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Abstract: Solid tumors as well as leukemias and lymphomas show striking changes in nuclear
structure including nuclear size and shape, the number and size of nucleoli, and chromatin texture.
These alterations have been used in cancer diagnosis and might be related to the altered functional
properties of cancer cells. The nuclear matrix (NM) represents the structural composition of the
nucleus and consists of nuclear lamins and pore complexes, an internal ribonucleic protein network,
and residual nucleoli. In the nuclear microenvironment, the NM is associated with multi-protein
complexes, such as basal transcription factors, signaling proteins, histone-modifying factors, and
chromatin remodeling machinery directly or indirectly through scaffolding proteins. Therefore,
alterations in the composition of NM could result in altered DNA topology and changes in the
interaction of various genes, which could then participate in a cascade of the cancer process. Using an
androgen-sensitive prostate cancer cell line, LNCaP, and its androgen-independent derivative, LN96,
conventional 2D-proteomic analysis of the NM proteins revealed that purine-rich element binding
protein alpha (PUR«) was detected in the NM proteins and differentially expressed between the cell
lines. In this article, we will review the potential role of the molecule in prostate cancer.
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1. Introduction

Solid tumors as well as leukemias and lymphomas show striking changes in nuclear
structure including nuclear size and shape, the number and size of nucleoli, and chromatin
texture. These alterations have been used in cancer diagnosis and might be related to
the altered functional properties of cancer cells. The modification of nuclear architecture
suggests a functional relationship between nuclear organization and gene expression that
might related with resistance against various therapeutics [1].

The nuclear matrix (NM) is the fraction of the eukaryotic nucleus insoluble to de-
tergents and high-salt extractions that manifests as a pan-nuclear fiber-granule network,
which represents the structural composition of the nucleus, including nuclear lamins and
pore complexes, an internal ribonucleic protein network, and residual nucleoli [2—4]. In the
nuclear microenvironment, the NM is associated with multi-protein complexes, such as
basal transcription factors, signaling proteins, histone-modifying factors, and chromatin
remodeling machinery directly or indirectly through scaffolding proteins [5]. The NM is
thought to provide a structural framework for the spatial organization of nuclear environ-
ments, influencing a variety of nuclear processes such as DNA replication and metabolism,
transcription, RNA splicing and processing, RNA transport, control of apoptosis, ribosomal
biogenesis, steroid hormone activity, and so forth [6].
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The primary standard treatment against advanced prostate cancer was androgen-
deprivation therapy, either surgical castration or LHRH analogue, but in spite of castration
levels of testosterone, certain cells can adapt and resume proliferation mostly with an
associated increase in prostate-specific antigen, resulting in castration-resistant prostate
cancer (CRPC) [7-9]. The molecular mechanisms related to progression to CRPC have been
reported and considered to be categorized into either androgen-receptor (AR)-related or
AR-unrelated. As for AR-related mechanisms, AR splice variants, the amplification of AR
genes, mutations in the AR, AR stabilization, and enhancement of AR transcriptional activ-
ity [7-9]. Moreover, the intratumoral production of testosterone and dihydrotestosterone
and dependency upon alternate AR-related signal transduction pathways have also been
implicated as the mechanisms [7-10]. On the other hand, the AR-unrelated mechanisms
include neuroendocrine transdifferentiation, DNA-repair gene alterations such as defects in
Breast cancer 1/2 gene (BRCA1/2) or ATM genes, and Wnt pathway alterations [7-9]. Neu-
roendocrine differentiation is a mechanism of resistance to AR-targeted therapy, mediated
by lineage plasticity, the process through which AR-dependent adenocarcinoma cells un-
dergo a phenotypic switch to new AR-independent phenotypes, called treatment-emergent
neuroendocrine prostate cancer (t-NEPC) [11]. Recent genomic sequencing revealed that an
increased incidence of RB1 loss and TP53 mutation or deletion, as well as combined alter-
ations, was detected in patients with t-NEPC compared with common adenocarcinoma [11].
For patients with BRCA/ATM and other homologous recombination repair (HRR) gene
mutations, poly (ADP-ribose) polymerase (PARP) inhibitors are effective and have recently
been accepted [7-9,12].

Although a growing body of transition mechanisms to CRPC have been collected,
little is known about NM variation’s role in prostate cancer progression, especially in the
transition to castration-resistant states. In order to reveal the role of NM proteins in the
transition to CRPC, we performed focused a 2D-proteomic analysis of the NM proteins
using an androgen-sensitive prostate cancer cell line, LNCaP, and its derivative, LN96,
which were established after long-term culturing under androgen-deprived conditions,
as a representative model of the transition states, and we reveal that purine-rich element
binding protein alpha (PUR«x) was detected in the NM proteins and differentially expressed
between the cell lines [13]. In this review, we will summarize and discuss its role in prostate
cancer progression and also review recent knowledge about NM and prostate cancer.

2. Nuclear Matrix Proteins and Prostate Cancer

In 1991, Getzenberg and his colleagues analyzed the NM proteins of the Dunning
rat normal prostate tissues and its prostate cancer cell lines using 2D-electrophoresis and
found that the NM protein composition patterns were different among them [3]. Thereafter,
the same group compared NM protein patterns from human normal prostate, benign
prostatic hyperplasia (BPH), and prostate cancer extracted from 21 patients. Using the
same methods, they identified 14 different protein spots that consistently differ among the
various tissues [4]. They identified that one protein called PC-1, with a molecular weight
of 56,000 and pI 6.58, could be detected in all NM components of prostate cancer patients
but not in those of either normal prostate or BPH patients. Establishing a monoclonal
antibody against the molecule, they finally identified that it is a nucleolar phosphoprotein,
nucleophosmin [14]. Furthermore, they showed that a specific charged protein, YL-1, of
molecular weight 76 kD and pl range 6.0-6.6 was found to be consistently present in 19 of
19 aggressive prostate cancers but was present only in 1 of 10 in the group with good-
prognosis prostate cancers [15]. The same NM protein extraction method was applied to
5 patients who received radical cystectomy for bladder cancer (normal prostatic tissues),
17 BPH patients, and 29 patients with radical prostatectomy for prostate cancer, and Alberti
et al. found that complexity of the NM protein pattern was observed with an increase
in the Gleason score of prostate cancer patients’ tissues compared with normal prostate
tissues [16]. They extended this research by analyzing the NM proteins of 75 prostate cancer
patients and reported that the expression of three NM proteins was significantly correlated
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with the risk of biochemical recurrence [17]. One of the NM proteins was identified as
heterogenous nuclear ribonucleoprotein K (hnRNP K) [17]. Immunohistochemical staining
showed that hnRNP K was overexpressed in prostate cancer tissues both in the cytoplasm
and in the nucleus compared to normal prostate tissues [18]. Additionally, the level of
hnRNP K in the NM was associated with the degree of prostate cancer differentiation [18].
Using 2D-electrophoresis and Western blotting, hnRNP K presented several isoforms; the
one with pI 5.1 was the most differently expressed between non-tumor and PCa tissues [18].

