stemness, and metastasis via the Wnt signaling pathway
[18].

PSPC1, along with Neat1 and paraspeckle components, regulates IRES-dependent translation under
hypoxic conditions, influencing cellular adaptation and angiogenesis [38].

PSPC1 coordinates with SRSF2 and nuclear paraspeckle assembly transcript 1 (NEAT1) to regulate
HSV-1 gene transcription by modifying chromatin structure and enhancing viral replication [42].
PSPC1 is upregulated in response to intermittent hypoxia, promoting Transforming growth factor-
beta (TGF-B) signaling and potentially enhancing tumor aggressiveness [65].

PSPC1 is not mislocalized in ALS but may still impact paraspeckle integrity and protein complex
balance [62].

PSPC1 is downregulated in the testes of obese mice, affecting androgen receptor signaling and
spermatogenesis [34].

Pancreatic ductal adenocarcinoma: As previ-
ously mentioned, TRIM21-mediated ubiquitina-
tion can promote PSPC1 degradation [17].
SKP2 protects PSPC1 by inhibiting TRIM21-
mediated ubiquitination [17]. By stabilizing

catenin, thereby extending the survival of mice
with orthotopic liver cancer [28]. This suggests
that PSPC1-CT131 may one day be utilized in
Hepatocellular carcinoma (HCC) treatment to
improve the survival prognosis.

PSPC1, SKP2 enhances the growth and mi-

gratory capabilities of Pancreatic Ductal Ade-
nocarcinoma (PDAC) cells, thereby promoting
PDAC metastasis. The traditional SKP2 inhibi-
tor, SMIPO04, can disrupt the SKP2/PSPC1
axis, impairing PDAC cell migration [17]. This
finding provides new therapeutic insights, po-
tentially opening the door to novel strategies for

PDAC treatment.

Hepatocellular carcinoma: In normal hepato-
cytes, PSPC1 can bind to PTK6 and sequester
it in the nucleus, inhibiting metastasis [29].
However, when PSPC1 is upregulated or under-
goes the PSPC1-Y523F mutation, phosphory-
lated PTK6 (p-PTKG6) translocates from the
nucleus to the cytoplasm, and 3-catenin trans-
locates to the nucleus [29]. This promotes
and metastasis.
B-catenin interacts with PSPC1, activating the

EMT, stemness,

B-catenin-mediated

and promoting tumor progression via the
Wnt3a/B-catenin pathway. Furthermore, expre-
ssing the C-terminal interaction domain of
PSPC1 (PSPC1-CT131) can reverse the aber-
rant nuclear-cytoplasmic shuttling of p-PTKG6/[3-
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Acute myeloid leukemia: PSPC1 (Paraspeckle
Component 1) plays a crucial oncogenic role in
acute myeloid leukemia (AML) by maintaining a
leukemic transcriptional program in coopera-
tion with PU.1, a key hematopoietic transcrip-
tion factor [16]. It is highly overexpressed in
AML [59], particularly in leukemia stem cells
(LSCs), and its elevated expression correlates
with a poor prognosis [16]. Unlike normal hema-
topoiesis, which remains largely unaffected by
its depletion, PSPC1 is essential for AML cell
survival, proliferation, and differentiation block-
age [16]. Mechanistically, PSPC1 functions as a
transcriptional cofactor, binding to chromatin
with PU.1 to regulate the expression of tumor-
promoting genes, including NDC1, a key regula-
tor of cell cycle progression and AML mainte-
nance [16]. Loss of PSPC1 induces differen-
tiation, suppresses AML cell proliferation, and
significantly impairs leukemogenesis in both in
vitro and in vivo models [16]. Given its crucial
role in AML pathogenesis and the dependency
of leukemic cells on its function, PSPC1 repre-
sents a promising therapeutic target for AML
treatment.

Nuclear

Wnt signaling pathway
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Glioblastoma multiforme: As noted above,
PSPC1 is a member of the DBHS protein family
and plays a key role in RNA processing and
cancer progression [8, 19, 20, 28]. PSPC1 was
found to play an oncogenic role in glioblastoma
multiforme (GBM) through its interaction with
the splicing factor NONO [60]. The study dem-
onstrates that PSPC1 interacts with NONO to
regulate the splicing of key pre-mRNAs, parti-
cularly Glutathione peroxidase 1 (GPX1), es-
sential for maintaining redox homeostasis in
GBM cells [60]. Knockdown of PSPC1 impairs
NONO'’s ability to mediate proper splicing, lead-
ing to intron retention and disrupted gene
expression, ultimately inhibiting GBM growth
and invasion [60]. Given its crucial role in RNA
splicing and tumor progression, PSPC1 repre-
sents a potential therapeutic target for GBM
treatment.