Chromatin is organized into loops dependent upon DNA sequences that tether the
chromatin to the NM [19]. These anchor sequences are known as scaffold /matrix attach-
ment regions (5/MARs) [20]. Various proteins, S/MAR binding proteins, are known to
interact with S/MARSs to facilitate chromatin looping, and DNA looping has been recog-
nized to be crucial for many cellular processes such as DNA replication, transcription,
chromatin to chromosome transition, and DNA repair [20]. Thus, it is evident that the
interplay between S/MARs and the NM is critical for the organization and function of
genetic material. Furthermore, there is no doubt that the alterations of S/MARs and NM
interaction could be involved in disease occurrence and progression [21]. Barboro et al.
showed that the expression and localization of poly (ADP-ribose) polymerase (PARP) in
S/MARs was higher in PC3, an androgen-receptor-negative aggressive prostate cancer cell
line, compared with LNCaP, an androgen-receptor-positive differentiated prostate cancer
cell line. On the contrary, the expression and localization of special AT-rich sequence-
binding protein-1 (SATB1) and its fragments was decreased in S/MARs in PC3 compared
to LNCaP [21]. Mao et al. reported that the expression of SATB-1 was higher in prostate
cancer patients with metastasis than those without metastasis by immunohistochemistry,
and its expression was absent in BPH [22]. Furthermore, SATB1 expression was positively
correlated with the Gleason score [22]. Interestingly, analyzing NM proteins bound to
S/MAR sequences using human normal prostate and prostate cancer tissues, PARP-1
expression was significantly increased in prostate cancer tissues and its expression was
increased in more aggressive prostate cancers (Gleason scores of 8 or 9) compared with
a Gleason score of less than 7 in prostate cancer and normal prostate tissues [23]. They
inhibited PARP-1 using ABT-888 (Veliparib), a potent PARP-1/2 inhibitor, in vitro using
PC3 cells and revealed that it could decrease cell viability, migration, invasion, chromatin
loop dimensions, and histone acetylation [23].

3. Androgen Receptor and Nuclear Matrix in Prostate Cancer

The androgen receptor (AR) is a component of the NM, and NM-associated AR is
strongly associated with cell viability and its transcriptional activity, indicating that its
subnuclear localization is critical for cellular activities [24]. A phosphorylated isoform of
hnRNP Kis localized in the NM of prostate cancer, and the hyperphosphorylation of hnRNP
K co-localized with AR in the NM and exerted AR co-activator functions [24]. HnRNP K
could bind to the AR mRNA 5'-UTR and also to an AR open-reading frame, resulting in the
inhibition of AR translation [25]. Additionally, the expressions of hnRNP K and AR were
inversely correlated in localized prostate cancer by immunohistochemistry, but a substantial
loss of cytosolic staining of hnRNP K was seen with progression to metastases [25]. A
reduction in cytosolic hnRNP K, which could have a role in inhibiting AR translation, might
presumably support the AR expression level in a lethal phenotype [25]. Thus, hnRNP K
might have different phenotypic properties influencing the AR according to subsets of
prostate cancer.

Non-muscle actin is ubiquitously present in eukaryotic cells, has been shown to
equilibrate between the nucleus and cytoplasm, and is considered to be one of the compo-
nent proteins of the NM [26,27]. In order to nucleate actin filaments from a large pool of
monomeric actin bound to profilin, eliciting temporal and spatial remodeling of the actin
cytoskeleton, which underlies complex cellular functions, actin nucleators are needed [28].
Formins are a diverse protein family discovered in all eukaryotes and are one of the potent
nucleators of linear actin filaments. The Dishevelled-associated activator of morphogenesis
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2 gene (DAAM?) belongs to the formin family. Biallelic pathogenic mutations or variants in
DAAM? have been described in steroid-resistant nephrotic syndrome [29]. Recently, exome
sequencing on 26 androgen insensitive syndrome (AIS) type II genital skin fibroblasts, who
are an AR mutation-negative group, revealed heterozygous variants in DAAM? in two
unrelated individuals with partial AIS who were born with hypospadias, a micropenis, no
Mullerian structures, and normal plasma testosterone levels [30]. These two DAAM? vari-
ants, one with a frameshift mutation leading to a premature stop codon and the other with
a missense mutation in the regulatory GTPase-binding domain, resulted in a significant
reduction in dihydrotestosterone-induced AR activity [30]. And this AR signaling strongly
depends on DAAM?2 and locally defined and highly dynamic nuclear actin polymeriza-
tion [30]. Especially, PSA expression in the prostate cancer cell line was sensitive to the
pharmacological inhibition of both actin assembly and condensate formation, implicating
a potential role for NM actin-dependent AR transcriptional activity in hormone-sensitive
prostate cancer progression [30]. Flightless I (Flil) is an actin-binding member of the gel-
solin family of actin-remodeling proteins. It consists of an N-terminal leucine-rich repeat
domain and C-terminal gelsolin-like domain, and it was previously reported that it could
be recruited by hormone-activated nuclear receptors to the promotors of the target genes
serving as a coactivator of the nuclear receptor transcription complex [31]. Both in silico and
in human prostate cancer immunostaining, the expression of Flil was positively correlated
with the overall survival of prostate cancer patients [32]. Moreover, in primary prostate
cancers with high AR expression, there was a tendency that the survival of the group with
a high expression of FIil was better than that with low FIil expression [32]. Flii dissociated
from the AR in a ligand-dependent manner and could inhibit AR transactivation and
modulate AR cytoplasm/nucleus localization through direct binding to the AR-ligand
binding domain [32].

The nuclear matrix protein Scaffold Attachment Factor (SAFB1, SAFB) has recently
been shown to participate in the higher-order organization of pericentromeric heterochro-
matin by interacting within major satellite RNAs and forming phase separation. The
depletion of SAFB1 leads to a remodeling of 3D genome organization, and genetic variants
or the dysregulation of SAFB1 are implicated in various cancers [33]. SAFB1 has a role
in prostate cancer, regulating AR as a co-repressor through the epigenic silencing of AR
targets, such as PSA [34]. Silencing SAFB1 in LNCaP cells suppressed the expression of
the UDP-glucuronosyltransferase family member B15 gene (UGT2B15) and the UGT2B17
gene, which encode proteins that irreversibly inactivates testosterone and dihydrotestos-
terone [34]. Moreover, a public database revealed a significant decrease in disease-free
survival for patients with genomic loss at the SAFB locus. A multi-institutional integrative
clinical sequencing analysis showed that patients treated either with androgen-deprivation
therapy or taxanes expressed a significant decrease in SAFB1 mRNA compared to untreated
patients [34,35].

Therefore, NM proteins might have some effects on AR expression or function in
prostate cancer, and focusing on that aspect, we should evaluate the relation with NM
proteins and AR in prostate cancer progression more deeply.

4. Nuclear Matrix Protein, Purine-Rich Element Binding Protein Alpha (PUR«x) and
Prostate Cancer

LIN96 cells, which are derivatives of the androgen-receptor-positive, androgen-sensitive
cell line LNCaP, were established after long-term culturing under charcoal-stripped fetal
bovine serum [36]. In order to discover novel targets for revealing a mechanism of the
transition to CRPC, we performed focused proteomic analysis of the composition of the
NM proteins [13]. We firstly found that purine-rich element binding protein alpha (PURc),
encoded by PURA, was detected in the NM composition within both androgen-dependent
and -independent prostate cancer cell lines [13]. PURx was decreased in LN96 and PC3
cells compared to LNCaP cells in NM proteins [13].
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PURw is a single-stranded DNA /RNA-binding protein that is highly conserved from
bacteria to humans [37]. Human PUR« is a member of the Pur family of proteins, which
consists of four members: Pur-alpha, Pur-beta, and two forms of Pur-gamma [37]. The
details of its function were comprehensively described in an excellent review [37]. Briefly
summarized, (1) human PURA located at chromosome band 5q31 and environmentally
induced heterozygous deletions in the lesion where PURA is located have been considered
as a mechanism of the occurrence of myelodysplastic syndrome [38]; (2) overexpression
or microinjection of PUR« inhibits the anchorage-independent cell growth of oncogenic
cells and blocks proliferation at either G1-S or G2-M checkpoints [39,40]; (3) cell-cycle
inhibition may be mediated by the interaction of PUR« with Cyclin/Cdk complexes and
Rb tumor suppressor proteins [41]; (4) PURA knockout mice die soon after birth due to a
disorder of brain development; (5) PUR« interacts with the HIV-1 protein Tat and plays
some role in AIDS; and (6) microdeletions in the PURA locus have been implicated in
several neurological disorders (PURA syndrome). Contrary to other disorders derived
from mutations in a single gene, PURA syndrome patients show high penetrance, meaning
almost every reported mutation in the gene leads to symptoms. Thus, its functions have
been examined mainly focusing on neurological aspects. And these studies performed
using mice showed that PUR« is detected predominantly in the cytoplasm [42].

PUR binds to various mRNAs, thereby bearing the potential to regulate a multitude
of different cellular processes including interleukin signaling, autophagy, mitochondrial
homeostasis, and neurodevelopment. Interestingly, reduced PURwx levels decrease the
expression of the integral processing (P)-body components LSM14A and DDX6 and affect
P-body formation, influencing the formation and composition of the phase-separated RNA
processing [43,44].

PUR« in nuclear compartments binds single-strand (ss) DNA and ssRNA equally in a
similar way. These in vitro results implicate that competition between DNA and RNA could
be an important feature for the PURx-dependent regulation of gene expression in cells [42].
The molecular and cellular functions of PUR«x in neuronal disorders are well-summarized
in Molitor et al. [42].

NM proteins were extracted according to the common methods as reported by
Fey et al. [45]. Two-dimensional gel electrophoresis of NM proteins derived from LNCaP
and LN96 cells showed that a spot of 42 kDa and pl 6.7 was significantly decreased in the
NM proteins of LN96 cells [13]. The spot was identified as PUR« by mass spectrometric
analysis and by two-dimensional gel electrophoresis and subsequent immunoblotting
using a commercially available antibody against PURc [13]. And this was also validated by
one-dimensional electrophoresis and immunoblotting for NM proteins by the antibody [13].
Furthermore, the mRNA and protein expression of PURx were also decreased in the
androgen-independent, androgen-receptor-negative prostate cancer cell lines PC3 and
DU145 [13]. Then, we overexpressed PURx in PC3 and DU145 cells and revealed that PURo
could significantly reduce cell proliferation both in vitro and in vivo [13,46]. Although,
the overexpression or reduced expression of PUR«x did not change the cell proliferation of
LNCaP cells, a common set of genes involved in stress response and cell differentiation
was induced in the cells overexpressing PUR«x [46].

At the same time, Wang et al. found that PUR«x and hnRNP K bind to the 5'-
untranslated regions of the AR gene as a novel transcriptional repressor complex [47].
The overexpression of PUR«x in androgen-independent derivatives of LNCaP cells, Al
cells, induced a reduction in both AR expression and its transcriptional activity under
androgen-depleted conditions [47]. Additionally, the reduction in PURx by PUR«-specific
siRNA increased AR expression and its transcriptional activity in LNCaP cells and its
effect was more significant than that in Al cells [47]. The reason for this difference was
speculated to be that the endogenous expression of PURx was very low in Al cells, so the
relative reduction in PUR«x expression was not significant for the cell [47]. Interestingly, the
downregulation of PURx by PUR«-specific siRNA induced LNCaP cells to grow under
androgen-depleted conditions, indicating that the reduction in PURx expression might



Int. J. Mol. Sci. 2024, 25, 6911

60of 11

High androgen-AR stimulation
— Y, V.
- v. % @

1.ER stress inductiont
2.Differentiation 1

Cell proliferation ‘

” Androgen receptor

have a role in progression to CRPC. Actually, when compared with hormone-naive and
CRPC prostate cancer specimens, CRPC specimens with higher AR expression levels had
reduced PURx m-RNA, cytosolic rather than nuclear localization of the PUR« protein, and
occupancy by PURw of the suppressor element in the 5'-UTR of the human AR gene [47].