Breast and ovarian cancers: Previously, it has
been mentioned that PSPC1 promotes DNA
damage repair [24], and it has been shown that
the inhibition of PSPC1 leads to an enhanced
formation of yH2AX foci, a DNA double-strand
break marker, by preventing DNA repair mecha-
nisms, thereby increasing DNA damage [24].
Furthermore, suppressing PSPC1 impairs the
activation of key proteins involved in the DNA
damage response, ATM and DNA-PKcs, there-
by forcing cancer cells into mitosis with unre-
solved DNA damage, ultimately triggering
mitotic catastrophe and apoptosis [27]. In
BRCA1/2-mutated breast and ovarian cancers,
the inhibition of PSPC1 has synergistic effects
with poly ADP-ribose polymerase (PARP) inhibi-
tors such as olaparib to enhance anticancer
efficacy [61]. PSPC1 was identified as a syn-
thetic lethal chaperone of BRCA1/2, meaning
that the inhibition of PSPC1 enhances the effi-
cacy of PARP inhibitors, which are commonly
used to treat BRCA-mutated cancers [61]. It
was shown that PSPC1 knockdown significantly
enhanced the antitumor effect of olaparib,
leading to more significant tumor regression
and apoptosis in both in vitro and in vivo mod-
els [61]. In addition, high PSPC1 expression is
associated with a poor prognosis in breast
and ovarian cancer patients, suggesting that
PSPC1 can be used as a therapeutic target
and prognostic biomarker in BRCA-mutated
cancers.

Neurodegenerative diseases
Neurodegenerative diseases not only have a

high incidence but also present with severe
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symptoms, thus attracting widespread atten-
tion [62]. In sporadic Amyotrophic Lateral
Sclerosis (ALS), two paraspeckle component
proteins, SFPQ and FUS, exhibit nuclear loss
[62, 63], whereas two other component pro-
teins, NONO and PSPC1, are not mislocalized
in ALS patients [64]. Although NONO and
PSPC1 are not displaced from the nucleus in
ALS, the nuclear loss of SFPQ affects the di-
merization of DBHS proteins [64]. Additionally,
their enrichment in subnuclear bodies may
impact ALS, including effects on the structural
integrity of subnuclear bodies, the balance of
protein complexes, and the regulation of gene
expression [64].

Obstructive sleep apnea

As previously mentioned, PSPC1 expression is
influenced by intermittent hypoxia [22]. Ob-
structive sleep apnea (OSA)-induced intermit-
tent hypoxia can elevate PSPC1 levels in the
serum [65]. This upregulation of PSPC1 can
promote TGF-B expression, which enhances
EMT and stemness to increase tumor invasive-
ness and boosts tumor cells’ immune evasion
capabilities [21, 65]. This indicates that differ-
ent diseases are interconnected and may even
have mutually reinforcing effects, with PSPC1
playing an indispensable role in both obstruc-
tive sleep apnea and melanoma [65].

Discussion

As previously elaborated, the RNA recognition
motif (RRM) domain of PSPC1 is pivotal for its
role in promoting adipogenesis [30]. However,
the role of the paraspeckle complex in adi-
pocytes remains poorly understood. Whether
PSPC1’s function in promoting adipogenesis is
contingent upon the paraspeckle structure is
an open question that demands further experi-
mental verification. Given the high structural
homology among PSPC1, NONO, and SFPQ, all
possess two RRM domains identical to those
of PSPC1 [5], exploring whether these proteins
can contribute to adipogenesis is intriguing.
Moreover, in the absence of PSPC1, can NONO
or SFPQ partially substitute for its function,
analogous to the partial compensation of
NONO by PSPC1 in DNA double-strand break
repair? Additionally, the functional dependence
of SFPQ and NONO on their RRM domains rais-
es whether PSPC1 exhibits similar characte-
ristics, necessitating in-depth exploration and
validation.
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In sporadic amyotrophic lateral sclerosis (ALS),
PSPC1 and NONO do not display nuclear loss,
unlike SFPQ and FUS [64]. This suggests that
the paraspeckle complex may experience par-
tial disassembly in sporadic ALS, although the
underlying mechanism remains elusive. The
specific role of PSPC1 and its regulatory mech-
anism in this process has yet to be elucidated
and requires further investigation. Further-
more, exploring whether PSPC1 undergoes
similar alterations in other neurodegenerative
diseases and whether it plays a functional
role in those settings is essential. Answering
these questions will enhance our understand-
ing of PSPC1’s role in disease and provide novel
insights and potential therapeutic targets.