To understand the gene sets regulated by PUR« in prostate cancer cells, the compre-
hensive gene expression of PC3 and LNCaP when PUR«x was overexpressed by exogenous
introduction was performed in comparison with control cells. Among the increased genes
in PURa-overexpressing cells, ATF3 and HERPUD 1 have been reported to be regulated
by the androgen—-androgen receptor (AR) axis. Thus, we speculated that PURo and AR
might share common gene pathways. Next, we evaluated the ability of PUR« to regulate
luciferase expression under control of a 5.3 kb region of the PSA promotor. Using HEK293
cells, which do not express endogenous AR, the exogenous introduction of PUR« itself
enhanced the reporter activity with or without AR introduction in the absence of andro-
gen stimulation [46]. Since PUR« shows a strong preference for binding and unwinding
double-strand G-rich DNA repeats, and has the ability to recruit proteins to unwound
regions of either DNA and RNA, we would speculate that PURx may recruit proteins such
as Sp-1 to enhance the reporter activity of the 5.3 kb region of the PSA promotor without
AR or androgen stimulation [48-50]. To explore the effect of the overexpression of PURx
on endogenous PSA expression under a low androgen concentration (0.1 nM R1881 or
10% fetal bovine serum), LNCaP cells (possess mutant AR) and LAPC4 cells (possessing
the wild-type AR) underwent exogenous PUR« introduction, resulting in PSA expression
being enhanced within both cell lines [46]. These results are compatible with the PSA
promotor activity analysis describe above. However, with higher androgen stimulation
(1 nM or 10 nM R1881), PUR« did not increase or rather decreased AR transcriptional
activity [46,47]. Thus, the interaction between PURx and AR might be context-dependent,
such as based on the microenvironmental androgen concentration or target cells evaluated
(Figure 1).
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Figure 1. Diagram of the suspected role of PURx in prostate cancer cells. At a high androgen
concentration, androgen/androgen receptor (AR) stimulates endoplasmic reticulum stress and cell
differentiation but reduced cell proliferation in prostate cancer cells. At a low androgen stimulation,
androgen/AR induces cell proliferation in prostate cancer cells. Without androgen, PUR«x induces
endoplasmic reticulum stress and cell differentiation, resulting in a reduction in prostate cancer cell
proliferation. On the other hand, AR may be negatively regulated by PUR« but its involvement
might be relatively low [46,47].

The evaluation of an estrogen receptor 3 (ER) knockout mouse developed using
CRISPR/ cas9 technology revealed that nuclear PURx expression was reduced in the ventral
prostate of ER3 knockout mouse [51]. Therefore, PURx is an ERB—induced gene and its
expression levels are increased by ER agonists in 2- and 6-month-old wild-type mice [51].
But Warner et al. only presented data on the ventral prostate of the ER3 knockout mouse at
the age of 18 months, when the detachment and dying of the epithelial cells was apparent
due to the reduction in serum androgen concentrations [51]. In the 6-month-old ERf
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knockout mouse, many foci of epithelial hyperplasia and intraductal cancer-like lesions
with an increase in Ki67 expression were found [51], but they did not show the expression of
PUR« at that time point. A prostate-specific ER3 knockout mouse remains to be established
to provide us with the tools to truly understand the relationship between PUR« and ERf3
in prostate cells.

5. Purine-Rich Element Binding Protein Alpha (PUR«) and Cancer

Recently, Yu et al. reported that the expression of the long noncoding RNA (IncRNA)
acting gamma 1 pseudogene 25 (AGPG) was increased in endocrine-resistant breast cancer
cells by the epigenomic activation of the enhancer [52]. AGPG was upregulated, especially
in patients with luminal B subtype breast cancers, and a high AGPG expression was associ-
ated with poor survival in estrogen receptor (ER)-positive breast cancers [52]. Interestingly,
they identified that AGPG has a potential binding interaction with PURw in the nucleus [52].
Previously, PUR« has been shown to interfere with the transcriptional activation of the
S-phase-specific gene dihydrofolate reductase (DHFR) by interacting with E2F1 and pre-
venting its association with the E2F1 elements located within the DHFR promoter [53].
The same as in this report, PURx and E2F1 were co-localized in the nuclear fraction of
breast cancer cells, and AGPG disrupted the formation of the PUR«x/E2F1 complex to
activate E2F signaling, facilitating ER-positive breast cancer cell proliferation and endocrine
resistance [52]. Moreover, a clinically relevant transcriptome database showed that AGPG
and PUR« positively and negatively enriched 195 E2Fs targets, respectively. On the other
hand, most E2F targets were positively correlated with AGPG expression and the most of
them were negatively correlated with PUR« expression [52]. Thus, in breast cancer cells,
PUR« can function as a tumor suppressor as in prostate cancer cells described above.

On the contrary, Gao et al. revealed that the expression of PUR«x enhanced esophageal
squamous carcinoma (ESCC) tumor growth both in vitro and in vivo [54]. They also showed
that PURo promoted ESCC cell migration, invasion in vitro, and also metastasis in vivo [54].
Using human ESCC patients’ tissue, the expression of PUR«x positively correlated with lymph
node metastasis and the American Joint Committee on Cancer stages [54]. Furthermore,
conducting transcriptome profiling after PURx overexpression and knockdown in ESCC cell
lines by RNA sequencing, they showed that PUR«x plays a role in the epithelial-mesenchymal
transition (EMT) pathway, which is a critical event in tumor invasion and progression through
indirectly regulating Snail2 expression [54]. The same group further revealed that the ex-
pression level of cytoplasmic PUR« in ESCC tumor tissues was significantly higher than in
adjacent epithelia [55]. Since immunofluorescence staining showed that PURo was signifi-
cantly localized in cytoplasm as granules or accumulated around the nucleus in non-granules,
and co-localized with G3BP1, a well-known cytoplasmic stress granule marker, cytoplasmic
PUR« is a component of stress granules in ESCC cells [55]. Exploring its function, PURx
directly binds mRNA with a strong preference for UG-/ U-rich motifs of 3'-UTRs and inhibits
IGFBP3 protein expression, regulating its mRNA translation [55]. Cytoplasmic PUR« recruits
translation initiation factors to modulate protein expression, consistent with the characteristics
of cytoplasmic stress granules [55]. Importantly, immunohistochemical analysis revealed that
ESCC tissue with higher expression levels of cytoplasmic PURx had a lower expression of
IGFBP3, supporting that PUR« inhibits the mRNA translation of IGFBP3 [55]. Since IGFBP3
exhibits antitumor properties in ESCC cells and IGFBP3 expression was significantly decreased
in ESCC tissues, cytoplasmic PURa may mediate ESCC progression by regulating mRNA
translation [55]. Therefore, at least in ESCC cells, PUR«x accelerates the progression of tumors.

Considering to the multiple functions of PUR«, including DNA transcription, duplica-
tion, and mRNA transport, the heterogenous functions among different types of cells might
result in different effects of PURx on the progression of different cancers [38,40] (Table 1)
(Figure 2).
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Table 1. Summary of PUR« and its role in cancers.

Authors

Year of Publication

Target Cancer Role of PUR«x

Wang et al. [47]
Yu et al. [52]
Gao et al. [54]

Tian et al. [55]

Inoue et al. [13,46]

Induces the attenuation of androgen receptor expression

2008 Prostate cancer . .
and transcriptional activity.
Forms a complex with E2F1 and its complex is disrupted
2023 Breast cancer by long noncoding RNA, acting gamma 1 pseudogene 25.
2021 Esophageal cancer .Ind.uces eplthel%al—mesen.chymal transition through the
indirect regulation of Snail2.
Cytoplasmic PUR«, a component of stress granules,
2022 Esophageal cancer inhibits the mRNA translation of IGFBP3.
Reduces the cell proliferation of prostate cancer cells
2008, 2009 Prostate cancer through the stimulation of endoplasmic stress and cell

differentiation. Additionally, PUR« enhances PSA
promoter activity without androgen stimulation.

Nuclear membrane (4:)
(1) ~ ¥

Ribosome

pPURC

@ |
(2) X Stress
granule

Nuclear matrix .
Lamin networks

Chromatin

Figure 2. Diagram of the suspected role of PURx in cancer cells. (1) PURx upregulates or down-
regulates the androgen response element (ARE) together with other transcriptional factors such as
Sp-1 depending on the androgen concentration [13,46]. (2) PUR« interferes with the transcriptional
activation of the S-phase-specific gene dihydrofolate reductase (DHFR) by interacting with E2F1
and preventing its association with the E2F1 elements located within the DHFR promoter. Acting
gamma 1 pseudogene 25 (AGPG) disrupts the PUR«x/E2F1 interaction, activating E2F1 signaling
pathways [52,53]. (3) PUR«x and hnRNP K bind to the 5'-untranslated regions of the AR gene as a
novel transcriptional repressor complex [47]. (4) PUR« directly binds mRNA with a strong prefer-
ence for the UG-/ U-rich motifs of 3'-UTRs and inhibits IGFBP3 protein expression (stop mark) [55].
(5) PUR« binds to the Snail2 promoter, resulting in the downregulation of E-cadherin and accelerating
cell proliferation and migration [54].

6. Conclusions

In summary, PURx is a nuclear matrix protein identified in prostate cancer cells.
Nuclear PUR«x can regulate AR activity depending on cellular contents, but under sufficient
androgen stimulation it might inhibit AR transactivity. Additionally, according to the
expression analysis, a decrease in the nuclear expression of PUR«x in mCRPC specimens
may indicate its tumor suppressive role in the progression to CRPC in prostate cancer.
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Since PUR« seems to have oncogenic roles in ESCC cells, which is the opposite to the role
seen in prostate cancer, the role of PUR«, especially as a component of the NM, remains to
be elucidated and further investigation needs to be performed.
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Abbreviation

AGPG, acting gamma 1 pseudogene 25; AR, androgen receptor; BPH, benign prostatic hyper-
trophy; CRPC, castration-resistant prostate cancer; DAAM?2, Dishevelled-associated activator of
morphogenesis 2; DHFR, dihydrofolate reductase; EMT, epithelial-mesenchymal transition; ERf3, es-
trogen receptor 3; ESCC, esophageal squamous carcinoma; Flil, Flightless I, hnRNP K, heterogenous
nuclear ribonucleoprotein K; HRR, homologous recombination repair; IGFBP3, insulin-like growth
factor binding protein 3; NM, nuclear matrix; PARP, poly (ADP-ribose) polymerase; PUR«, purine-
rich element binding protein alpha; SAFB1, Scaffold Attachment Factor; SATBI, special AT-rich
sequence-binding protein-1; S/MAR, scaffold /matrix attachment region; ss, single-strand; t-NEPC,
treatment-emergent neuroendocrine prostate cancer.

References

1. Pienta, K.J.; Partin, A.W.; Coffey, D.S. Cancer as a disease of DNA organization and dynamic cell structure. Cancer Res. 1989, 49,
2525-2532. [PubMed]

2. Berezney, R; Coffey, D.S. Nuclear protein matrix: Association with newly synthesized DNA. Science 1975, 189, 291-293. [CrossRef]
[PubMed]

3. Getzenberg, R.H.; Pienta, K.J.; Huang, E.Y.; Coffey, D.S. Identification of nuclear matrix proteins in the cancer and normal rat
prostate. Cancer Res. 1991, 51, 6514-6520. [PubMed]

4. Partin, A.W.; Getzenberg, R.H.; CarMichael, M.].; Vindivich, D.; Yoo, J.; Epstein, ].I.; Coffey, D.S. Nuclear matrix protein patterns
in human benign prostatic hyperplasia and prostate cancer. Cancer Res. 1993, 53, 744-746. [PubMed]

5. Puri, D.; Swamy, C.V.B.,; Dhawan, J.; Mishra, R.K. Comparative nuclear matrix proteome analysis of skeletal muscle cells in
different cellular states. Cell Biol. Int. 2021, 45, 580-598. [CrossRef] [PubMed]

6.  Rubio, K.; Dobersch, S.; Barreto, G. Functional interactions between scaffold proteins, noncoding RNAs, and genome loci induce
liquid-liquid phase separation as organizing principle for 3-dimensional nuclear architecture: Implications in cancer. FASEB ].
2019, 33, 5814-5822. [CrossRef] [PubMed]

7. Kotamarti, S.; Armstrong, A.J.; Polascik, T.J.; Moul, ]. W. Molecular Mechanisms of Castrate-Resistant Prostate Cancer. Urol. Clin.
N. Am. 2022, 49, 615-626. [CrossRef] [PubMed]

8. Vellky, ].E.; Ricke, W.A. Development and prevalence of castration-resistant prostate cancer subtypes. Neoplasia 2020, 22, 566-575.
[CrossRef] [PubMed]

9.  Csizmarik, A.; Hadaschik, B.; Kramer, G.; Nyirady, P.; Szarvas, T. Mechanisms and markers of resistance to androgen signaling
inhibitors in patients with metastatic castration-resistant prostate cancer. Urol. Oncol. 2021, 39, €713-€728. [CrossRef]

10. Inoue, T; Yoshida, T.; Shimizu, Y.; Kobayashi, T.; Yamasaki, T.; Toda, Y.; Segawa, T.; Kamoto, T.; Nakamura, E.; Ogawa, O.
Requirement of androgen-dependent activation of protein kinase Czeta for androgen-dependent cell proliferation in LNCaP Cells
and its roles in transition to androgen-independent cells. Mol. Endocrinol. 2006, 20, 3053-3069. [CrossRef]