In numerous cancer types, PSPC1 promotes
epithelial-mesenchymal transition (EMT) and
stemness and drives tumor metastasis via
the TGF-B1 and Smad2/3 signaling pathways
[20]. Thus, the question of whether inhibiting
PSPC1 can effectively impede cancer metasta-
sis is worthy of exploration. Studies have indi-
cated that high PSPC1 expression is closely
associated with a poor patient prognosis, sug-
gesting its potential as a promising biomarker
and therapeutic target [20]. With the progress
of research, PSPC1 is anticipated to become a
crucial target for developing anti-metastatic
drugs [20]. Current evidence demonstrates
that PSPC1 significantly promotes metastasis
in various cancers, including breast, lung, liver,
and prostate cancers [20]. Therefore, if speci-
fic targeted drugs against PSPC1 can be devel-
oped, they could have broad applications in
treating multiple cancer types and substantially
improve patient outcomes, representing a sig-
nificant breakthrough in cancer treatment. This
discovery may offer new directions for future
cancer treatment strategies, especially in inhib-
iting tumor metastasis.

Conclusion

This article systematically summarizes the in-
tricate functions and molecular mechanisms of
PSPC1 in gene expression regulation [30], cell
fate determination [7], innate immune respons-
es [35], and tumor progression [20]. As a core
member of the DBHS protein family, PSPC1
localizes within paraspeckles, membrane-less
nuclear organelles, and serves as a key regula-
tory factor in various RNA-protein interaction
networks [5]. PSPC1 plays a vital role in gene
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transcription regulation, RNA processing, and
DNA damage repair through RNA binding,
phase separation, and protein complex as-
sembly [5]. Research shows that PSPC1's st-
ructural features include two RNA recognition
motifs (RRM), a NOPS domain, and a C-terminal
CC domain. These not only endow it with the
ability to recognize specific RNA sequences but
also enable the formation of dynamic regulato-
ry networks through dimerization and phase
separation with other proteins [5]. These char-
acteristics allow PSPC1 to assemble complex
RNA-protein complexes within the nucleus,
regulating the intricate gene expression pro-
cesses and transcription elongation.

In disease processes, aberrant PSPC1 expres-
sion is closely linked to various cancers’ occur-
rence and development [16, 17]. PSPC1 is sig-
nificantly upregulated in several tumors, such
as hepatocellular carcinoma, lung cancer, and
breast cancer, directly driving malignant pro-
gression by promoting EMT and enhancing the
invasiveness and stemness of tumor cells [20].
Moreover, PSPC1 interacts with the TGF-B/
Smad signaling axis, altering the binding prefer-
ences of the Smad complex to target and regu-
late the expression of various genes related to
tumor metastasis, thereby promoting tumor
growth and metastasis [20]. These findings
reveal PSPC1 as a core driver in tumor progres-
sion and establish its potential as a diagnostic
biomarker and therapeutic target.

Despite the extensive exploration of PSPC1's
multiple biological functions, its specific re-
gulatory mechanisms in different cellular con-
texts and disease states still require further
investigation. Notably, PSPC1's phase-separa-
tion characteristics influence gene transcrip-
tion and protein function regulation in dynamic
environments, and structural redundancies
and differences with other DBHS family mem-
bers offer rich research directions for the
future. Additionally, the precise mechanisms
of PSPC1 in adipogenesis, neurodegenerative
diseases, and embryonic development and
how it mediates cell fate determination under
pathological conditions remain to be explored.

Future studies on PSPC1 should focus on the
following key aspects: First, deciphering the
dynamic structural changes of PSPC1 during
phase separation and RNA binding will facili-
tate the elucidation of its molecular mecha-
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nisms in the formation and function of nuclear
membrane-less organelles. Second, by em-
ploying single-cell transcriptomics and spatial
multi-omics technologies, a systematic map-
ping of PSPC1 expression profiles and regula-
tory networks in different cell types and pa-
thological states could uncover its specific
functions in the tumor microenvironment and
other complex diseases. Moreover, using CR-
ISPR-Cas9 and other gene-editing technologies
to create PSPC1 loss-of-function or overex-
pression models in vitro and in vivo could pre-
cisely assess its pathological mechanisms in
disease progression and potential as a thera-
peutic target. Finally, developing small-mole-
cule inhibitors targeting PSPC1 or compounds
that block its protein-protein interactions may
offer new strategies for PSPC1-targeted thera-
py, especially in preventing tumor metastasis,
enhancing anti-tumor immune responses, and
treating metabolic diseases.

In conclusion, as a highly dynamic and func-
tionally complex nuclear protein, PSPC1 influ-
ences multiple key biological processes in cells
through multilayered regulatory mechanisms.
Systematic future research on PSPC1, espe-
cially its pathogenic mechanisms in tumors, its
network relationships with other regulatory fac-
tors, and its regulatory patterns in different
pathological states, will further unveil the full
spectrum of PSPC1’s functions and provide
theoretical foundations for developing novel
diagnostic and therapeutic strategies for relat-
ed diseases. These research advancements
are expected to deepen our understanding of
nuclear regulatory mechanisms and drive clini-
cal interventions and innovative drug develop-
ment in several major disease areas.
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