11.  de Kouchkovsky, I; Chan, E.; Schloss, C.; Poehlein, C.; Aggarwal, R. Diagnosis and management of neuroendocrine prostate
cancer. Prostate 2024, 84, 426-440. [CrossRef] [PubMed]

12. Inoue, T.; Sekito, S.; Kageyama, T.; Sugino, Y.; Sasaki, T. Roles of the PARP Inhibitor in.BRCA1 and BRCA?2 pathogenic mutated

metastatic cancer: Direct functions an modification of the tumor microenvironmnt. Cancers 2023, 15, 2662. [CrossRef] [PubMed]


https://www.ncbi.nlm.nih.gov/pubmed/2653618
https://doi.org/10.1126/science.1145202
https://www.ncbi.nlm.nih.gov/pubmed/1145202
https://www.ncbi.nlm.nih.gov/pubmed/1742724
https://www.ncbi.nlm.nih.gov/pubmed/7679049
https://doi.org/10.1002/cbin.11499
https://www.ncbi.nlm.nih.gov/pubmed/33200434
https://doi.org/10.1096/fj.201802715R
https://www.ncbi.nlm.nih.gov/pubmed/30742773
https://doi.org/10.1016/j.ucl.2022.07.005
https://www.ncbi.nlm.nih.gov/pubmed/36309418
https://doi.org/10.1016/j.neo.2020.09.002
https://www.ncbi.nlm.nih.gov/pubmed/32980775
https://doi.org/10.1016/j.urolonc.2021.01.030
https://doi.org/10.1210/me.2006-0033
https://doi.org/10.1002/pros.24664
https://www.ncbi.nlm.nih.gov/pubmed/38173302
https://doi.org/10.3390/cancers15092662
https://www.ncbi.nlm.nih.gov/pubmed/37174127

Int. J. Mol. Sci. 2024, 25, 6911 10 of 11

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.
28.
29.
30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

Inoue, T.; Leman, E.S.; Yeater, D.B.; Getzenberg, R.H. The potential role of purine-rich element binding protein (PUR) alpha as a
novel treatment target for hormone-refractory prostate cancer. Prostate 2008, 68, 1048-1056. [CrossRef] [PubMed]

Subong, E.N.; Shue, M.].; Epstein, ].I.; Briggman, J.V.; Chan, PK,; Partin, A.W. Monoclonal antibody to prostate cancer nuclear
matrix protein (PRO:4-216) recognizes nucleophosmin/B23. Prostate 1999, 39, 298-304. [CrossRef]

Lakshmanan, Y.; Subong, E.N.; Partin, A.W. Differential nuclear matrix protein expression in prostate cancers: Correlation with
pathologic stage. J. Urol. 1998, 159, 1354-1358. [CrossRef] [PubMed]

Alberti, I; Barboro, P.; Barbesino, M.; Sanna, P; Pisciotta, L.; Parodi, S.; Nicolo, G.; Boccardo, F,; Galli, S.; Patrone, E.; et al. Changes
in the expression of cytokeratins and nuclear matrix proteins are correlated with the level of differentiation in human prostate
cancer. . Cell Biochem. 2000, 79, 471-485. [CrossRef] [PubMed]

Barboro, P; Rubagotti, A.; Boccardo, F; Carnemolla, B.; Darrigo, C.; Patrone, E.; Balbi, C. Nuclear matrix protein expression in
prostate cancer: Possible prognostic and diagnostic applications. Anticancer. Res. 2005, 25, 3999-4004. [PubMed]

Barboro, P.; Repaci, E.; Rubagotti, A.; Salvi, S.; Boccardo, S.; Spina, B.; Truini, M.; Introini, C.; Puppo, P; Ferrari, N.; et al.
Heterogeneous nuclear ribonucleoprotein K: Altered pattern of expression associated with diagnosis and prognosis of prostate
cancer. Br. J. Cancer 2009, 100, 1608-1616. [CrossRef] [PubMed]

Capco, D.G.; Wan, K.M.,; Penman, S. The nuclear matrix: Three-dimensional architecture and protein composition. Cell 1982, 29,
847-858. [CrossRef]

Narwade, N.; Patel, S.; Alam, A.; Chattopadhyay, S.; Mittal, S.; Kulkarni, A. Mapping of scaffold /matrix attachment regions in
human genome: A data mining exercise. Nucleic Acids Res. 2019, 47, 7247-7261. [CrossRef]

Barboro, P.; Repaci, E.; D’Arrigo, C.; Balbi, C. The role of nuclear matrix proteins binding to matrix attachment regions (Mars) in
prostate cancer cell differentiation. PLoS ONE 2012, 7, e40617. [CrossRef]

Mao, L.; Yang, C.; Wang, ].; Li, W.; Wen, R.; Chen, J.; Zheng, ]. SATBI is overexpressed in metastatic prostate cancer and promotes
prostate cancer cell growth and invasion. J. Transl. Med. 2013, 11, 111. [CrossRef]

Barboro, P; Ferrari, N.; Capaia, M.; Petretto, A.; Salvi, S.; Boccardo, S.; Balbi, C. Expression of nuclear matrix proteins binding
matrix attachment regions in prostate cancer. PARP-1: New player in tumor progression. Int. . Cancer 2015, 137, 1574-1586.
[CrossRef]

Barboro, P,; Borzi, L.; Repaci, E.; Ferrari, N.; Balbi, C. Androgen receptor activity is affected by both nuclear matrix localization
and the phosphorylation status of the heterogeneous nuclear ribonucleoprotein K in anti-androgen-treated LNCaP cells. PLoS
ONE 2013, 8, €79212. [CrossRef]

Mukhopadhyay, N.K.; Kim, J.; Cinar, B.; Ramachandran, A.; Hager, M.H.; Di Vizio, D.; Adam, R.M.; Rubin, M.A.; Raychaudhuri,
P,; De Benedetti, A.; et al. Heterogeneous nuclear ribonucleoprotein K is a novel regulator of androgen receptor translation.
Cancer Res. 2009, 69, 2210-2218. [CrossRef]

Pederson, T. Half a century of “the nuclear matrix”. Mol. Biol. Cell 2000, 11, 799-805. [CrossRef]

Albrethsen, J.; Knol, J.C.; Jimenez, C.R. Unravelling the nuclear matrix proteome. J. Proteom. 2009, 72, 71-81. [CrossRef]

Faix, J.; Grosse, R. Staying in shape with formins. Dev. Cell 2006, 10, 693-706. [CrossRef]

Schneider, R.; Deutsch, K.; Hoeprich, G.J.; Marquez, ].; Hermle, T.; Braun, D.A.; Seltzsam, S.; Kitzler, T.M.; Mao, Y.; Buerger, E;
et al. DAAM2 Variants Cause Nephrotic Syndrome via Actin Dysregulation. Am. J. Hum. Genet. 2020, 107, 1113-1128. [CrossRef]
Knerr, J.; Werner, R.; Schwan, C.; Wang, H.; Gebhardt, P.; Grotsch, H.; Caliebe, A.; Spielmann, M.; Holterhus, PM.; Grosse, R.; et al.
Formin-mediated nuclear actin at androgen receptors promotes transcription. Nature 2023, 617, 616-622. [CrossRef]

Jeong, K.W. Flightless I (Drosophila) homolog facilitates chromatin accessibility of the estrogen receptor « target genes in MCF-7
breast cancer cells. Biochem. Biophys. Res. Commun. 2014, 446, 608-613. [CrossRef] [PubMed]

Wang, T.; Song, W.; Chen, Y.; Chen, R.; Liu, Z.; Wu, L.; Li, M,; Yang, J.; Wang, L.; Liu, J.; et al. Flightless I Homolog Represses
Prostate Cancer Progression through Targeting Androgen Receptor Signaling. Clin. Cancer Res. 2016, 22, 1531-1544. [CrossRef]
[PubMed]

Huo, X,; Ji, L.; Zhang, Y.; Lv, P,; Cao, X.; Wang, Q.; Yan, Z.; Dong, S.; Du, D.; Zhang, F.; et al. The Nuclear Matrix Protein SAFB
Cooperates with Major Satellite RNAs to Stabilize Heterochromatin Architecture Partially through Phase Separation. Mol. Cell
2020, 77, 368-383.e367. [CrossRef] [PubMed]

Yang, J.S.; Qian, C.; You, S.; Rotinen, M.; Posadas, E.M.; Freedland, S.J.; Di Vizio, D.; Kim, J.; Freeman, M.R. Scaffold attachment
factor Bl regulates androgen degradation pathways in prostate cancer. Am. J. Clin. Exp. Urol. 2021, 9, 337-349. [PubMed]
Robinson, D.; Van Allen, E.M.; Wu, YM.; Schultz, N.; Lonigro, R.J.; Mosquera, ].M.; Montgomery, B.; Taplin, M.E.; Pritchard, C.C,;
Attard, G.; et al. Integrative clinical genomics of advanced prostate cancer. Cell 2015, 161, 1215-1228. [CrossRef]

Pflug, B.R.; Reiter, R.E.; Nelson, J.B. Caveolin expression is decreased following androgen deprivation in human prostate cancer
cell lines. Prostate 1999, 40, 269-273. [CrossRef]

Daniel, D.C.; Johnson, E.M. PURA, the gene encoding Pur-alpha, member of an ancient nucleic acid-binding protein family with
mammalian neurological functions. Gene 2018, 643, 133-143. [CrossRef] [PubMed]

Lezon-Geyda, K.; Najfeld, V.; Johnson, E.M. Deletions of PURA, at 5931, and PURB, at 7p13, in myelodysplastic syndrome and
progression to acute myelogenous leukemia. Leukemia 2001, 15, 954-962. [CrossRef]

Barr, S.M.; Johnson, E.M. Ras-induced colony formation and anchorage-independent growth inhibited by elevated expression of
Puralpha in NIH3T3 cells. J. Cell Biochem. 2001, 81, 621-638. [CrossRef]


https://doi.org/10.1002/pros.20764
https://www.ncbi.nlm.nih.gov/pubmed/18386260
https://doi.org/10.1002/(SICI)1097-0045(19990601)39:4%3C298::AID-PROS11%3E3.0.CO;2-M
https://doi.org/10.1016/S0022-5347(01)63615-2
https://www.ncbi.nlm.nih.gov/pubmed/9507883
https://doi.org/10.1002/1097-4644(20001201)79:3%3C471::AID-JCB120%3E3.0.CO;2-O
https://www.ncbi.nlm.nih.gov/pubmed/10972984
https://www.ncbi.nlm.nih.gov/pubmed/16309191
https://doi.org/10.1038/sj.bjc.6605057
https://www.ncbi.nlm.nih.gov/pubmed/19401687
https://doi.org/10.1016/0092-8674(82)90446-9
https://doi.org/10.1093/nar/gkz562
https://doi.org/10.1371/journal.pone.0040617
https://doi.org/10.1186/1479-5876-11-111
https://doi.org/10.1002/ijc.29531
https://doi.org/10.1371/journal.pone.0079212
https://doi.org/10.1158/0008-5472.CAN-08-2308
https://doi.org/10.1091/mbc.11.3.799
https://doi.org/10.1016/j.jprot.2008.09.005
https://doi.org/10.1016/j.devcel.2006.05.001
https://doi.org/10.1016/j.ajhg.2020.11.008
https://doi.org/10.1038/s41586-023-05981-1
https://doi.org/10.1016/j.bbrc.2014.03.011
https://www.ncbi.nlm.nih.gov/pubmed/24632205
https://doi.org/10.1158/1078-0432.CCR-15-1632
https://www.ncbi.nlm.nih.gov/pubmed/26527749
https://doi.org/10.1016/j.molcel.2019.10.001
https://www.ncbi.nlm.nih.gov/pubmed/31677973
https://www.ncbi.nlm.nih.gov/pubmed/34541032
https://doi.org/10.1016/j.cell.2015.05.001
https://doi.org/10.1002/(SICI)1097-0045(19990901)40:4%3C269::AID-PROS9%3E3.0.CO;2-6
https://doi.org/10.1016/j.gene.2017.12.004
https://www.ncbi.nlm.nih.gov/pubmed/29221753
https://doi.org/10.1038/sj.leu.2402108
https://doi.org/10.1002/jcb.1099

Int. J. Mol. Sci. 2024, 25, 6911 11 0f 11

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Stacey, D.W.; Hitomi, M.; Kanovsky, M.; Gan, L.; Johnson, E.M. Cell cycle arrest and morphological alterations following
microinjection of NIH3T3 cells with Pur alpha. Oncogene 1999, 18, 4254—4261. [CrossRef]

Johnson, E.M.; Chen, P.L.; Krachmarov, C.P.; Barr, S.M.; Kanovsky, M.; Ma, Z.W.; Lee, W.H. Association of human Pur alpha with
the retinoblastoma protein, Rb, regulates binding to the single-stranded DNA Pur alpha recognition element. J. Biol. Chem. 1995,
270, 24352-24360. [CrossRef] [PubMed]

Molitor, L.; Bacher, S.; Burczyk, S.; Niessing, D. The Molecular Function of PURA and Its Implications in Neurological Diseases.
Front. Genet. 2021, 12, 638217. [CrossRef] [PubMed]

Molitor, L.; Klostermann, M.; Bacher, S.; Merl-Pham, ].; Spranger, N.; Burczyk, S.; Ketteler, C.; Rusha, E.; Tews, D.; Pertek, A.; et al.
Depletion of the RNA-binding protein PURA triggers changes in posttranscriptional gene regulation and loss of P-bodies. Nucleic
Acids Res. 2023, 51, 1297-1316. [CrossRef] [PubMed]

Proske, M.; Janowski, R.; Bacher, S.; Kang, H.S.; Monecke, T.; Koehler, T.; Hutten, S.; Tretter, J.; Crois, A.; Molitor, L.; et al. PURA
syndrome-causing mutations impair PUR-domain integrity and affect P-body association. eLife 2024, 13, RP93561. [CrossRef]
[PubMed]

Fey, E.G.; Wan, K.M.,; Penman, S. Epithelial cytoskeletal framework and nuclear matrix-intermediate filament scaffold: Three-
dimensional organization and protein composition. J. Cell Biol. 1984, 98, 1973-1984. [CrossRef]

Inoue, T.; Maeno, A.; Talbot, C.; Zeng, Y.; Yeater, D.B.; Leman, E.S.; Kulkarni, P.; Ogawa, O.; Getzenberg, R.H. Purine-rich element
binding protein (PUR) alpha induces endoplasmic reticulum stress response, and cell differentiation pathways in prostate cancer
cells. Prostate 2009, 69, 861-873. [CrossRef]

Wang, L.G.; Johnson, E.M.; Kinoshita, Y.; Babb, ].S.; Buckley, M.T.; Liebes, L.F.; Melamed, J.; Liu, X.M.; Kurek, R.; Ossowski, L.;
et al. Androgen receptor overexpression in prostate cancer linked to Pur alpha loss from a novel repressor complex. Cancer Res.
2008, 68, 2678-2688. [CrossRef] [PubMed]

Wortman, M.].; Johnson, E.M.; Bergemann, A.D. Mechanism of DNA binding and localized strand separation by Pur alpha and
comparison with Pur family member, Pur beta. Biochim. Biophys. Acta 2005, 1743, 64-78. [CrossRef]

Shin, T.; Sumiyoshi, H.; Matsuo, N.; Satoh, F.; Nomura, Y.; Mimata, H.; Yoshioka, H. Sp1 and Sp3 transcription factors upregulate
the proximal promoter of the human prostate-specific antigen gene in prostate cancer cells. Arch. Biochem. Biophys. 2005, 435,
291-302. [CrossRef]

Shin, S.W.; Yun, S.H.; Park, E.S.; Jeong, ].S.; Kwak, ].Y.; Park, J.I. Overexpression of PGC-1x enhances cell proliferation and
tumorigenesis of HEK293 cells through the upregulation of Sp1 and Acyl-CoA binding protein. Int. ]. Oncol. 2015, 46, 1328-1342.
[CrossRef]

Warner, M.; Wu, W.E; Montanholi, L.; Nalvarte, I.; Antonson, P.; Gustafsson, J.A. Ventral prostate and mammary gland phenotype
in mice with complete deletion of the ER( gene. Proc. Natl. Acad. Sci. USA 2020, 117, 4902-4909. [CrossRef] [PubMed]

Yu, S.; Wang, Y.; Gong, X.; Fan, Z.; Wang, Z; Liang, Z.; Wu, R; Cao, B.; Wang, N.; Bi, C.; et al. LncRNA AGPG Confers Endocrine
Resistance in Breast Cancer by Promoting E2F1 Activity. Cancer Res. 2023, 83, 3220-3236. [CrossRef] [PubMed]

Darbinian, N.; Gallia, G.L.; Kundu, M.; Shcherbik, N.; Tretiakova, A.; Giordano, A.; Khalili, K. Association of Pur alpha and E2F-1
suppresses transcriptional activity of E2F-1. Oncogene 1999, 18, 6398-6402. [CrossRef] [PubMed]

Gao, J.; Tian, L.; Sun, Y,; Li, W.; Zhao, L.; Jing, Z.; Zhou, L.; Liu, F,; Zhao, X. PUR«x mediates epithelial-mesenchymal transition to
promote esophageal squamous cell carcinoma progression by regulating Snail2. Cancer Lett. 2021, 498, 98-110. [CrossRef]

Tian, L.; Xie, X.; Das, U.; Chen, Y,; Sun, Y;; Liu, F;; Lu, H,; Nan, P,; Zhu, Y.; Gu, X,; et al. Forming cytoplasmic stress granules PURo
suppresses mRNA translation initiation of IGFBP3 to promote esophageal squamous cell carcinoma progression. Oncogene 2022,
41, 4336-4348. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/sj.onc.1202795
https://doi.org/10.1074/jbc.270.41.24352
https://www.ncbi.nlm.nih.gov/pubmed/7592647
https://doi.org/10.3389/fgene.2021.638217
https://www.ncbi.nlm.nih.gov/pubmed/33777106
https://doi.org/10.1093/nar/gkac1237
https://www.ncbi.nlm.nih.gov/pubmed/36651277
https://doi.org/10.7554/eLife.93561.3
https://www.ncbi.nlm.nih.gov/pubmed/38655849
https://doi.org/10.1083/jcb.98.6.1973
https://doi.org/10.1002/pros.20936
https://doi.org/10.1158/0008-5472.CAN-07-6017
https://www.ncbi.nlm.nih.gov/pubmed/18413735
https://doi.org/10.1016/j.bbamcr.2004.08.010
https://doi.org/10.1016/j.abb.2005.01.002
https://doi.org/10.3892/ijo.2015.2834
https://doi.org/10.1073/pnas.1920478117
https://www.ncbi.nlm.nih.gov/pubmed/32075916
https://doi.org/10.1158/0008-5472.CAN-23-0015
https://www.ncbi.nlm.nih.gov/pubmed/37463119
https://doi.org/10.1038/sj.onc.1203011
https://www.ncbi.nlm.nih.gov/pubmed/10597240
https://doi.org/10.1016/j.canlet.2020.10.030
https://doi.org/10.1038/s41388-022-02426-3

	Introduction 
	Nuclear Matrix Proteins and Prostate Cancer 
	Androgen Receptor and Nuclear Matrix in Prostate Cancer 
	Nuclear Matrix Protein, Purine-Rich Element Binding Protein Alpha (PUR) and Prostate Cancer 
	Purine-Rich Element Binding Protein Alpha (PUR) and Cancer 
	Conclusions 
	References

